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Abstract 

Until now, concerted efforts have been achieved on investigating the alkali-doped 

fullerides, AxC60, whereby the LUMO (t1g) conduction band is filled, as these have been 

the easiest materials to synthesise.  Within this family, the ternary (Na2AC60) and 

quaternary (Na2AA′C60) sodium fullerides have presented interesting characteristics 

with respect to their superconductivity and crystal structure.  Na2CsC60 has been found 

not to follow the trends observed in the other members of this family, more specifically 

the formation of low-temperature quasi one-dimensional polymers at ambient pressure.  

Consequently, local probing techniques were employed on pellet and powder samples 

of Na2CsC60 to investigate whether this polymer phase could be stabilised at ambient 

pressure. 

In contrast, the alkaline earth (AE) and mixed alkali-alkaline earth metal 

fullerides, whereby the LUMO+1 t1u conduction band is filled, have been poorly studied 

due to the difficulties encountered in synthesising phase-pure materials.  It is already 

known that certain members of the alkaline earth (Sr4C60 and Ba4C60) and mixed alkali-

barium fullerides (A3Ba3C60, A = K, Rb) are superconducting, but there have been little 

systematic studies on other stoichiometries.  Therefore, the main objective was to try 

and extend our understanding of these two fulleride families by synthesising and 

characterising a host of different alkaline and mixed alkali-alkaline stoichiometries: 

AxAE6-xC60, where A = K, Rb (1 ≤ x ≤ 5) and AE = Ba, Sr, and selected AExC60, where 

AE = Ba, Sr (x = 1, 5). 

Additional studies were also performed on MgB2 to determine the underlying 

mechanism of superconductivity in such a relatively simple material.  This was 

achieved through INS studies.  Auxiliary experiments were carried out, initially using 

MgB2, utilising C60 as a catalyst and I2 as a transport medium, to investigate the 

synthesis of nano-type crystal structures.  However, it was later discovered that these 

structures could also be synthesised using solely Mg powder. 
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Preface 

Chapter 1 gives a brief review on how the fullerenes were discovered and isolated 

and will highlight some unique characteristics the fullerenes posses, particularly 

superconductivity.  The discovery of superconductivity in the simple layered material 

MgB2 was particularly exciting and an introduction to this material will be presented.  A 

review on the doping effects on both the Mg and B planes will be outline in context 

with the effects on the superconducting temperature of this material.  Finally, the recent 

synthesis of novel nano-type crystals using MgB2 and C60 will be reported.  The chapter 

will also introduce a brief review about the history and theory of superconductivity, 

together with a summary of what is believed to be the underlying principles of what is 

observed in these two different but somewhat similar materials.   

In the next chapter, the sophisticated instruments and techniques used by solid-

state chemists and material scientists will be reviewed.  The most important tool to 

structurally characterise the materials, as far as a materials scientist is concerned, is 

powder X-ray diffraction (XRD).  In order to investigate the magnetic and 

superconducting properties, the superconducting quantum interference device (a.k.a. 

SQUID) magnetometer is essential. 

The next two chapters, Chapters 3 and 4 will concentrate on discussing the doped 

fullerene system studied in this current work.  Three different fullerene systems were 

studied: the ternary sodium fullerides (Na2AC60) (A = Cs, Rb), the alkaline-earth (AE) 

metal fullerides (AExC60) and the mixed alkali-alkaline earth metal fullerides (A6-

xAExC60).  All three will be reviewed, together with how the crystal structure and 

superconducting properties were obtained. 

Next, I will introduce the work performed using the recently discovered simple 

binary compound magnesium diboride.  This includes details about inelastic neutron 

scattering studies used to investigate the underlying mechanism of superconductivity. 

Finally, the last chapter will present the current results obtained from the 

investigations into the formation of nano-structures of MgB2 (identified as being 

Mg2SiO4, Forsterite). 
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Introduction 

Equation Chapter 1 Section 1 

Chapter 1: Introduction 

1.1 The Fullerenes 

The field of chemistry was revolutionised with the discovery of the third allotrope 

of carbon, C60, named “Buckminsterfullerene” or more colloquially referred to as 

buckyballs [1].  This remarkable discovery, by Professors Sir Harry Kroto (Sussex, 

U.K.), Bob Curl and Rick Smalley (Rice, Texas, U.S.A.), in 1985, was recognised in the 

world of science with the joint award of the 1996 Nobel Prize for Chemistry.  To this 

day, research on this fascinating material has continued with new interesting properties 

being continuously discovered.  The remarkable diversity of carbon has been greatly 

enhanced by the additional properties exhibited by the fullerenes. 

1.1.1 The Discovery 

Initial work towards the birth of the fullerenes began in the 1970s with a joint 

collaboration between Harry Kroto and David Walton to investigate the microwave 

spectra characteristics of cyanopolyynes (HCnN), long linear chains of carbon 

terminated by hydrogen and nitrogen.  Kroto and his co-workers observed identical 

microwave spectra, produced from these cyanopolyynes, in interstellar space by means 

of a radio telescope.  As a result, Kroto proposed to try and replicate what he observed 

in interstellar space, but under normal laboratory conditions. 

In 1984 Kroto and his team utilised an apparatus, developed by Rick Smalley and 

Bob Curl in Rice University, consisting of a rotating carbon disk that was irradiated 

with a laser, which would enable small carbon clusters to be investigated to compare the 

1 



Introduction 

microwave spectra observation of red stars (these clusters could not be made by other 

conventional means). 

Vaporising a graphitic disk with an Nd YAG laser (532nm), the resulting carbon 

clusters were passed through a small expansion nozzle via a high-density helium flow.  

These clusters were then photoionised by an excimer laser and detected by means of a 

time-of-flight (TOF) mass spectrometer. 

 

Figure 1.1: One of the first Time of Flight (TOF) mass spectra of a carbon cluster.  The 

dominant C60 signal is evident indicating the presence of a stable cluster containing 60 carbon 

atoms.  Image adapted from reference [1]. 

The resulting mass spectrum produced (Figure 1.1) by Kroto et al. showed some 

surprising features that were not observed by initial work carried out by Rohlfing and 

co-workers, who first conducted a similar experiment in 1984 [2].  The spectrum 

observed by Rohlfing et al. showed carbon clusters with less than 30 carbon atoms, 

consisting of odd and even numbers of carbons, and those with more than 36 atoms, 

which consisted solely of an even number of carbons.  Rohlfing and colleagues had only 
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concentrated on trying to characterise the lower numbered carbon clusters and as a 

result failed to identify the structures of the high numbered carbon-containing clusters. 

Kroto and the joint Sussex-Rice team began their work on identifying and 

characterising the higher carbon containing clusters.  By altering the experimental 

conditions, they noticed that two distinctive peaks kept on appearing in the higher 

regions of the mass spectrum consisting of 60 and 70 carbon atoms respectively.  

Eventually, the truncated icosahedron model was proposed as a possible structure for 

these clusters, a structure that was reminiscent of geodesic domes pioneered by architect 

R. Buckminster Fuller.  The model, consisting of 20 hexagons and 12 pentagons (Figure 

1.2), was consistent with that proposed by Osawa in 1970 [3], who identified that such a 

structure would be chemically stable.  C60 was affectionately known as 

Buckminsterfullerene and today is colloquially referred as “buckyballs” because the 

cage structure resembles a “soccer ball” (or “football”, for us folk this side of the 

Atlantic!).  The name “fullerene” represents any member of this new family of carbon 

compounds. 

 

Figure 1.2: The C60 molecule, “Buckminsterfullerene”. 
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Figure 1.3: Mass spectrum of the C60 powder used in the current work.  The dominant peak at 

720 AU represents C60.  The peaks at lower atomic mass represent other carbon clusters. 

1.1.2 Fullerenes in Bulk 

If the fullerenes were to be of any use to science, it would be necessary to find a 

way to produce large enough quantities of such materials.  The scientists Huffman and 

Krätschmer had been studying carbon soot for a number of years [4] when the paper on 

C60 appeared in 1985.  The problem associated with the laser method used by Kroto et 

al. was that only trace amounts of C60, together with other higher fullerenes, could be 

produced and detected via mass spectroscopy.  In 1990, Huffman and Krätschmer 

attempted to repeat carbon soot production, by heating graphitic rods within a He 

atmosphere and succeeded in making milligram quantities of C60, found amongst the 

raw soot products [5].  It was later found that this raw soot also contained trace amounts 

of higher fullerenes (for example, C70, C84, etc) as well as amorphous carbon.  The 

Krätschmer-Huffman arc-discharge production technique was perfected enough for 
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higher fullerenes to be isolated and identified, albeit in smaller quantities, and has 

become one of the preferred methods of producing fullerenes in bulk. 

Separation and extraction of the fullerene materials is carried out by high 

performance liquid chromatography (HPLC), which allows the separation of the 

fullerenes according to their molecular weight, size or shape.  However, pure C60 can be 

obtained by vacuum sublimation of previously purified C60 material at high 

temperatures (>500°C), therefore removing solvent impurities. 

1.1.3 Molecular Structure of Solid C60 

The intriguing features of the C60 molecule, such as its high symmetry, curvature 

of its carbon surface and its hollow core, lie at the heart of the distinctive properties this 

molecule shows.  The C60 molecule comprises a unique structure (approximately 7Å in 

diameter) whereby all the carbon atoms are located spherically with each symmetrically 

equivalent carbon atom positioned at the vertices of a truncated icosahedron.  This 

icosahedron consists of 90 edges, 12 pentagons and 20 hexagons; the strategic 

positioning of the pentagons and hexagons relative to one another gives rise to the 

“soccer ball” appearance and gives the molecule point group symmetry Ih (m
-35) with 

120 different symmetry operations possible: six 5-fold, ten 3-fold, fifteen 2-fold 

symmetry axes and inversion symmetry. 

Due to the particularly weak interfullerene interactions in the solid lattice, C60 

molecules tend to form molecular solids with narrow energy bands, as the 

intermolecular overlap is small (§1.1.4).  As the C60 is a perfect icosahedron and 

assuming that each vertices are equivalent, then each of the carbon atoms at these sites 

are also equivalent.  Carbon has a valence of four (1s2, 2s2, 2p2) which gives rise to a 

total of 240 valence electrons in C60. 
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Refinements carried out on data obtained from neutron powder diffraction 

measurements have shown that there are two types of C-C bond lengths in a C60 

molecule.  Each carbon atom forms three covalent sigma (σ) bonds to its neighbours, 

thereby using up 180 electrons for this purpose.  This corresponds to the sixty long 

(1.46Å) “single” bonds that are shared between a hexagon and a pentagon and produces 

a stable structure, but as the energy of these electrons is well below the Fermi surface 

they do not contribute to the conduction.  The remaining 60 electrons are mainly of 

atomic 2pz character and due to the curvaceous nature of the C60 molecule hybridisation 

occurs between the planar sp2 and tetrahedral sp3 carbon atoms.  The electrons form the 

thirty short (1.40Å) “double” bonds that are shared between two hexagons.  The two 

bond lengths indicate that the π electrons are not delocalised evenly over all the bonds 

(as they are in benzene or grapheme) [6], but are distributed around the molecule on 

orbitals that originate from the C – C π-orbitals which protrude from the C60 surface, 

with asymmetric lobes outside and inside the carbon framework. 

It is already known that graphite is strongly diamagnetic and this would suggest 

that the fullerenes would display strong π-electron ring currents and enhanced magnetic 

susceptibility.  However, despite the presence of the 60 free electrons (which form the 

thirty short “double” bonds) and the trigonal bonding configuration, which is similar to 

graphite, the magnetic susceptibility (χ) is more than one order of magnitude smaller 

than that of graphite. 

6 



Introduction 

 

Figure 1.4: Magnetic susceptibility (χ) of the different forms of carbon.  This has been 

calculated to be -0.35 x 10-9 A/m for C60 [7]. 

Calculations based on the London theory together with experimental results 

confirm that it is the presence of both the five-member and six-member rings, (which 

have paramagnetic and diamagnetic ring currents respectively), that causes the χ to be 

small.  The unique arrangement of these rings in the C60 molecule leads to the near 

cancellation of ring current contribution to χ. 

1.1.4 Electronic Band Structure of Solid C60 

Figure 1.5 shows the corresponding energy levels of the Hückel molecular orbital 

system of a C60 molecule.   

7 



Introduction 

 

Figure 1.5: The Hückel molecular orbital diagram of C60. 

Due to the unsaturated nature of the C – C bonds, there are unoccupied electronic 

states that are accessible by electrons from donor metals.  The interesting electronic 

properties of a material are derived from the highest filled and lowest unfilled levels; for 

a molecule these are referred to as the highest occupied molecular orbital (HOMO) and 

the lowest unoccupied molecular orbital (LUMO).  In the C60 molecule, the HOMO is 

five-fold degenerate and has hu symmetry whilst the LUMO is triply degenerate, with t1u 

symmetry.  The energy difference between the HOMO and LUMO in C60 has been 

calculated by local density approximation (LDA) as being 1.5eV [8].  In certain 

fullerene compounds, the LUMO+1 level are also chemically accessible.  This is six-

fold degenerate and has t1g symmetry.  In the solid state, the bands originating from the 

HOMO and LUMO are the important ones as they are closest to the Fermi level.  It has 

previously been calculated that the LUMO bandwidth is about 1.2eV, which is slightly 

lower than the LUMO – HOMO gap.  

In the un-doped state, pure solid C60 is regarded to be a semiconductor with a 

band gap of 1.5eV.  However, on doping with electron donor species, such as alkali (A) 

or alkaline-earth (AE) metals, complete charge transfer occurs with the band associated 

with the donor species near the Fermi level determined by the C60 molecular orbitals.  
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The characteristics exhibited by the resulting fulleride are dependent on the precise 

number and type of energy level filled, with the stoichiometry of the donor species 

varying from 0 to 12 per C60 molecule. 

1.1.5 Crystal Structure of Solid C60 

At room temperature, crystallisation results in the C60 molecules adopting a face 

centred cubic (fcc) crystal structure, space group Fm-3m (Figure 1.6). 

 

Figure 1.6: Face centred cubic crystal structure of C60. 

X-ray diffraction analysis has shown that the cubic unit cell lattice constant (a) at 

this temperature is 14.17Å, the nearest neighbour distance being 10.02Å.  The powder 

XRD profile of the C60 powder utilised in this current work is presented in the Figure 

1.7 below. 
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Figure 1.7: Powder X-ray diffraction profile of C60 powder, measured on the laboratory D5000 

diffractometer (Cu anode, Kα radiation, λ = 1.5406Å).  The numbers indicate the Miller indices 

(hkl) of the Bragg reflections. 

Due to their spherical nature, NMR [9,10], muon spin resonance (µSR) [11,12], 

X-ray diffraction [13,14] and inelastic neutron scattering [15] has determined that at 

room temperature the C60 molecule is able to freely rotate with all the molecules in 

complete orientational disorder.  The molecule is said to be quasi-spherical, i.e. the 

molecules rotate very fast in random orientations with no preferred orientation. 

When the temperature is decreased to approximately 260K, a first order transition 

to the simple cubic (sc) crystal structure (space group Pa-3) is observed as orientational 

re-ordering occurs and the rotation of the molecule slows.  Within this structure, four 

(now inequivalent) C60 molecules are arranged at the vertices of a tetrahedron, with each 

molecule spinning on its own well-defined axis [16].  This orientational ordering is 

driven by the Coulomb interactions which force the electron-rich C – C double bond to 
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rotate and face the electron deficient pentagon and hexagon centres [17].  There is a 

small decrease in the cubic lattice constant (0.344(8)%, [18], from 14.16Å to 14.11Å, 

and additional reflections are present in the powder X-ray diffraction pattern [6,16,19], 

that are not representative of fcc symmetry, which reflect the long range orientational 

ordering of the fulleride units.  This re-ordering process continues to occur as the 

temperature is reduced further to approximately 90K, whereby around 80% of the 

molecules are in the dominant orientation.  Below this temperature, the rotation of the 

molecule completely stops as the system becomes frozen into an orientational glassy 

state (Tg ≈ 85K) [20], although they do not order perfectly as there is still evidence of a 

small percentage of disordering.  There is always merohedral disorder, down to the 

lowest temperature, because of the different molecular orientations [21,22]. 

1.2 The Chemistry of Fullerenes 

With the ability to produce gram quantities of C60 and C70 now refined, there was 

now an increase in the development and assessment of the chemical and physical 

properties of the fullerenes. 

Due to the presence of the highly reactive C-C double bond, C60 was able to 

undergo many similar reactions to those of other organic polyalkenes.  For example, it 

has been found that C60 readily undergoes thermal and photochemical cycloadditions 

[23] and reacts with a wide variety of nucleophiles and radicals [24].  Additionally, 

halogenation, to form C60Xn (X = Br, Cl, F) [25,26] and hydrogenation reactions 

(C60Hn) have been reported [24].  

1.2.1 Endohedral Metallofullerenes 

One of the first properties discovered by a member of the Rice team [27] was the 

ability for atoms to be inserted into the caged system (Figure 1.8).  This was confirmed 
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with mass spectroscopic evidence for the existence of species such as La@C60 (the @ 

symbol indicating that the metal atom, La in this case, is encaged by the fullerene 

molecule) by doping the graphite disk, used in the laser ablation experiments, with 

LaCl3.  Soon after, other fullerene systems consisting of one or more atoms within the 

cage structure were identified and the endohedral fullerenes systems, M@Cn (M = Hf, 

La, Sc, etc, n = 60, 74, 82 etc) were created. 

Currently there are two common methods used to produce macroscopic quantities 

of metallofullerenes: the high-temperature laser vaporisation method or the standard 

direct-current arc discharge method [4,5].  Both produce a mixture of empty fullerenes 

(C60, C70 etc) as well as endohedral metallofullerenes.  Another less common production 

method is the metal ion implantation technique, used to synthesise endofullerenes such 

as La@C60 and N@C60, however the method is not favoured due to insufficient 

quantities of materials produced.  Extraction and purification of the material is carried 

out by HPLC which allows different structural isomers of various metallofullerenes to 

be separated. 

 

Figure 1.8: Example of an endohedral metallofullerene: La@C82.  The green sphere represents 

the La metal, enclosed within the fullerene molecule. 
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1.2.2 Intercalated Fullerenes 

An interesting feature of the C60 molecule is its ability to undergo reductive 

intercalation (or exohedral doping) due to the high electron affinity of C60 (~ 2.7eV) and 

the weak intermolecular van der Waals forces between the molecules in the crystal.  

From the close-packed structural diagram of solid C60 (Figure 1.6), it is evident that a 

large number of empty voids exist between the molecules.  In the fcc crystal lattice, 

there are three interstitial spaces per C60 molecule: one octahedral and two tetrahedral 

(Figure 1.9). 

 

Figure 1.9: Crystal structures adopted by pristine C60 and different fulleride salts.  The black and 

grey balls represent the dopant metal ion located within the tetrahedral and/or octahedral spaces.  

Image adapted from the reference [28]. 

A large number of chemical elements can be utilised to form MxC60 compounds 

(M = metal ions, such as K or Ba), whereby the dopant (metal ions) is introduced into 

the interstitial voids (exohedral spaces) that exist between the C60 molecules.  Charge 
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transfer to the fullerene unit lead to the formation of donor-acceptor adducts, with 

numerous fullerides being formed exhibiting different chemical and electronic 

properties.  The metal atoms become positively charged (Mn+) and the fulleride 

molecules become negatively charged (C60
n-), with the electrons delocalised around the 

bonds. 

 

Figure 1.10: Crystal structure of two well-known intercalated fullerides.  The left hand diagram 

(a) illustrates the fcc A3C60 fulleride and the right hand diagram (b) shows the bct A4C60 

structure.  The red spheres represent the alkali metal located within the tetrahedral hole; the 

green represents the metal filling the octahedral void. 

Calculations concerning the sphere packing process for the fcc structure of C60 

have led to an estimate of the sizes of the tetrahedral and octahedral interstices as being 

1.12Å and 2.06Å respectively, which make the voids large enough for smaller atoms, 

ions or molecules to be positioned in between adjacent C60 molecules.  The number and 

electronic properties of the intercalated ion determines the final structure of the resulting 

solid and the final properties are composed of the intercalate influence on the fulleride 

molecule. 

The alkali metal doped fullerides (AxC60) have been predominantly studied, 

simply because they were the first systems in which superconductivity was discovered.  

They are also a lot easier to synthesise and characterise, with a relatively low annealing 
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temperature required to successfully enable the soft alkali metal to become intercalated 

within the fulleride structure.  However, more recent work has achieved successful 

intercalation of alkaline earth dopants (such as Ba, Sr) (see, for example, [29]), whereby 

two electrons per metal atom are transferred to the C60 molecule, as well as rare-earth 

metals (Eu, Sm) [30], although these fullerides are poorly studied as it has proved 

difficult to obtained good, single-phase, materials due to harsher reaction conditions 

required.  Despite this, a host of different characteristics have been observed which are 

unlike those found in the alkali doped fullerides. 

1.2.3 Superconducting Fullerenes 

Hannay et al. had already reported the detection of superconductivity in graphitic 

intercalation compounds in 1965, with a reported transition temperature (Tc)1 of 0.55K 

for C8Cs [31]. 

In 1991, soon after Krätschmer had reported the bulk production of fullerenes and 

five years after the Bednorz and Müller publication [32], Hebard and co-workers 

reacted K with C60 to form the exohedral complex K3C60 (Figure 1.11), which proved to 

be superconducting with a critical transition temperature (Tc) of 19.2K [33]. 

Since the initial work of Hebard et al., a large number of other superconducting 

fullerides have been found and synthesised with RbCs2C60 currently having the highest 

recorded Tc (at ambient pressure) of 33K [34].  However, it has been found that Cs3C60 

can also become superconducting but only at high pressure [35].  Furthermore, it was 

previously thought that hole-doped C60 could exhibit superconductivity (with a Tc of 

52K) [36], although this has so far been unrepeatable [37]. 

                                                 

1 The critical transition temperature (Tc) is the temperature when the electrical resistivity of a metal 

suddenly drops to zero. 
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Figure 1.11: fcc structure of K3C60.  This is superconducting, with a Tc of 19K.  The purple 

spheres represent the K+ ions located within the interstitial spaces around the C60 molecule. 

Many of these fullerides showed broad similarities, both structurally and 

chemically, and can be arranged into five different subclasses of fulleride family (Table 

1.1).  Some of these fullerides exhibit superconductivity with specific compositions. 

Class 
Lattice Structure and

Space Group 
Valence Example  

A3-xA′C60

fcc 

Fm-3m 
n = 3 (t1u) K3C60

Na2AxC60 

Na2A1-xA′xC60

fcc 

Pa-3, Fm-3m 

n ≤ 3 (t1u) 

(x < 1) 

Na2CsC60 

Na2Rb0.5Cs0.5C60

A,A′=K, Rb, 

Cs 

A3-xAExC60

fcc, bcc 

Fm-3m, Im-3 

n ≥ 3 (t1u, t1g)

(x > 3) 
K3Ba3C60

A=K, Rb, Cs

AE = Ba 

AExC60

bcc, sc, 

Im-3 
n > 6 (t1g) Ba3C60

AE=Ba, Sr, 

Ca 

RExC60 Orthorhombic n = 5.5, 6 Yb2.75C60 RE=Yb. Sm 

Table 1.1: The five different subclasses of fulleride families. 

There is an additional family, the so-called modified systems, which are obtained 

through the expansion of the alkali-doped fullerides by the introduction of neutral 
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spacer groups, such as ammonia, into the solid lattice.  This leads to the formation of 

(NH3)xAA′C60 (A,A′ = alkali metal).  It was found with some superconducting 

compositions that the Tc increased dramatically on insertion of these spacer groups[38]. 

The interest in superconducting fullerides arises due to these systems representing 

a novel class of materials with unusually high Tc.  Since the initial discoveries by 

Hebard, investigations on the influence of Tc by other parameters, such as density of 

states (DOS) at the Fermi level (N(εF)), lattice parameters and valence, has been 

investigated.  Consequently efforts have been focused to try and understand the unique 

properties of the fullerides so as to elucidate the underlying mechanism that determines 

Tc threshold values. 

1.2.4 Mechanism of Superconductivity in Fullerene 

Compounds 

The occurrence of superconductivity in the fulleride systems has been explained 

by both a conventional electron-phonon approach [39], based on the BCS theory [40], 

as well as by an electronic model [41,42].  However, as there are very little results to 

prove or disprove the electronic model, the electron-phonon explanation seems the most 

viable mechanism. 

Important information about the mechanism of superconductivity in the fullerene 

compounds can be obtained through an investigation of the influence of different 

parameters (such as the DOS at the Fermi level) on Tc.  Experimental evidence obtained 

from studies carried out on the relationship between the lattice dimensions (i.e. 

interfullerene separation – the distance between fullerene molecules) and 

superconducting transition temperature for various A3C60 and A2A′C60 fullerides (A and 

A′ = alkali metal), both at ambient and high pressure, indicate that Tc is controlled by 
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the density of states at the Fermi level [34,43,44].  As the interfullerene separation 

increase, the smaller the intermolecular C60 – C60 coupling becomes.  This leads to the 

narrowing of the conduction t1u LUMO band (i.e. the bandwidth) and an increase in the 

density of states at the Fermi level (N(εF)).  This results in an increase in the 

superconducting temperature, Tc.  The high Tc observed in the A3C60 fullerides can also 

be attributed in terms of the high average phonon frequency, which results from the 

light carbon mass and large force constants that is associated with the intramolecular 

modes and high DOS at the Fermi level, which results from the weak intermolecular 

interactions. 

The crucial part in the understanding of the precise mechanism of 

superconductivity in fullerene systems is the strong Coulomb repulsion interaction and 

because of this, the A3C60 fullerides could be expected to be a Mott-Hubbard insulator 

[45].  Therefore, the actual superconducting fulleride stoichiometry should be A3-δC60 

(where δ ~ 10-3).  However, theoretical [46-48] and experimental [43,49,50] studies 

showed that Tc dropped sharply when the valence is changed above or below 3.  

Consequently it was confirmed that the superconducting stoichiometry occurred when 

x = 3 (i.e. A3C60), that is fullerenes with a half-filled conduction band are metals and not 

Mott-Hubbard insulators. 

Due to the strong Coulomb repulsion interactions, it was expected that the strong 

coupling kept the electron pairs.  Through retardation effects [45], whereby the 

electrons move in a correlated way by undergo multiple scattering into higher energy 

states, the Coulomb interaction is reduced.  However, the interaction between the 

phonons and electrons still remains.  Therefore taking into account these interactions, 

together with the retardation effect, the transition temperature can be calculated in the 
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Eliashberg theory [51], with an estimate of Tc obtained from the McMillan formula 

[52]: 

 ln 1.04(1 )exp
1.2 (1 0.62 )cT ω λ

λ µ λ∗

⎡ ⎤+
= −⎢ ⎥− +⎣ ⎦

 (1.1) 

Equation 1.1: The McMillan formula from which Tc can be estimated.  The formula takes into 

account retardation effects. 

where: 

ωln is the logarithmic average phonon frequency, 

λ is the electron-phonon coupling constant, 

µ* is the Coulomb pseudo-potential that describes the effects of the repulsive 

Coulomb interaction.  (This has been calculated to be about 1-1½eV in a C60 

molecule). 

Within the Eliashberg equation [51], the electron-phonon coupling constant can 

be calculated: 

 2

0
2 ( )ep e

d Fωλ α ω
ω

∞
= ∫  (1.2) 

Equation 1.2: Calculation of the electron-phonon coupling parameter. 

The average phonon frequency (ϖph) is given by: 

 2

0

2exp ( ) lnph e
ep

d Fωϖ α ω ω
λ ω

∞⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠
∫  (1.3) 

Equation 1.3: Calculation of the average phonon frequency. 

where α2
eF(ω) represents a spectral function: 

 2 1( ) ( )
2 v v v

v
Fα ω ω λ δ ω ω= −∑  (1.4) 

Equation 1.4: Calculation of the spectral function. 
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From Equation 1.1 and Equation 1.2, it can be clearly seen that as the frequency of the 

phonons increase, the weaker the coupling becomes and, at the same time, the higher 

the transition temperature. 

It is already known that C60 has 180 modes of (internal) vibration and group 

theory has classified these modes into two Ag modes, three F1g modes, five F2g modes, 

six Gg modes, eight Hg modes and an equal number of antisymmetric (u) counterparts: 

 1 1 2 22 3 4 4 5 6 6 8 7g u g u g u g u g uA A F F F F G G H H+ + + + + + + + +  (1.5) 

Equation 1.5: The classification of the internal vibrations of C60 molecules. 

These have been determined by different spectroscopic measurements, for example 

Raman [53-55] and neutron scattering [18].  From the neutron scattering experiments, it 

has been found that four of the vibration modes are IR active (F1u) and ten are Raman 

active (Ag, Hg), thus leaving 32 optically inactive modes that can only be investigated 

through inelastic neutron scattering measurements2.  In a C60 molecule, it has been 

calculated that the effective Coulomb interaction between two electrons is about 1-

1½eV with the attractive interaction between two electrons, induced by the electron-

phonon interaction, small in comparison.  To overcome the strong Coulomb interactions 

between the electrons, it was expected that the coupling to be strong, i.e. the electrons 

were coupled to low frequency phonons (librations or intermolecular vibrational 

modes).  However, experimental studies showed that this was not the case and that the 

electrons were coupled to intramolecular phonons.  It is has therefore become widely 

believed that the fullerides are weak-coupling, s-wave BCS superconductors with the 

high-energy intramolecular phonons responsible for driving superconductivity. 

                                                 

2 The F modes are triply, the G modes are four-fold and the H modes are five-fold degenerate due to the 

high symmetry of the C60 molecule. 
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Although an electron-electron model has been previously suggested as a possible 

mechanism of superconductivity in fulleride systems, based on an attraction between 

two electrons localised on a single C60 anion [41,42], there have been no decisive results 

to prove or disprove this model.  As a result, the electron-phonon coupling mechanism 

remains the favoured mechanism to explain the occurrence of superconductivity and 

this is supported by experimental results. 

When superconductivity was observed in the alkaline earth (AE4C60, AE = Ba, Sr, 

AE5C60, AE = Ca) [56,57], mixed alkali-alkaline earth (AxAE6-xC60, A = Rb, K, 

AE = Ba, x = 3) [58] and rare earth (LnxC60, Ln = Yb, Sm, x = 2.75) [30] intercalated 

fullerides, whereby the LUMO (t1u) and LUMO+1 (t1g) conduction bands become filled 

to various degrees of occupancy, the criteria for the occurrence of superconductivity 

changed.  The observation of superconductivity in these systems proved that the pre-

requisite of either a cubic symmetry or a C60
3- anion state was no longer valid, although 

it has been found that Tc still remains optimised at a C60
9- state in the mixed A3-xBaxC60 

fullerides (A = K, Rb).  Now hybridisation effects, between the C60 and metal ion 

orbitals, come into effect which modify and increase the width of the conduction band 

thereby leading to the stabilisation of the metallic state. 

It must be noted that the alkali atoms do not affect the magnitude of the electron-

pairing interaction with respect to the phonon frequency and therefore is independent of 

the BCS framework.  For example, on application of pressure to Rb3C60 the resulting 

lattice constant is identical to that of K3C60 at ambient pressure [59].  More details about 

the mechanism of superconductivity is described in §2.6.3. 
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1.2.5 Polymerisation in Fullerenes 

An interesting feature observed in certain fulleride systems is the occurrence of 

polymerisation.  This has specifically been observed in AC60 (A = K, Rb, Cs), although 

under certain conditions this phenomenon can also occur in other fulleride systems. 

The AC60 fullerides were first detected using Raman [60], photoemission [61] and 

X-ray diffraction techniques [62], whereby the alkali metal resided in the octahedral 

sites of the C60 crystal system.  At high temperature (~400K), X-ray diffraction 

measurements determined that the system adopted an fcc “rock-salt” type structure.  

However, below this temperature the fulleride begun to polymerise as the distance 

between the C60 units became close enough for a [2+2] cycloaddition type mechanism 

to occur [63-65], similar to the photo-polymerisation process that occurs with pristine 

C60 [23,66] (Figure 1.12). 

 

Figure 1.12: 1-dimensional polymer chains of A1C60 (A = K, Rb). 

Synchrotron X-ray diffraction further enabled the structure of the AC60 fullerides 

to be fully characterised and it was determined that KC60 and RbC60 actually were 

described by two different space groups (Pmnn, orthorhombic, for KC60 and I2/m, 

monoclinic for RbC60).  More recent work [67] has also determined that CsC60 also has 

the same structural characteristics as RbC60, i.e. it is monoclinic with an I2/m space 

group.  It has also been determined that the electronic and magnetic properties of these 

fullerides varied depending on the alkali ion with which it is doped.  For example, 
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temperature dependent ESR measurements [68] have shown that in both RbC60 and 

CsC60 a quasi one-dimensional metal to insulator transition occurs near 50K; this is 

accompanied by a magnetic transition [64,69,70].  However, the above situation does 

not occur with KC60 as it remains non-magnetic and metallic even at low temperatures 

[71]. 

Additionally, further synchrotron X-ray diffraction studies have indicated the 

presence of other metastable phases that are formed depending on the cooling rate from 

the high temperature “rock salt” fcc crystal phase.  It has been established that by 

carefully controlling the cooling rate, a low-symmetry insulating structure begins to 

stabilise which consists of (C60
-)2 dimers that are bridged by single C – C bonds [72-74]. 

 

Figure 1.13: A (C60
-)2 dimer formed when two C60 molecules are bridged by a single C – C 

bond. 

It has also been found that a metastable low-symmetry (non-superconducting) 

polymer phase can be isolated in the ternary and quaternary sodium fullerides, Na2AC60 

and Na2AA′C60 (A and A′ = Rb, Cs), comprising of one-dimensional C60
3- chains with 

single C – C interfullerene bonds, at elevated pressure [75].  This phase is also readily 

achieved through controlling the cooling procedure and can be stabilised when the 

fulleride salt is slow cooled due to the slow polymerisation kinetics.  It was found that 

this polymer phase resembled the phase found in the AC60 fullerides previously 

described.  In contrast to the other members of the Na2AC60 fullerides, it was found that 
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Na2CsC60 did not form this low symmetry polymer phase at ambient pressure.  Instead it 

remained strictly cubic, even after slow cooling and prolonged standing at 200K.  At 

high pressure, however, Na2CsC60 does form a low symmetry phase which has been 

structurally characterised to be isostructural to the low temperature polymer phase 

formed by Na2RbC60 at ambient pressure [76]. 

1.3 Magnesium Diboride 

In early 2001, a “new” material was discovered to be superconducting at a 

relatively high temperature.  This material had already a known structure, with the first 

synthesis reported in 1953 [77], and as a result it is already a bulk produced material 

that can be brought commercially from most chemical suppliers (e.g. Alfa Aesar). 

MgB2 has a Tc of 39.2K [78], which is almost twice as high as other simple 

intermetallic compounds, for example YPd2B2C (Tc = 23K) [79].  However, this can 

vary slightly depending on the quality of the material, with the Tc of laboratory 

synthesised samples often higher than that of the commercial material.  It has also 

subsequently been found that a different Tc value can be obtained by different research 

groups, even when following the same synthetic procedure [80].  Although the 

superconducting temperature is a lot lower than the high temperature superconducting 

cuprates and oxides, the simplicity of this material has opened up a new era in research 

into superconductivity.  Its high Tc, simple crystal structure, large coherence lengths and 

high critical current densities and fields promise to make this a good material for both 

large-scale applications and electronic devices.  To this date, MgB2 holds the record for 

the highest Tc for a simple binary compound and consequently may pave the way 

towards a new class of superconductor.  Also, the simplicity of this material may help to 

test the numerous theories of superconductivity from first principle calculations. 
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Since the initial reports by Nagamatsu et al. a host of new boron-containing 

superconductors were discovered.  For example TaB2 has been reported to have a 

Tc = 9.5K, [81] and even B itself has shown to be superconducting (Tc = 11.2K) under 

high pressure [82-84], although none of the materials reported have a Tc matching that 

of MgB2.  However, the discovery of superconductivity in other materials such as TaB2 

remain controversial and not consistent as some authors report the occurrence of 

superconductivity whereas others do not and report the material to be normal (i.e. non-

superconducting).  This inconsistent trend suggests that non-stoichiometry may be an 

important factor in the superconductivity of this diboride family.  It has already been 

found that the non-stoichiometry requirement for the best superconducting properties 

has been observed in other low Tc and high Tc superconductors. 

1.3.1 Structure of MgB2 

Magnesium diboride possess a simple hexagonal AlB2 crystal structure with the 

space group P6/mmm, a structure which is common amongst boride compounds.  Figure 

1.14 shows the crystal structure, with the powder X-ray diffraction pattern taken from 

the material synthesised in this current work shown in Figure 1.15.  The peaks can be 

indexed assuming a hexagonal unit cell, with a = 3.0848(3)Å and c = 3.5168(6)Å.  

These are comparable to that reported in the initial work carried out by Jones in 1953 

[77] and more recently that of Nagamatsu et al. [78]. 
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Figure 1.14: Crystal structure of MgB2.  The blue spheres represent the Mg atoms; the yellow 

spheres are the B atoms.  Image adapted from reference [80]. 
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Figure 1.15: Room temperature powder XRD pattern of MgB2.  The numbers in the brackets 

represent the Bragg peaks (hkl), with the asterisk (*) indicating impurity (MgO) reflections. 

n the crystal structure the boron atoms form graphitic-like layers, which are 

separated by hexagonal close-packed layers of magnesium atoms (Figure 1.14).  The 

positions of the Mg atoms are in the centre of the hexagonal shape formed by the boron 

atoms and each Mg atoms donate their electrons to the boron plane. 
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1.3.2 Mechanism of Superconductivity in MgB2 

The current consensus about the nature of superconductivity in magnesium 

diboride leads to the conclusion that it can be interpreted in terms of the BCS-type 

electron-phonon mechanism [85-87].  It is also widely believed that the metallic 2-

dimensional B layers play a crucial role in the occurrence of superconductivity [85] as it 

has been observed that there are strong electron-phonon interactions between the partly 

filled σ-bonding orbitals of the B atoms.  A fundamental investigation about the precise 

nature of the mechanism involved comes through several studies involving, for 

example, isotope effects [88,89] and 11B NMR [90,91] experiments. 

Results from the boron isotope studies (the reason why B was used is because it is 

relatively cheap given its natural abundance: ~80% 11B, 20% 10B and its low atomic 

weight allows separation via diffusion instead of mass spectrometry) indicated that there 

was a 1.0K shift in the Tc between Mg11B2 and Mg10B2 [89].  This corresponds well 

with the shift predicted by the BCS model (∆Tc ~ 0.85K).  Further studies found that the 

boron isotope-effect exponent (αB) = 0.26 [89], which, although lower than the 

conventional BCS value of 0.5, was to be expected considering the anharmonic nature 

of the in-plane B phonons [92]. 

In addition to the experimental data, several theoretical studies have been 

undertaken to compliment existing data [93,94].  It was found that the theoretical 

transition temperature (39.53K) calculated by Rajagoplan and co-workers, using 

McMillan’s formula (Equation 1.1) [52], was in good agreement with that of the 

experimental observation.  Furthermore, the ab initio first principle calculations 

performed by Choi et al. using the anisotropic Eliashberg formalism [51], with 

anharmonic phonons, yielded an average electron-phonon coupling constant (λ) of 0.61, 
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a Tc value of 39K and αB = 0.32.  These are all in excellent agreement with the values 

obtained by experimental measurement. 

All the above data provides a strong case for considering MgB2 as a conventional 

superconductor.  However, due to the possibility that superconductivity could also be 

explained by a purely electronic model, whereby two different types of electrons (each 

of differing behaviour – one of them more superconducting than the other) exist at the 

Fermi level, therefore at odds with the conventional BCS theory which states that all 

electrons behave in an identical manner, it is highly probable that MgB2 could be 

thought of as more of an unconventional superconductor.  More recent experimental 

data, using tunnelling and photoemission spectroscopy, however, suggests that a 

multiple band gap model is more suited to explain the superconducting mechanism in 

operation [95-98]. 

1.3.3 Doping Effects 

Since superconductivity in MgB2 was discovered, the research investigated 

whether the Tc could be increased to ascertain whether the characteristics observed in 

MgB2 were an isolated case or if this material represented the first member of a new 

(broad) class of superconductor.  At first, it was certain that other diboride systems 

existed that were isostructurally identical to MgB2 with at least a similar or even higher 

Tc, as many transition metals were known to possess a diboride phase.  It was thought 

that the superconducting temperature could be increased by tuning the lattice parameters 

through substitution of metals on either the Mg or B plane.  However to date no other 

diboride-based material has been found to have a Tc comparable to the 39K found in un-

doped MgB2.  Consequently, MgB2 continues to holds the record for the highest Tc 

among the simple binary compounds. 
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Thus far, several substitutions on both the Mg and B plane have been tried.  These 

have included, for example, carbon [99-103], aluminium [104-110]; manganese [111]; 

alkali metals [112].  However, the investigations have proved controversial as the 

observations have been difficult to replicate consistently, with one group reporting the 

occurrence of superconductivity in one sample and yet another group finding the same 

material not superconducting (§1.3).  Furthermore, even within the same group it has 

also been found to replicate the results after several synthetic attempts.  In all cases, the 

superconducting temperature has been found to be lower than the parent MgB2 system.  

Overall, despite its simple structure and apparently simple chemistry, MgB2 has proven 

very difficult to modify systematically through chemical substitution. 

The only dopants that have proved to be consistent in producing superconducting 

analogues to MgB2 involve substituting boron with carbon, forming MgB2-xCx, or 

magnesium with aluminium, forming Mg1-xAlxB2 [113].  Consequently these systems 

have attracted the most attention. 

1.4 Novel Crystal Structures of Mg2SiO4 

Recent work has concentrated on the formation of fern-like crystal structures of 

Mg2SiO4, more commonly known as Forsterite.  Forsterite is a major component of the 

Earth’s upper mantle [114-116] and the formation mechanisms of the system on the 

macro- or nano-scale is of paramount importance to the scientific community.  It is an 

insulator under high-frequency irradiation [117] and chromium-doped Forsterite has 

found potential use in laser optics [118].  It is typically made from MgO and SiO2 by a 

solid state synthesis mechanism at temperatures above 1100°C.  The low temperature 

synthesis of Mg2SiO4, together with the production of leaf-like microstructures with 

geometric ordering, is of significant interest.  To date, the main focus of research on 
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Mg2SiO4 is on its high pressure synthesis, although the formation of particulate nano- 

and micro-scale crystal structures have been occasionally reported [119-122]. 

There have been concerted efforts in the past into research on the formation of 

nano-scale architecture, such as nanoflowers and nanorods, utilising Si-based materials 

[123-127] (Figure 1.16).  This is due to their valuable semi-conducting, mechanical and 

optical properties, as well as their potential application in nano-electronics and 

nanotechnology.  The discovery of carbon nanotubes by Iijima in 1991 [128] has also 

enhanced this work, with a host of nanostructures being generated from these unique 

structures.  Furthermore, it has also been found that other layered materials such as WS2 

[129] and MoS2 [130] were also capable of generating nanotubes and other 

nanostructures. 

 

Figure 1.16: SiOx "nanoflowers".  These particular nanostructures were synthesised by my 

colleague Dr. Yan Qiu Zhu at the University of Sussex.  The insert is a close-up of an individual 

flower.  Image courtesy of Dr. Y. Q. Zhu. 

Recently, it has been discovered that MoS2 nanocrystals could be synthesised via 

a simple iodine-vapour transport mechanism, which is catalysed by the presence of C60 

[131].  As MgB2 is a novel layered structure, whose structure is similar to that of 

30 



Introduction 

graphite (§1.3.1), it is an ideal candidate for use in the investigation of the formation of 

novel nanostructures.  To date, there have been no reports of the synthesis of nanoscale 

materials consisting of MgB2, so the formation of such structures using MgB2, which 

has been determined to be superconducting [78], could allow for the verification of 

whether nanoscale systems retain their superconducting property.  Initial experiments 

using MgB2 as the starting material, following an iodine-vapour transport mechanism 

previously described by Remskar et al. [131] led to the successful synthesis of these 

novel crystal structures.  It was later determined, however, that no B was detected 

within the crystals thereby highlighting the dissociation of Mg from MgB2 under the 

conditions previously reported [132].  During the subsequent experiments, using only 

Mg powder mixed with iodine, these novel crystal structures could also be readily 

synthesised, with a substantially increased yield.  Furthermore, the use of an additional 

planar quartz substrate, lightly coated with a thin layer of amorphous SiO2 further 

increased the yield of these unique crystals.  Although it was initially thought that the 

crystal structures consisted of MgB2, it was subsequently determined that the chemical 

composition of these fan-like structures was consistent to that of Forsterite, Mg2SiO2. 
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Equation Chapter 2 Section 1 

Chapter 2: Characterisation Techniques 

2.1 Introduction 

The area of solid-state chemistry involves the use of many different techniques 

that are available to a materials scientist to aid the characterisation process of powdered 

systems.  These techniques enable one to gain a better understanding of the structure 

and physical properties of materials in the solid state. 

2.2 Crystal Theory 

2.2.1 Crystal Structure 

Most substances, when cooled sufficiently, are able to form one or more solid 

crystal phases whereby the atoms, molecules or ions are packed together to form a 

regular repeating 3-dimensional array, or lattice.  Within each lattice, there is a 

repetitive sequence of “building blocks” referred to as a unit cell.  The periodic layered 

arrangements of these unit cells in space lead to the production of different crystal 

structures.  The precise crystal structure can be determined by a technique known as X-

ray crystallography.  Due to the nature of the wavelength of X-rays, this technique is 

ideal for the analysis of crystalline solids as the atoms or ions are separated only by a 

few angstroms (Å).  There are several types of crystal structure, with the simplest being 

the simple cubic lattice (sc).  Two other commonly encountered structures are the body 

centred cubic (bcc) and the face centred cubic (fcc)3 lattice (Figure 2.1). 

                                                 

3 The face centred cubic (fcc) lattice structure is also known as the cubic close pack (ccp) crystal 

structure. 
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Figure 2.1: Graphic representation of (a) simple cubic, (b) body centred cubic, and (c) face 

centred cubic (or cubic close packed) crystal structures. 

Due to the orientation of the atoms within the different layers, it will become 

apparent that “holes” appear between each of the atoms (Figure 2.2).  If six atoms 

surround the hole (three from one layer and three from the layer directly above or 

below), the centres of the atoms lie at the corners of an octahedron, thereby giving rise 

to octahedral holes.  If the hole is surrounded by four atoms, with the centre of those 

atoms located at the corners of a tetrahedron, this will lead to tetrahedral holes. 

 

Figure 2.2: The location of the holes between the atoms in the two different structures. 
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These holes will play an important role in the intercalation chemistry of fullerenes 

as described shortly. 

2.2.2 Defining the Crystal System 

In three-dimensional crystalline solid structures, each unit cell consists of various 

dimensions: translational distances a, b, c and angles α, β, γ; each of the atoms (lattice 

points) within each plane has an identical surrounding and each of the planes cut the 

crystallographic unit cell axes at specific locations, defined by fractional co-ordinates.  

The location of each of the atoms on the lattice planes within the crystal structure is 

defined by the reciprocal of these intercepts, which are known Miller indices.  In a 

three-dimensional lattice, these are represented by the letters h, k and l (Figure 2.3).  A 

perpendicular distance, known as the d-spacing, separates each parallel lattice plane in 

the crystal structure and this can be calculated (dhkl) by means of a variation of the 

Bragg equation (Equation 2.1). 

 

Figure 2.3: Examples of the Miller indices for the different cubic lattice structures.  The 

numbers represent the hkl values. 

In total there are seven types of crystal systems and three different 3-dimensional 

unit cells which, when combined, produced a total of 14 Bravais lattices (Figure 2.4).  

The shapes of the crystal can be described by one of 32 point groups; this takes into 
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account the fact that are two additional translational symmetry elements which are only 

found in structures in the solid state.  When the 32-point groups are combined with the 

14 Bravais lattices, a total of 230 different space groups are derived; these are all listed 

in the International Tables of Crystallography [133]. 

 

Figure 2.4: The 14 different Bravais lattices.  Image adapted from reference [134] 

The lattices within a solid are able to vibrate, with the lattice vibrations 

propagating from one unit cell to the next without change.  The vibrations can be high 

frequency optical phonons or low frequency acoustic phonons.  As the atoms in the 

lattice come together they begin to interact with the outer electrons of the neighbouring 

atoms with the atomic levels and their corresponding energy levels merging together to 

form a band.  Depending on how many electrons fill this band this gives rise to the 

solids unique characteristics. 
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2.3 X-Ray Diffraction 

As the wavelength of X-ray photons is comparable to the sizes of the atoms, X-

ray diffraction (XRD) is ideally suited to probe the structural arrangements of atoms and 

molecules in a wide range of materials.  Due to their nature, they are able to penetrate 

deep within the material, therefore providing information about the bulk structure.  It 

can be used when only a single crystal is available or when the material is in powered 

form, whereby the crystals within lie in an infinite number of random orientations.  The 

study of crystal structures rely on the diffraction phenomena caused by the interaction 

of X-rays, neutrons or electrons with matter.  Neutron diffraction results from a beam of 

neutrons scattering and colliding with the nuclei of matter.  X-ray and electron 

diffraction occurs when the X-ray photons or electrons are scattered by the electrons in 

the atom. 

The precise method of interpreting the data depends on the state of the material 

under investigation (i.e. whether the material is in powder form or is a single crystal), 

however both lead to the production of an XRD profile and therefore the determination 

of the material’s crystal structure is possible.  Single crystal XRD can also be used to 

obtain a wealth of information such as precise atomic positions, bond lengths and so on, 

whereas powder XRD identifies the crystalline phases or, in the case of multiphase 

materials, the quantity of different phases present.  However the downside of XRD is 

that it can only present an average picture of a structure with respect to time. 

Max von Laue (1912) suggested that in the material, the crystals are considered to 

act as a 3-dimensional diffraction grating, with interatomic spacing of around 1Å; this 

spacing corresponds to the wavelength of the X-ray radiation.  Therefore XRD is said to 

be an interference phenomenon and compliments the diffraction data obtained from 

electron and neutron diffraction measurements. 
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2.3.1 Generation of X-Rays 

X-rays are high energy photons that form part of the electromagnetic spectrum 

and consist of wavelengths in-between that of ultraviolet (100nm) and γ-rays (1pm).  

(1pm = 0.001nm).  They are produced when matter is bombarded by high-energy 

charged particles (such as X-rays) thereby resulting in electrons being knocked out from 

one atomic orbital to the next. 

In powder XRD, X-rays are generated within a sealed tube that is located within a 

high-vacuum chamber.  A current is applied that heats a filament within the tube; the 

higher the current the greater the number of electrons emitted from the filament.  A high 

voltage, typically 15 – 60 kilovolts, is applied within the tube4.  This high voltage 

accelerates the electrons, which subsequently hit a target metal anode that is water-

cooled.  When these electrons hit the target, some of the 1s electrons in the innermost K 

shell (n = 1) of the target metal absorb some of this radiation energy and become 

ionised.  Consequently, the electrons in the outer atomic orbitals of the target metal, 

which are higher in energy, release some of this energy, thereby occupying the vacant 

1s level.  Depending on which shell these electrons come from, each transition is 

assigned a label.  The most common label given to these transitions are Kα and Kβ, 

which correspond to 2p electrons coming from the L (n = 2) shell (Kα) or 3p electrons 

originating from the M (n = 3) shell (Kβ).  Both these lines are in fact doublets due to the 

spin multiplicity of the p electrons.  The energy liberated from these transitions appears 

as a continuous emission of white radiation, which is superimposed with X-ray radiation 

with the wavelength characteristic of the target metal. 

                                                 

4 In the current measurements, the voltage of the diffractometer was set at 40kV and the current at 40mA. 
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2.3.2 Diffraction of X-Rays by Crystals 

The diffraction can occur in two ways depending on whether the photons from the 

incident X-ray beam are deflected from the direction of travel or if they interact with the 

electrons of the atoms.  If they pass close by the atom, they can be deflected by the 

electromagnetic fields surrounding the electrons of the material’s constituent atoms.  

Some of energy associated with the X-ray is transferred to these electrons and 

consequently the scattered X-rays have a larger wavelength than the original incident X-

rays.  This process is known as inelastic (Compton) scattering.  However, diffraction 

can also occur if the photons of the incident X-ray interact with the electrons of the 

constituent atoms and are able to penetrate further into the material, with the possibility 

of being reflected by subsequent planes.  The wavelength of the incident X-ray photons 

remain the same and the process is known as elastic scattering.  Each of the atoms in 

the crystal structure can diffract the X-ray beam in different ways and can interfere with 

the diffracted beams produced by other surround atoms.  In a crystal structure, the atoms 

are arranged in a periodic fashion and the diffracted waves will consist of sharp 

interference maxima with the same symmetry as in the distribution of atoms.  By 

measuring the diffraction pattern of the material, the unique arrangement of the atoms 

within the sample can be obtained.  Consequently, each crystalline material has its own 

unique XRD “fingerprint”. 

For successful diffraction to occur, the scattering phenomena must meet the 

conditions set down by the Bragg Law, which is illustrated by the following equation: 

 2 sinhkln dλ θ=  (2.1) 

Equation 2.1: Bragg Equation.  This represents the ideal conditions for successful diffraction to 

occur. 

where: 
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λ represents the wavelength, 

dhkl represents the d-spacing between the hkl planes, 

θ is the Bragg angle, 

n is an integer. 

A schematic representation of the Bragg equation is shown below (Figure 2.5).  

 

Figure 2.5: Schematic representation of the Bragg equation (Equation 2.1).  Image adapted from 

reference [135]. 

The Bragg equation shows that the peaks of an XRD pattern are directly related to 

the atomic spacing within the material.  In Figure 2.5 above, the incident beam interact 

with points A and D which are on neighbouring lattice planes.  When the Bragg law is 

satisfied, the elastically scattered beams are in phase and interfere constructively.  In 

order for constructive diffraction to occur from successive planes, the X-ray beams are 

diffracted by consecutive hkl planes at different path lengths equal to 2dhklsinθ.  This 

difference in path lengths is an integer, n, of the wavelength, λ.  At angles that are 

greater than the Bragg angle θ, the incident beams are out of phase and therefore 

cancellation occurs.  If this occurs, the path difference is not equal to an integer of the 

wavelength and the interference between the diffracted beams is destructive.   
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The scattering effect of an isolated atom is detrimental to the interference that 

occurs between X-ray photons and their interaction with the electrons in the atom.  As 

the scattering angle, 2θ, increases, the scattering factor, fx decreases.  However, in a 

crystal structure there are numerous atoms which could affect the scattering of the 

photons.  Consequently, one has to consider this interference.  The effect of scattering 

by atoms in a unit cell in the direction of the reflection hkl is called the structure factor, 

Fhkl, which is calculated (for n atoms): 

[ ]exp 2 ( )hkl n n n n
n

F f hx ky lzπ= + +∑  (2.2) 

Equation 2.2: Calculation of the structure factor which takes into account the interference 

between the phonon waves scattered by different atoms. 

where xn, yn, zn are the fractional co-ordinates of the nth atom. 

The intensities of the reflections, which can be measured, are related to the 

structure factor and depend on the distribution of the electrons within the unit cell, with 

the highest electron densities found around the atom.  Essentially: hkl hklI F∝ .  The 

intensities are also dependent the atomic number of atoms together with their location 

on the unit cell.  Thus, when the X-ray beam passes by an atom with a large atomic 

number, it will be diffracted by the electrons within this atom more strongly than by the 

electrons within an atom of a lower atomic number.  In order to produce a useful XRD 

profile, the material must be ground to a very fine powder, with the grain size less than 

10µm, therefore ensuring a homogenised sample.  Consequently, the material will 

consist of a number of randomly orientated crystallites and for each hkl plane there will 

be a sufficient number of crystallites at the Bragg angle θ with respect to the incident 

beam that a reflection of that plane will be observed. 

During an X-ray diffraction measurement, the double reflection angle 2θ is 

measured.  Thus, by way of the Bragg equation, the distance between the hkl planes (d-
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spacing) of different crystal systems can be calculated.  The d-spacing for a cubic 

system for example, where the lattice constants, a, b, c, are equal, can be calculated as 

follows: 

 0
2 2 2hkl

ad
h k l

=
+ +

 (2.3) 

Equation 2.3: Calculation of the d-spacing for a cubic system. 

Consequently, this leads to the Bragg equation for a cubic system to be defined as:  
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Equation 2.4: Variation of the Bragg equation for cubic systems. 

As not all materials are well ordered crystals, the Bragg equation is only valid 

when describing diffraction on materials consisting of ideal crystals, using perfect 

monochromatic radiation.  However, it does not take into account particle size, which 

can lead to deviations in the diffraction pattern.  As the particle sizes in a powder get 

smaller (for example < 500Å) there is a broadening effect of the diffracted peak 

reflections.  The Scherrer formula (Equation 2.5) takes this factor into consideration and 

can be used to estimate the particle size: 

 
0.9
cos B

t
B

λ
θ

=  (2.5) 

Equation 2.5: The Scherrer formula. 

where:  

t represents the particle size, 

B is the full width at half maximum of the peak, in 2-theta 
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θB is the Bragg angle. 

There is a need, of course, to take into account corrections required for 

instrumental broadening.  These include, for example, slit size, sample size, penetration 

within the sample and so on. 

2.3.3 The Siemens D5000 Diffractometer 

In the present work, the Brüker-Siemens D5000 powder X-ray diffractometer was 

utilised for initial structural analysis.  This diffractometer is equipped with a Cu anode 

(Kα radiation, λ = 1.5406Å).  All data acquisition was done using the DOS® based 

program Diffrac AT® (version 3.2). 

 

In this particular diffractometer, copper is the target metal, resulting in the 

electronic transition occurring between the 2p→1s and 3p→1s orbitals, producing the 

doublet Kα and Kβ radiation. 

 

Figure 2.6: Schematic diagram showing the mode of operation of the D5000 diffractometer 

[136].  This particular instrument is said to operate in θ/2θ mode. 
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In order to carry out a successful diffraction measurement only a single X-ray is 

required.  To achieve this, the multitude of X-rays produced from the tube is dispersed 

through a crystal monochromator.  This only allows X-rays through of a certain 

wavelength based upon the Bragg equation (Equation 2.1).  In general, one is only 

interested in the more intense Kα radiation (λ = 1.5406Å), so the Kβ lines are filtered out 

using a foil made out of a metal which is of an atomic number one or two less than the 

target metal (Ni in the case of Cu).  As the Kα line is a doublet (Kα1, λ = 1.5406Å and 

Kα2, λ = 1.5444Å), the more intense Kα1 line is often selected, in precedence over the 

latter, by adjusting the angle θ. 

Like most common laboratory diffractometers, the D5000 operates in an angular 

dispersive mode, whereby the angle between the X-ray source (the tube), the sample 

and the detector is changed at a controlled rate between preset limits (Figure 2.6).  In 

most of the measurements carried out in this current study, the materials were scanned 

between 2-theta angles of 8 to 50°.  Another common mode of operation, however, 

involves keeping the angle fixed and varying the wavelength, although this particular 

diffractometer is rarely found in research laboratories. 

Depending on the type of sample being analysed, the powder can be contained 

within a glass capillary of less than a millimetre in diameter (for air sensitive materials, 

such as the fulleride systems), or the powder can be held within an aluminium holder.  

The latter is used mainly for non-air sensitive materials, for example samples consisting 

of magnesium diboride. 

2.4 Synchrotron and Neutron Sources 

Although the conventional laboratory powder diffractometer gives us an idea of 

what the crystal structure is of the materials used in this current work, in order to fully 
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characterise the materials more powerful instrumentation techniques are used.  This is 

due to the fact that certain atoms diffract poorly in conventional powder diffractometers.  

These involve the use of beam time at various facilities both in the United Kingdom and 

also aboard.  The measurements undertaken involve two different types of radiation 

sources. 

2.4.1 Synchrotron Radiation 

All studies involving the synchrotron source were carried out using instruments at 

the European Synchrotron Radiation Facility (ESRF)5, one of three third generation 

synchrotron sources, located in Grenoble, France.  This facility is joint operations 

between seventeen European countries and is one of the largest synchrotron radiation 

sources in the world. 

Synchrotron radiation is the electromagnetic radiation emitted by charged 

particles (electrons) moving in circular orbits with large velocities, with the direction of 

flow controlled by a series of strategically placed magnets.  The exact wavelength of the 

radiation emitted is characteristic of the electrons in the storage ring and could range 

between 103 to 10-1Å.  In order to produce the “hard” X-rays found in the ESRF, the 

electrons have a very large energy (6GeV) and thus require a large storage ring (844m 

in circumference).  Within this ring, a maximum current of 200mA can be provided, 

thereby giving a beam lifetime of approximately 50 hours before the synchrotron has to 

be “refilled”. 

                                                 

5 Details about the facilities at the ESRF can be found at their website: http://www.esrf.fr/. 

44 

http://www.esrf.fr/
http://www.esrf.fr/


Characterisation Techniques 

 

Figure 2.7: Layout of the experimental hall of the ESRF.  Beamlines utilised in this work were 

located at BM16 (ID31) and BM1a.  Image adapted from the ESRF website5. 

In order for the high brilliance X-rays to be produced, so that experimental 

measurements can be carried out, the electrons are first accelerated around the linear 

accelerator (known as the linac) until their energy reaches 200MeV.  They are then 

transferred into the booster synchrotron where the acceleration continues to enable them 

to reach the 6GeV required.  Once this has been reached, the electrons are then 

deflected into the large storage ring where they remain, circulating at a constant energy 

at 35 x 104 revolutions per second.  Within the storage ring, which is under a high 

vacuum (10-9 to 10-10mbar), a series of magnetic (insertion) devices modify the 

trajectory of the electrons in the straight sections of the ring, thereby allowing 

wavelengths of particular characteristics to be produced.  There are two different types 

of insertion devices (wigglers and undulators) used to produce the different 
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characteristic X-rays and they are located on various straight sections of the storage 

ring.  As they speed around the ring, the focusing magnets direct the beam of electrons 

into one of the 40 different beamlines that line the experimental hall.  Each of the 

beamlines has different measurement abilities.  Within each beamline, there are 

different methods (such as double crystal monochromators and bending mirror for 

sagittal focusing) used to select the desired wavelength and also to tweak the properties 

of the beam according to the experimental setup. 

As the fulleride systems studied in this current work have different (individual) 

characteristics, different beamlines have been used to help characterise the materials.  

The BM1A (Swiss-Norwegian Beamline – SNBL) and the BM16 (now ID31) 

beamlines were all used to carry out experimental measurements on the samples 

studied. 

2.4.1.1 High Resolution Powder XRD Beamline: BM16 (ID31) 

The instrument, which was located on the BM16 beamline but has recently been 

relocated onto the ID31 beamline, is a high-resolution powder diffractometer.  One of 

the benefits of this particular beamline is that one is able to carry out measurements at a 

number of different conditions, for example at high or low temperatures and with a fast 

data acquisition time.  With the ability to alter the particular wavelength of the X-ray 

beam, low angle measurements can be carried out giving a greater image of the 

material’s structural characteristics.  Principally, the diffractometer works along the 

same basis as a conventional one found in the laboratory, albeit you are able to get a 

better resolution of the diffraction pattern. 

Both the BM16 and the new ID31 (which became operational during the summer 

of 2002) were used to perform additional measurements on the materials synthesised.  

In principle, both operate along an identical method (as, in fact, it is the same 
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diffractometer in use in either beamline) with the ID31 beamline built on an insertion 

device (ID) (undulator) whereas the BM16 is located on a bending magnetic (BM).  

When the diffractometer was located on the BM16 beamline, it was designed to operate 

in the high-energy range 5 – 40keV; at its present location, it can operate up to 60keV. 

The incident white X-ray radiation is first introduced into the beamline from the 

synchrotron ring in a horizontal fan measuring 4mrad, with a source size of 

0.3 x 0.3 mm2.  The radiation is then collimated vertically with a curved mirror that is 

specifically set at an angle relative to the incident beam.  It is the high degree of vertical 

collimation which enables the high angular and energy resolution which can be 

achieved on the beamline.  The beam is then focused towards a double crystal Si(111) 

monochromator.  The first crystal is water-cooled with the second bent in such a way as 

to sagittally the horizontal fan of radiation onto the sample. 

A second mirror follows after the monochromator and provides the option to 

focus the X-rays vertically onto the sample.  However, in general no focusing is carried 

out which results in the highly collimated radiation beam derived from the first mirror 

being monochromated and passed untouched onto the sample. 

The setup of the diffractometer enables both spinning capillaries as well as flat 

plate samples to be used, therefore increasing its versatility.  A bank of nine detectors, 

together with Debye-Scherrer slits, is mounted on a 2-circle diffractometer.  Each 

detector is spaced approximately 2° apart from one another and consists of a Ge(111) 

analyser crystal.  The nature of the setup enables nine high resolution diffraction 

measurements to take place in parallel, therefore allowing the data to be collected in a 

continuous scanning fashion, and eliminating the need of a conventional step scan.  

Following data collection, the counts from the nine detectors are “rebinned” and 

normalised in order to covert the data into ones which can be obtained through a normal 
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step scan measurement.  In order to maximise the diffraction data, the capillaries are 

rotated in order to achieve a better spatial average to reduce any preferred orientation. 

As the diffractometer is mechanically very stable and accurate, the peak widths on 

the resulting diffraction pattern are very narrow and the peak positions exceptionally 

accurate.  These two properties determine how good the quality of the powder 

diffraction measurements is. 

2.4.1.2 Swiss-Norwegian Beamline: BM1 

Like the beamline described in the previous section, BM1 is also installed on a 

bending magnet (BM) source.  In this particular setup, the beamline is split into two 

separate experimental setups.  Station A (BM1A, used in this current work) is 

configured for high resolution single crystal diffraction measurements whereas the 

diffractometer located at Station B (BM1B) is used for powder diffraction.  For this 

current work on powdered samples, the BM1A setup is adapted for powder diffraction 

measurements through the use of a MAR image plate detector, which is 345mm in 

diameter. 

In principle, the optics of the BM1A instrument is identical to the diffractometer 

formally located on the BM16 line, with both operating in a similar manner.  All parts 

of the diffractometer are located within a vacuum. 

The incoming white beam X-ray radiation, produced from the synchrotron ring, is 

introduced as a horizontal fan into the beamline where it is split into two separate beams 

by a splitting vessel.  One of the beams is directed into the BM1B experimental hutch, 

with a 2mrad fan of radiation, from the second beam, directed into the BM1A 

experimental setup where it is vertically collimated by an Rh coated silicon mirror.  

This is located 25.9m from the radiation source.  The mirror is set at an angle of 3mrad 
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relative to the incident beam.  This angle, together with the Rh coating on the mirror, 

leads to an energy cut-off at approximately 24keV. 

Reflections from the mirror produce a highly parallel incident beam, with narrow 

energy resolutions, that is focused onto a double crystal monochromator (located 28.5m 

from the radiation source).  The monochromator consists of two channel-cut Si(111) 

crystals.  The first of these crystals is water-cooled.  By bending the second crystal 

sagittally, the X-ray beam is focused horizontally onto the sample being measured.  The 

gap between the two crystals can be varied and this, together with translation of the 

second crystal along the beam direction, allows for the beam height at the exit to be 

fixed.  The secondary Rh coated mirror is located at the sample position and is 

vertically focusable thereby finally directing the incident X-ray beam onto the sample.  

By the time the beam reaches the sample, it has been focused down to an area 

0.5 x 0.5 mm2. 

A number of slit vessels, consisting of motorised horizontal and vertical slits, are 

located between the each of the optical elements (first mirror and monochromator, and 

between the monochromator and second mirror).  These slits are identical to that found 

in a conventional laboratory X-ray diffractometer and function both as anti-scatter slits 

and as a beam collimator.  There are also a set of adjustable horizontal and vertical slits 

at the end of the vacuum line within the experimental hutch. 

2.4.2 Inelastic Neutron Scattering 

Inelastic neutron scattering (INS) measurements were performed on the MgB2 

samples using the TOSCA (and MARI)6 spectrometers at the ISIS facilities located in 

the Rutherford Appleton Laboratories, in Didcot, near Oxford7. 

                                                 

6 Data from the MARI instrument has previously been discussed by Dr. Irene Margiolaki [137]. 
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The INS technique concerns the scattering of the neutrons within a sample, 

accompanied by a change in the velocity (energy) of the neutron8.  The neutron beams 

used in the experiments are produced either from a nuclear reactor or through a 

spallation reaction whereby a heavy metal target is bombarded with pulses of highly 

energetic protons from a powerful accelerator which results in the neutrons been driven 

out of the nuclei of the target atoms.  After moderation, a monochromatic neutron beam 

can be extracted either using crystal monochromators or via time of flight methods. 

As the neutrons scatter off a sample it can absorb energy, or, at low temperatures, 

some of this energy is transferred to the material under investigation.  This energy can 

be used to create an elementary excitation, such as a lattice vibration (phonon) or a 

magnetic excitation (magnon).  Consequently, INS measurements can be utilised to 

perform vibrational studies of a material as the energy of the thermal neutrons are 

comparable with that of the vibrational (phonon) modes found in solids.  Also, it can 

reveal the total number of accessible excitation modes. 

At the ISIS facility, the neutrons are produced by the spallation method, whereby 

the target metal is tantalum.  Data was collected using a time of flight (TOF) 

spectrometer. 

2.4.2.1 The TOSCA Spectrometer 

TOSCA (Thermal Original Spectrometer with Cylindrical Analysers) is an 

indirect geometry, white-beam, time-of-flight (TOF) spectrometer, consisting of both 

forward and backward detector banks, which was built as a replacement for the TFXA 

                                                                                                                                               

7 More details can be found at http://www.isis.rl.ac.uk.  
8 In elastic scattering experiments there is no energy transfer from the neutron to the sample.  Instead the 

neutron beam is diffracted. 
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(Time Focused Crystal Analyser) spectrometer [138].  The TOF technique is used for 

energy analysis of the scattered neutrons. 

As in the TFXA spectrometer, the white beam from the water moderator is the 

source of the neutrons on TOSCA.  Only a small quantity of the incident neutrons are 

inelastically scattered by the sample, with those which backscatter impinged on a 

graphite crystal.  Since both d and θ in the Bragg equation (Equation 2.1) are constant, 

only one wavelength of the scattered neutron will be Bragg scattered by the crystal with 

the remaining passing through and being absorbed by the shielding.  All the neutrons, of 

the same fundamental wavelength are scattered by the beryllium filter, with the 

remaining neutrons detected by the 3He filled detector tubes.  Consequently, the 

beryllium filter and the graphite crystal act as a “band pass filter”. 

By calculating the difference between the initial (Ei) and the final (Ef) kinetic 

energies, the total energy transfer (Etotal) to the sample can be estimated. 

2.5 Diffraction Refinement Analysis 

In the powder XRD experiments, reflections often overlap (especially at high 2-

theta values) as all the 3-dimensional hkl reflections occur along the single one-

dimensional 2θ axis.  Consequently, it is difficult to extract the intensities of each 

individual reflection.  To overcome this problem, the ab initio determination of the 

material’s structural characteristics from its powder XRD pattern is achieved through 

the use of a refinement procedure.  This consists of two parts: the LeBail and the 

Rietveld technique. 
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All refinement analysis was carried out using the FullPROF program [139].  

However, there are a wide variety of software packages available that can be used to 

carry out the refinement procedure9. 

2.5.1 LeBail Refinement 

The LeBail refinement procedure is based on a pattern decomposition technique 

in which the entire diffraction pattern is analysed, initially without using a structural 

model, but, instead, by specifying an approximate set of lattice constants and cell 

symmetry [140].  Consequently, the aims of the LeBail refinement is two fold.  First, 

the crystal symmetry of the material concerned has to be determined.  Once this has 

been achieved, the next step enables the precise contents of the unit cell to be 

established and therefore a space group can be assigned to the crystal system.  As an 

approximate symmetry and unit cell parameters have already been determine, either by 

using literature data and/or known values, or using a software package such as 

TREOR9, an initial structure refinement can be carried out using parameters of 

corresponding models.  In the case of the crystal structures of the fulleride materials 

synthesised in this current work, the initial LeBail refinements were based upon known 

structural data for previously studied identical fulleride systems. 

For a point i on a powder X-ray diffraction profile, the calculated intensity at this 

point, yi(calc) can be obtained via the equation: 

 ( )
p

i calc bi ik k
p k

y y G I= +∑∑  (2.6) 

Equation 2.6: Calculation of the intensity of a specific point on a powder XRD profile. 

where: 

                                                 

9 These can be freely obtained from http://www.ccp14.ac.uk/. 
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ybi represents the background at this point, i,  

G represents the normalised profile function at reflection k,  

Ik integrated intensity at reflection k. 

The summation is performed over all phases, p, and all reflections contributing to 

the point i. 

Initially, the calculated intensities are set to an arbitrary number.  During the 

refinement procedure, the integrated intensities and the unit cell parameters (which are 

not related to peak-shape functions or lattice constants) are both fitted by a least-squares 

minimisation process.  In this minimisation technique, the difference between the 

observed diffraction pattern intensities (yi(obs)) and the calculated pattern intensities 

(yi(calc)), for all steps i, is minimised rather than individual reflections.  It is assumed that 

the reflections are Gaussian in shape.  Following a continuous cycle of fittings, whereby 

the calculated intensities obtained from the previous refinement become the observed 

intensities of the next, the profile fit can be greatly improved.  The end result, thus, 

consists of the determination of the unit cell size and symmetry, peak-shape function 

and zero point error.  However, this refinement process does not provide any details 

about the structural characteristics of the material in question.  Therefore the next 

technique needs to be employed. 

2.5.2 Rietveld Technique 

Once a fairly good fit has been achieved via the LeBail refinement process, with 

the lattice constants and unit cell parameters determined for the material concerned, the 

final stage in the search for the structure information from powder diffraction data 

involves a refinement technique devised by the Dutch physicist, Dr. Hugo Rietveld 

[141].  This particular method is based on the idea of an optimisation process whereby 

the complete calculated powder diffraction pattern is compared with the profile 
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observed and by means of a least squares fitting procedure, similar to that used for the 

LeBail refinements described earlier (§2.5.1), the various structural parameters are 

adjusted.  This method enables more complex diffraction patterns to be analysed. 

Rietveld first used devised this method for use in the analysis of complex neutron 

diffraction data.  However, the method has now been adapted for use in analysing 

conventional powder X-ray diffraction data.  The use of a more conventional refinement 

process, which invokes the use of structure factors from single, integrated powder 

intensities, is feasible only if the crystal structure is of a high-symmetry.  However, for 

low symmetry structures this would be impractical due to the overlap between adjacent 

Bragg reflections and if multiple phases exist.  Consequently, the Rietveld method 

avoids this problem by maximising the amount of data from profiles when these 

overlaps occur. 

In order to begin a successful Rietveld refinement process, an initial structural 

model must be chosen, consisting of an approximate position of all the atoms within the 

unit cell, as well as peak shape parameters.  The atomic positions can usually be 

obtained from refinements already carried out on isostructural systems from the same 

family of materials and the peak shape parameters can be determined from preliminary 

LeBail analysis. 

During the Rietveld refinement, a number of parameters in the initial model are 

refined through the least squares minimisation procedure until the calculated pattern 

matches the observed profile.  The minimisation procedure occurs over the entire 

diffraction pattern and can be described by the Newton-Raphson algorithm function: 
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2
( ) ( )( )i i i obs i calc

i
M w y y= −∑  (2.7) 

Equation 2.7: The minimisation routine. 

where  

Mi is the quantity minimised, 

yi(obs) and yi(calc) represent the observed and calculated intensities, 

wi = 1/yi(obs), the weight of the intensity at point i. 

A good fit from the minimisation procedure depends on use of an appropriate 

starting model and is greatly influenced by the correlation of the parameters which are 

refined. 

The parameters that are refined are: 

a) The structural parameters (such as the atomic positions, temperature and 

occupancy factors),  

b) Profile parameters (width and line shape of the peaks),  

c) Scale factor,  

d) Unit cell parameters (a, b, c), 

e) The background parameters. 

It is also necessary to take into account the thermal motion of the atoms within the 

structure: 

[ ] 
2

2

sinexp 2 ( ) expk i i i i i i
n

F N f hx ky lz B θπ
λ

⎛ ⎞
= + + • −⎜ ⎟

⎝ ⎠
∑  (2.8) 

Equation 2.8: The thermal motion function. 

where  

Bi represents the isotropic temperature factor, which is defined: 8π2(u2)i. 
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A number of quantitative reliability factors, or R-factors, have been defined to 

measure the goodness-of-fit of the structural refinement between the observed and 

calculated profiles.  These are as follows: 

1. Un-weighted profile R-factor: 
( ) ( )

( )

i obs i calc
i

p
i obs

i

y y
R

y

−
=
∑

∑
. 

2. Weighted profile R-factor: 

1/ 22

( ) ( )

2
( )

i i obs i calc
i

wp
i i obs

i

w y y
R

w y

⎛ ⎞−⎜ ⎟
= ⎜ ⎟
⎜ ⎟
⎝ ⎠

∑
∑

.  This 

reflects how well the structural refinement accounts for both large and 

small Bragg peaks across the pattern.  This is the most common R-factor 

quoted in literature as the intensity is normalised with respect to the 

number of counts. 

3. Bragg (integrated intensity) R-factor: 
( ) ( )

( )

k obs k calc
k

B
k obs

k

I I
R

I

−
=
∑

∑
, with the 

intensity assigned to the kth Bragg reflection after the refinement. 

4. Expected R-factor: 

1/ 2

exp 2
( )i k obs

i

N P CR
w y

⎛ ⎞
− +⎜ ⎟= ⎜ ⎟

⎜ ⎟
⎝ ⎠
∑

.  This measures the statistical 

quality of the data, taking into account the number of variables used, with 

N representing the number of observations, P the number of refineable 

parameters and C the number of constraints used. 
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5. Goodness-of-fit, or χ2 factor: 

2

( ) ( )
2

2

exp

i obs i calc
i

wp

y y

N P C

R
R

χ
−

=
− +

⎛ ⎞
= ⎜ ⎟⎜ ⎟
⎝ ⎠

∑

.  If the quality of 

the refinement is good, χ2 is close to 1. 

In general, a refinement is found to be good if RB < 5%, Rwp = 5 – 15% and 

Rexp = 1.0 – 1.3.  However, an assessment on how good the refinement is combines a 

consideration of the above values together with an inspection of the calculated and 

observed patterns, as well as a close examination of the final structural model 

parameters [142]. 

2.6 Superconductivity and Magnetism 

The Dutch physicist Heike Kamerlingh-Onnes discovered the first 

superconducting material in 1911 when he cooled mercury to a temperature close to 

absolute zero [143].  He had already succeeded in liquefying helium a few years earlier, 

however in on-going experiments he noticed that at 4.2K the electrical resistance of 

mercury dropped to zero.  The phenomenon of superconductivity had been found and 

Onnes was awarded the Nobel Prize for physics in 1913.  

After this initial discovery, many more materials were observed to possess 

superconducting properties at such low temperatures, producing so-called “low 

temperature superconductors”.  However the cost of the liquid helium coolant, the only 

cryogenic liquid that reaches such temperatures, proved to make research in 

superconductors an expensive business. 

57 



Characterisation Techniques 

2.6.1 High Temperature Superconductors 

In the late 1980s the breakthrough came with the discovery of superconductivity 

at temperatures greater than 30K, which had become the upper limit theoretically 

predicted by the BCS theory some 20 years earlier [40].  In 1986, George Bednorz and 

Karl Müller reported that lanthanum copper oxide became superconducting up to 38K 

when doped with barium or strontium [32].  This resulted in them being awarded the 

Nobel Prize for Physics in 1987.  In the months that followed, many other materials 

were observed to become superconducting, with the now well known yttrium barium 

copper oxide (YBa2Cu3O7-δ), colloquially referenced as the “1-2-3-superconductor”, 

becoming the first material to have a measured transition temperature (Tc = 92K) [144] 

well above the boiling point of liquid nitrogen (b.p. 77K), a less expensive alternative to 

liquid helium for superconductivity.  The era of high temperature superconductors had 

arrived. 

The underlying characteristics of a superconductor are that the material: 

1. Offers little or no electrical resistance below a critical temperature, 

2. Has no internal magnetic fields, 

3. Has a critical magnetic field above which superconductivity ceases. 

The temperature at which the electrical resistivity of a metal drops to zero is 

known as the critical (superconducting) transition temperature (Tc).  In order words, this 

is the temperature at which the sample goes from the superconducting state to the 

normal (non-superconducting) state on warming.  The transition is often so sudden and 

complete that it appears to be a transition to a completely different phase of matter. 
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2.6.2 Types of Superconductors 

One of the unusual characteristics of the high temperature superconductors is the 

juxtaposition of magnetism with superconductivity.  This has resulted in physicists 

reassessing the role of electron spins in the electron-electron pairing interaction.  

Consequently, the simultaneous study of magnetism and superconductivity is essential 

to understand the mechanism involved in high Tc superconductivity.  However, the 

exact role of magnetic moments in the mechanism of superconductivity is not yet 

clearly understood. 

The main property associated with a superconductor is the materials ability to 

carry an electrical current indefinitely without the need for an additional applied 

voltage.  This is known as the zero resistance phenomena and was the first property of a 

superconductor to be discovered.  However despite the fact that this feature commonly 

associated with superconductors, the Meissner effect plays an important role in the 

magnetic phenomena observed in superconductivity.  Superconductors are classified as 

being either type I or type II, depending on their behaviour within a magnetic field 

(Figure 2.8). 

In type I superconductors, the material is diamagnetic and exhibits the Meissner 

effect phenomenon.  Below Tc, when the applied magnetic field is increased up to a 

maximum critical magnetic field (Hc) (the field at which superconductivity is 

destroyed), surface currents on the material prevent the penetration of the field.  Thus, 

in these systems, the induction, B, is zero within the sample.  Penetration of the applied 

field occurs when the applied field equals the critical magnetic field and the material 

behaves as a normal metal. 

Type II superconductors have a similar behaviour to type I systems up to an 

applied field known as the lower critical field (Hc1).  Above this point, the magnetic 
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field starts to penetrate into the material and it begins to exhibit a complicated 

microscopic structure of both normal and superconducting regions known as the mixed 

(or vortex) state.  This penetration increases until when the applied field is greater than 

Hc1 and the upper critical field (Hc2) is reached.  Above this point the material is fully 

penetrated by the applied magnetic field and material is in the normal state as 

superconductivity is suppressed. 

 

Figure 2.8: Illustration of the behaviour of the two types of superconductor within an applied 

magnetic field.  The left diagram represents a Type I superconductor and the right represents the 

Type II superconductor. 

2.6.3 Microscopic Theory of Superconductivity 

Over the years, there have been several theories made to reason why certain 

materials are superconducting, whereas others are not.  For certain, the main concepts of 

superconductivity lie in the realms of theoretical quantum physics.  The predominant 

theory is based on that predicted by Bardeen, Cooper and Schrieffer in 1957: the BCS 

theory [40] and describes the occurrence in Type I superconductors very well.  

However, since then there have been considerable advances in the theoretical 

understanding of superconductivity with the original theory not taking into account 

several key features observed in experimental data.  Consequently, the Eliashberg 
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version of the BCS theory [51] has now become the standard explanation for both low 

temperature and high temperature superconductors and takes into account the features 

observed experimentally. 

There are several crucial building blocks that form the basis of the BCS theory, 

with the crucial elements describing the occurrence of superconductivity being based on 

the number of electrons near the Fermi level and the energy band gap between the 

normal and superconducting state.  The theory suggests that the principal mechanism of 

superconductivity is due to the coupling effect between the pairs of conducting electrons 

(Cooper pairs) close to the Fermi level and lattice vibrations (phonons): the electron-

phonon interaction.  This has been confirmed through isotope effect studies on the Tc’s 

of fullerene superconductors [145,146]. 

Using the conventional electron-phonon model to explain superconductivity in 

fullerene compounds, a simple estimation of the Tc can be derived from an equation 

based on the BCS theory: 

 
11.13 exp

( )c ph
F i

T
N

ϖ
ε ν

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
 (2.9) 

Equation 2.9: Estimation of Tc from the BCS theory. 

where: 

ϖph is the average (intramolecular) phonon frequency (mediating the electron 

pairing), 

N(εF) is the density of states at the Fermi level, 

υi the superconducting pairing interaction. 

This equation gives an empirical correlation between the lattice constant and Tc, 

with the DOS at the Fermi level and the pairing interaction producing the electron-

phonon coupling constant ( )ep F iNλ ε υ= .  By changing N(εF), achieved through varying 

61 



Characterisation Techniques 

the lattice constant, the transition temperature may be increased.  In the fulleride 

systems, the popular way of changing the lattice constant is to alter the interfullerene 

separation (achieved, for example, through the use of spacer groups such as NH3). 

2.6.4 Types of Magnetism 

There are several different types of magnetism which materials can exhibit and 

consequently each of the types has different behavioural characteristics.  The nature of 

magnetism exhibited by a material can be determined by using a SQUID magnetometer 

by carrying out M(H) or M(T) measurements (§2.6.5 and 2.6.6).  The calculation of the 

magnetic susceptibility (χ), which is the ratio of the magnetisation of the material with 

respect to the applied magnetic field, of a sample determines what type of magnetism 

the material exhibits.  The magnetic susceptibility of a material is determined: 

 
M
H

χ =

0 ( )B H M

 (2.10) 

Equation 2.10: Calculation of magnetic susceptibility, χ. 

The effect of the applied magnetic field (H) on the magnetisation (M) of a 

material is determined by the relationship: 

µ= +  (2.11) 

Equation 2.11: Calculation of magnetic flux density. 

where 

B is the magnetic flux density, 

µ0 represents the permeability of free space, 

Depending on how the material is affected by the applied magnetic field, the type 

of magnetism exhibited can be classified as being paramagnetic, diamagnetic or 
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ferromagnetic.  A superconducting material is a special diamagnet.  Figure 2.9, below, 

shows a typical M(T) measurement for the different types of magnetism. 

 

Figure 2.9: M(T) curves of the different types of magnetism. 

2.6.4.1 Paramagnetism 

This is the simplest type of magnetic behaviour found in materials and occurs 

when the material contains unpaired electrons.  Paramagnetic materials are attracted 

towards an applied magnetic field (H) and have positive susceptibilities, χ (Figure 2.10). 

 

Figure 2.10: Magnetic susceptibility verses temperature graph for a paramagnetic material.  The 

behaviour of the material can be described by the Curie Law. 
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These materials also increase the flux density, B.  The behaviour of paramagnetic 

materials can be explained by the Curie law.  Within an applied magnetic field, the 

magnetic moments on atoms try to align with the field and therefore with each other.  

However, there is a randomisation effect of thermal energy (temperature) which tries to 

oppose this alignment and this leads to the temperature dependence described by the 

Curie law: 

 
C
T

χ =  (2.12) 

Equation 2.12: The Curie law describing the temperature dependence in paramagnetism. 

where  

χ represents the magnetic susceptibility, 

T is the temperature (in Kelvin) 

C is the Curie constant. 

Consequently, the magnetic susceptibility is independent of the applied magnetic 

field, but is dependent on temperature.  As the temperature increases, the relative effect 

of the applied field is reduced. 

In certain solids, there is a long-range interaction between the individual atomic 

magnetic dipoles which couple to each other and form magnetically ordered states.  The 

strength of this interaction determines whether it helps align the magnetic moments of 

adjacent atoms in either the same direction (ferromagnetic) or in opposite direction 

(antiferromagnetic).  This changeover from independent to co-operative behaviour is 

associated with a characteristic temperature.  For ferromagnetic systems, the Curie law 

becomes: 
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 ( )C

C
T T

χ =
−  (2.13) 

Equation 2.13: The Curie law for ferromagnetic systems. 

where Tc represents the Curie Temperature (also known as the Curie-Weiss 

temperature).  This is the temperature at which the long range ordering disappears and 

the magnetic susceptibility (χ) diverges and the transition occurs from paramagnetic to 

ferromagnetic.  This law is also known as the Curie-Weiss law. 

For antiferromagnetism, the temperature dependence is: 

 ( )N

C
T T

χ =
+  (2.14) 

Equation 2.14: The Curie law for antiferromagnetic systems. 

where TN represents the Néel temperature.   

Below this temperature, the magnetic susceptibility decreases as a transition 

occurs from antiferromagnetism to paramagnetism.  Above the Néel temperature, the 

antiferromagnet order disappears and a normal Curie behaviour is followed. 

Therefore, if the Curie constant is a positive value, this would imply that there are 

ferromagnetic interactions present between the local magnetic moments.  However, a 

negative value would indicate antiferromagnetic behaviour.  The two behaviours are 

shown in Figure 2.11. 
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Figure 2.11: Antiferromagnetic (top) and ferromagnetic (bottom) magnetic susceptibility 

graphs.  The schematic on the right show the alignment of the magnetic moment of adjacent 

atoms. 

Paramagnetic behaviour has been observed in fullerene compounds when C60 has 

been doped (either endohedrally or exohedrally) with a metallic ion with an unfilled d- 

or f-shell, such as the endohedral fullerenes. 

2.6.4.2 Diamagnetism 

Diamagnetism is mainly associated with type I superconductors (§2.6.2), whereby 

all the magnetic fields below Hc is excluded and the material is able to admit magnetic 

fields without hindrance when H exceeds Hc.  This behaviour is known as perfect 

diamagnetism.  However, the fullerenes are a unique case in that essentially they are 

aromatic compounds.  The hexagonal rings contribute a diamagnetic term while the 

pentagonal rings contribute to a paramagnetic term. 
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Figure 2.12: The magnetic susceptibility behaviour of a diamagnetic material. 

In a typical M(H) relationship for a perfect diamagnet, the plot is linear and 

reversible with a negative slope, i.e. M = -H, so B = 0.  The magnetic susceptibility (χ) 

for a diamagnetic material is negative.  Superconductors are a special diamagnetic 

species whereby the condition that B = 0 requires the material to have a magnetisation 

M = -H. 

2.6.5 Measuring the Magnetic Properties 

The inherent magnetic properties exhibited by a material can be determined by 

investigating how the magnetisation (the amount of magnetism) of a sample changes 

with respect to temperature and applied magnetic field.  There are two magnetic 

measurements that can be performed to determine the nature of magnetism of the 

sample: 

1. Magnetisation as a function of temperature: M(T).  In this type of 

measurement, the applied field, H, is fixed and the magnetisation, M, is 

determined at a series of temperatures, T. 

2. Magnetisation as a function of applied magnetic field: M(H).  Here, 

measurements are carried out at a fixed temperature and the magnetisation 

is determined by varying the applied magnetic field. 

67 



Characterisation Techniques 

There are several techniques that can be used to measure the magnetisation of a 

material.  However, one of the most sensitive methods is achieved through the use of a 

SQUID magnetometer. 

2.6.6 Superconducting Quantum Interference Device (SQUID) 

In this current work, the Quantum Design Magnetic Property Measurement 

System (MPMS5) was used, utilising the Windows® based MultiVu program. 

 

The MPMS5 SQUID magnetometer is configured to achieve high detection 

sensitivity for a material over a large temperature range (up to 300K) in applied 

magnetic fields up to 5 Tesla (50000G)10.  It can be used to detect the change in 

magnetic moment of a sample as it moves through a superconducting detection coil.  

During the scanning process, several voltage measurements are taken as the sample 

passes through different positions of the detection coil and from data obtained the 

material’s magnetisation and magnetic susceptibility (χ) can be calculated.  The 

magnetometer can also be used to detect the occurrence of superconductivity in 

materials at low Tc’s (down to 2K) and with low superconducting fractions.  

Superconductors offer a unique and very sensitive means of detecting small magnetic 

fields through the device known as a superconducting quantum interference device 

(SQUID) and this, along with several other different superconducting components, is 

incorporated within the MPMS5 system [147].  These components are: 

1. Superconducting magnet to generate large magnetic fields, 

2. Superconducting detection coil, which couples inductively to the sample, 

                                                 

10 Gauss, G, and Oersted, Oe, are used interchangeably in this work, although Gauss is the CGS unit for 

magnetic flux density and Oersted is the CGS unit for magnetic field strength (1G = 10-4 T). 
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3. SQUID connected to the detection coil, 

4. Superconducting magnetic shield surrounding the SQUID. 

A SQUID is a very powerful, yet sensitive, device capable of indirectly detecting 

very small magnetic signals as the sample passes through the superconducting detection 

coils.  In order to do this, it uses the properties of electron pair wave coherence and 

Josephson junctions and invokes quantum mechanics to describe its operation.  The 

“quantum interference” refers to the interference that occurs between the two sections of 

superconducting wavefunctions (the superconducting electrons form a single quantum 

state that may be described by a single wavefunction).  Whether this interference is 

constructive or destructive depends on the relative phase of the two sections of 

wavefunction. 

The DC SQUID is essentially a loop that is formed of two Josephson junctions as 

illustrated in Figure 2.13 below.  To achieve maximum sensitivity, these loops are kept 

near absolute zero by means of a liquid helium bath, which, in turn, is surrounded by an 

outer bath of liquid nitrogen.  As it is effectively a “closed system”, the superconducting 

magnets can be charged up to a specific current and then operated in a persistent mode 

without the need of an external current source or power supply.  The superconducting 

shield protects the SQUID, which is highly sensitive to a change in magnetic field, from 

the large magnetic fields applied by the superconducting magnet. 
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Figure 2.13: Schematic diagram showing the SQUID response as the sample oscillates through 

the detector coils.  Image adapted from the Quantum Design SQUID magnetometer handbook 

[147]. 

As the sample moves through the detection coils, the magnetic moment of the 

material induces an electric current which is detected by a pick-up coil, which in turn is 

coupled inductively, by superconducting wires, to the SQUID itself via an input coil.  

As the surroundings usually contain nuisance magnetic fields, the pick-up coil acts as a 

(first order) gradiometer as shown in Figure 2.13.  The wire forms two loops which run 

in opposite direction to each other, with the separation between the loops known as the 

baseline.  A magnetic field causes unequal currents in the loops and generates an output 

signal.  The electronics detect a change in the SQUID current which is proportional to 

the current flowing in the SQUID input coil, and feeds back a current to offset this 

change.  Measurements of the voltage variation from the SQUID detector as the sample 

moves through the detection coils provide an accurate measurement of the materials 

magnetic moment. 
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Typical measurements taken for the samples studied are zero-field cooling 

followed by field cooling, often referred as ZFC-FC.  In these types of scans, the sample 

is inserted into the magnetometer (at a temperature of 50 to 100K), before the SQUID is 

cooled right down to between 1.8 and 5K.  Once the appropriate field has been set, and 

the relevant calibration procedure has been carried out, a temperature dependent 

procedure follows, whereby the data are obtained as the temperature is varied at a set 

field.  This is the zero field cooling part of the measurement.  At the appropriate 

maximum temperature, the SQUID is cooled back down to the initial starting 

temperature whilst the field is still applied (field cooling) and the measurement 

repeated. 

2.7 Spectroscopic and Microscopic Measurements 

2.7.1 Nuclear Magnetic Resonance Spectroscopy 

23Na NMR Spectroscopy measurements were carried out using a Brüker 

spectrometer.  This was equipped with a 9T superconducting magnet at a Lamour 

frequency of 100.5MHz.  Cooling of the sample was achieved using an Oxford cryostat. 

 

The technique of NMR is well known and has provided to be a useful tool for all 

scientists alike.  There are numerous texts available describing the theory of NMR 

spectroscopy and the reader is directed to these.  However, for the purpose of this work 

a concise summary is provided, highlighting the important differences between NMR 

on liquid and gases samples and that of materials in the solid state. 

Any atomic nucleus which consist of either an odd mass or an odd atomic 

number, or both, have a quantised spin angular momentum and a magnetic moment.  

The number of allowed spin states is quantised and is determined by its nuclear spin 
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quantum number, I, with any nuclei with spin number I having 2I + 1 allowed spin 

states, which range from +I to –I.  Unlike the 1H NMR, whereby the proton has a spin 

½, the nucleus of 23Na has a spin 3/2.  Therefore, Na has four allowed spin states: 

(2(3/2) + 1 = 4). 

In general when there is no external magnetic field applied, all the spin states of 

the nucleus are of equal energy, with the nucleus in the lower energy level and spinning 

on its axis.  However, as soon as a magnetic field is applied the nuclei behave as 

charged particles and generate its own magnetic field and possess a magnetic moment, 

µ.  This magnetic field can be “felt” by neighbouring nuclei by dipolar coupling.  The 

spin states are no longer degenerate and can orientate in any one of 2I+1 possible 

directions, each associated with a different energy level.  The relationship between the 

nuclei’s magnetic moment and its spin can be described by: 

 2
Ihγµ
π

=  (2.15) 

Equation 2.15: Relationship between the nuclei’s magnetic moment, µ, and its spin, I. 

where  

γ is the magnetogyric ratio, a fundamental nuclear constant which is different for 

each nucleus, 

h is Planck’s constant (6.63 x 10-34 J s). 

The energy of a particular energy level is given by: 

 2
hE mBγ
π

= −  

with the difference in energy between the transition energy levels given by: 

 2
hBE γ
π

∆ =  
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where B is the strength of the magnetic field at the nucleus. 

The NMR phenomenon occurs when the nuclei become aligned with the applied 

magnetic field.  As it does so, the axis of rotation will precess around the magnetic 

field; the frequency of this precession is known as the Larmor frequency.  This 

frequency is given by the equation: cosE Bµ θ= − , where θ represents the angle 

between the direction of the field and the axis of the nuclear rotation. 

If the nuclei are induced to absorb energy, the angle of the precession (θ) will 

change, with their spin orientation changing in accordance to the applied magnetic field 

(i.e. they will resonate).  The probability of transitions occurring from one spin state to 

another is directly proportional to the population of the state from which the transition 

takes place.  There is always the possibility that the population of the lower states and 

upper states become equal, the upward and downward transitions are equal too thereby 

leading to a saturated system.  If this happens relaxation processes occur which enable 

the nuclei to return to its lower energy state.  There are two types of relaxation 

processes that can occur: 

1. Spin – lattice relaxation: here, the excess spin energy equilibrates with 

the surroundings (lattice), thereby creating a spin-lattice relaxation time, 

T1.  This occurs because some of the lattice motions (e.g. atomic vibrations 

in solids) have the same frequency as the nuclear spins and therefore are 

able to interact with the nuclei.  Consequently, the nuclei lose energy and 

return to the lower state. 

2. Spin – spin relaxation: in this process, the excess energy is shared 

between neighbouring nuclei.  This relaxation time is denoted T2, and in 

solid samples is usually very short. 
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The two different relaxation times (T1 and T2) have an effect on the width of the 

NMR spectral lines as they reflect the lifetime of a particular spin state.  In solid state 

NMR, such as that used in measurements conducted in this current work, this leads to 

broadening of the spectral lines. 

Just like what occurs in high-resolution NMR spectroscopy involving liquids and 

gases, there are shielding effects by neighbouring electrons surrounding the nuclei.  

Also, the nuclei exist in different electronic environments from each other and as a 

consequence, in a magnetic field, the circulating valence electrons generate an opposing 

field (i.e. diamagnetic electronic circulation occurs).  Taking all this into account the 

nuclei therefore exhibits chemical shifts (either up-field or diamagnetic shifts, or low-

field “deshielding”, paramagnetic shifts), depending on how great the opposing field is, 

and the relative intensities of the NMR absorption peak is determined by the number of 

equivalent nuclei in an identical chemical environment.  Furthermore, neighbouring 

nuclei in an identical environment also exhibit coupling effects. 

The main difference between solid state NMR and the high resolution NMR of 

solutions is that the spectra obtained from solids tend to be very broad and featureless as 

the chemical shifts and spin-spin couplings tend to be obscured.  Unlike liquids and 

gases, whereby molecular movements ensure that each molecule experiences an applied 

field from all possible directions (producing an isotropic chemical shift), in a solid the 

molecules have a fixed orientation within this applied field, with the electronic 

circulation varying depending on this orientation.  As a result, the molecules in different 

orientations experience different shielding effects, i.e. the chemical shift is anisotropic 

and again the resonance in the NMR spectra is broad.  To overcome this, the chemical 

shift anisotropy pattern can be removed by a technique known as magic angle spinning 

(MAS).  Here, the sample is spun rapidly about an axis of 54.7° (the so-called magic 
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angle) to the magnetic field, at a frequency comparable to that of the shift anisotropy.  

This allows the chemical shift to become isotropic and sharpens the absorption.  

Consequently, the solid state NMR technique has become an efficient method of 

determining the structure of solids. 

2.7.2 Electron Microscopy  

The leaf-like structures of Mg2SiO4 were analysed by several microscopic 

techniques using instrumentation on site, as well as utilising facilities at the University 

of Cambridge and at Toyo University in Japan. 

2.7.2.1 Scanning Electron Microscopy (SEM) 

A JEOL 7400 field emission SEM (Toyo University, Japan) and the LEO S420 

(Sussex University) was employed to characterise the MgB2 nanostructures studied in 

this work.  An SEM is a microscope which uses electrons rather than light to produce an 

image. 

 

The SEM is one of the most useful instruments for the analysis of materials as it 

can provide an image that is a true representation of the three dimensional sample by 

studying the surfaces of solid objects, the topography of which has been produced by 

secondary electron scattering. 

In order to form the image, the sample is bombarded with a narrow flow of electrons 

which have been produced from a tungsten or LaB6 filament, which acts as the cathode, 

from within an electron gun.  As the electron beam is accelerated towards the anode 

(with energies of up to 50keV), some of the electrons are condensed by the condenser 

lenses, and focused as a very fine, intense, spot on the sample by the objective lens.  All 

this is enclosed within a cylinder (the length of which is a lot shorter than that found in 
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the TEM).  As the electrons hit the target (sample), two phenomena occur.  Firstly, 

secondary electrons with low energies, of a few eV, are emitted and are collected by the 

secondary detector.  This produces a clear, focused topographical image of the sample.  

The other phenomenon that occurs is the reflection of high energy back scattered 

electrons which are detected by the backscattering detector and allow the determination 

of the make up of the sample.  As the specimen surface is scanned by the electron beam, 

the emitted electron reflections are collected, converted into a voltage and amplified to 

produce the image of the sample’s surface.  A typical schematic layout of the SEM is 

shown below (Figure 2.14 and Figure 2.15).  In the current work, the SEM was operated 

between 10 – 20 keV. 

 

 

Figure 2.14: Simplified schematic diagram of the SEM. 
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Figure 2.15: In-depth schematic diagrams of a typical SEM. 

2.7.2.2 Transmission Electron Microscopy (TEM) 

TEM measurements on the MgB2 nanostructures studied in this current work were 

achieved using the on-site Hitachi JEOL-7100.  High Resolution TEM (HRTEM) 

measurements were carried out at the University of Cambridge using the JEOL 200CX 

and JEOL 4000-EXII microscopes. 

 

The TEM is a useful tool which can be used to compliment the images obtained 

from the SEM.  Like the SEM described previously, the images generated are produced 

as a result of the sample being bombarded with electrons, in a vacuum environment.  

However, unlike the SEM whereby the electrons scatter off the surface of the sample, in 

the TEM the electrons penetrate through the specimen.  The SEM and TEM operate in 

much a similar fashion.  The electrons are produced from heated tungsten filament, 
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housed within a cathode gun, and are accelerated by a high voltage (up to 400keV).  

These fast flowing electrons pass through a cylinder (which is longer than that found in 

the SEM) and pass the condenser lenses which reduce the area of the cross section of 

the beam.  The electron beam continues pass several objective lenses before it is finally 

focused onto the sample.  The image produced is then magnified and projected by 

projector lenses onto a fluorescent (phosphor) screen.  The darker areas of the image 

represent the thicker, denser, areas of the sample where fewer electrons have been able 

to pass through and the lighter shades of the image highlight the thinner areas of the 

sample which enable more electrons to transmit through. 

A typical layout of the TEM is shown below in Figure 2.16. 

 

Figure 2.16: Schematic diagram of a TEM. 

As the electrons are focused by various lenses, these are prone to defects such as 

astigmatism.  Consequently, these are taken into consideration during the 

measurements.  In order to gain a better image of the sample concerned, a high 
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resolution TEM was employed thereby allowing the magnification to be increased 

dramatically. 

A comparison of how the SEM and TEM differ is shown below. 

 

Figure 2.17: Comparison of how an image is produced from a SEM (left) and TEM (right). 

2.7.2.3 Electron Diffraction (ED) 

ED measurements of the Mg2SiO4 nanostructures was carried out by Dr. Ray 

Whitby (Sussex) using the facilities at Toyo University in Japan.  Additional data were 

also collected using the instruments on-site, located in the Department of Biology, 

Sussex University, and at Cambridge University by Dr. Ian Kinloch.  ED can be used to 

calculate the d-spacing of a crystal lattice and can be performed using a TEM. 

 

Just as the crystal lattice of a material causes diffraction of X-ray beams, the same 

holds true for the diffraction of electrons.  When the crystal plane is aligned with the hkl 

plane at an angle θ to the beam axis, constructive interference occurs between the 
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scattered electron beams.  As the Bragg angle for high speed electron beams is very 

small, sin θ ≈ θ and so the Bragg equation (Equation 2.1) can be simplified to: 

 2hkldλ θ=  (2.16) 

Equation 2.16: Simplified Bragg equation. 

The distance (r) to the diffracted spot (H) from the centre of the diffraction pattern 

can be calculated according to the equation: 

2r L θ=  

where, L is distance of the sample from the camera.  By combining this equation with 

that of the simplified Bragg equation (Equation 2.16) the d-spacing (dhkl) can be 

calculated: 

 hkl
hkl

L Lr d
d r
λ λ

= ⇒ =  

A typical electron diffraction pattern of a simple crystalline sample is shown in 

Figure 2.18.  A schematic illustrating how this pattern is achieved is shown in Figure 

2.19. 

 

Figure 2.18: Typical ED image of a simple, crystalline sample.  This closely resembles an 

image produced from a single crystal XRD measurement. 
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Figure 2.19: Schematic diagram illustrating how a) a TEM image and b) an ED image is 

produced.  Image adapted from the JEOL-7100 operating manual. 

2.7.3 Energy Dispersive X-ray Diffraction (EDX) 

EDX measurements were performed on the Mg2SiO4 samples, by Dr. Ray Whitby 

at Toyo University, using a 7400 FEG SEM. 

 

Although not a surface science measurement, the EDX technique is used in 

conjunction with the SEM to aid in the identification of what elements are present in a 

specific sample.  In principle, the EDX instrument works in a similar fashion to a 

conventional X-ray diffractometer.  When the electron beam hits the target sample, 

some of the incident electrons (which are usually in the 10 – 20keV energy range), hit 

some the 1s electrons in the innermost K-shell (n = 1) of the target.  On doing so, some 

of these 1s electrons absorb some of this radiation energy and becomes ionised.  As 
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there is now a vacant space in the 1s orbital, some of the electrons from an outer orbital 

(for example the L shell (n = 2)) release some of their higher energy and fall, thereby 

occupying this vacant space.  On doing so, energy is released which appears as X-ray 

radiation; the energy of the X-rays emitted depends on the material under investigation.  

As the X-rays are generated in a region 2µm in depth, the EDX technique is therefore 

not a surface science technique.  As the electron beam is moved across the material, the 

wavelength of many of the elements present within the sample can be detected by the 

SiLi detector.  Unfortunately as the SiLi detector is protected by a Beryllium window 

(similar to that found within the Cu anode of the X-ray diffractometer), the soft X-rays 

are absorbed therefore precluding the detection of elements with an atomic number 

lower that 11 (Na).  However, by performing measurements using a windowless EDX 

system, elements with atomic numbers as low as 4 (Be) can be detected. 
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Equation Chapter 3 Section 1 

Chapter 3: The Ternary Alkali Fullerides 

3.1 Introduction 

The most common intercalated compounds studied, and for which most 

information is known, are the AxC60 fullerides (0 < x ≤ 6).  Of interest in this current 

work are the ternary Na2AC60 fullerides (A = Rb, Cs) as these present interesting 

features with respect to their superconducting properties.  More specifically, the 

Na2CsC60 fulleride has been studied in depth as it appears that this does not follow the 

trend of features exhibited by the other ternary and quaternary sodium fullerides. 

3.2 AxC60 Fullerides 

The alkali metal fullerides were the first fulleride system in which magnetic and 

superconducting properties were first observed [33].  In these systems, the triply 

degenerate t1u band (LUMO) begins to be filled with each alkali atom donating one 

electron to each of the energy levels.  This gives rise to oxidation states of up to C60
6-.  

Since the t1u band can only take a maximum of six electrons, the AxC60 fullerides 

formed are with different characteristic properties.  

Currently, superconductivity has only been detected in the A3C60 system (A = Rb, 

K) [33], when the t1u band is half-filled thereby leading to a metallic system [148], with 

a Tc reaching as high as 33K (at ambient pressure) in RbCs2C60 [34].  The first 

experiments carried out on the superconducting fullerides, K3C60 and Rb3C60 

[14,33,149,150], indicated that the materials were strong type II superconductors11 with 

                                                 

11 The different types of superconductors were introduced earlier in §2.6.2 
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characteristics similar to that observed in high Tc oxide materials, for example short 

coherence lengths.  It was found that all other alkali fulleride compositions, the bct 

A4C60 [49,151] and the bcc A6C60 [151,152], were insulating and non-superconducting. 

Although the fullerides are potentially a lot simpler to understand than the high Tc 

cuprates, as far as a theoretical point of view is concerned, there is considerable interest 

in the system due to their unique properties associated with the role of electronic 

correlation towards the occurrence of superconductivity and the extent of the Fermi and 

phonon energies.  Evidence produced from experimental data (such as Raman and 

neutron spectroscopy [55,153] and isotopic effect measurements [145]) so far favours 

the traditional weak electron-phonon coupling approach as the superconductive 

mechanism in these systems, with the strength of the electron-phonon coupling 

distributed over a large range of energies [46].  It is the believed that the coupling 

occurs between the intramolecular phonons, with the Ag or Hg symmetry, and the 

electrons in the half-filled t1u conduction band [154]12.  Consequently, the fullerides are 

referred to as weak-coupling, s-wave, BCS superconductors. 

3.2.1 Na2AC60 Fullerides 

The Na2AC60 family of alkali doped fullerides have showed some interesting 

features which disrupt the trend observed in other AxC60 fullerides.  Unlike the other 

A3C60 fullerides where superconductivity has been observed, in which the Tc has been 

determined to be controlled by the density of states at the Fermi level within the BCS 

framework (Equation 2.9), the transition temperatures in sodium-containing fullerides 

do not follow this trend.  In these (sodium-containing) systems, studies on the Tc versus 

lattice parameter (a) have indicated that the critical superconducting temperature is 

                                                 

12 Details about the mechanism involved was described earlier (§1.2.4 and 2.6.3). 
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somewhat lower than what was to be expected as the interfullerene separation decreases 

[155,156]. 

 

Figure 3.1: Plot of lattice constant as a function of Tc for different fulleride salts. 

3.2.2 Structural Features of the Na2AC60 Fullerides 

It has been determined experimentally that the space group of the A3C60 fullerides 

is Fm-3m [14].  This space group is achieved through the merohedral disorder of the two 

orientations of the C60
3- ions, which are related through a 90° rotation about the <100> 

crystal axes.  The consequence of the control in structure by the alkali ions in the 

tetrahedral holes is evident by an expansion in the lattice unit cell from a = 14.16Å in 

C60 to a = 14.24Å in K3C60 at room temperature; however, no phase transition has been 

observed on variation of temperature. 

Due to the nature of the size of the tetrahedral void (1.12Å) it has been found that 

only Li+ (rLi = 0.60Å) or Na+ (rNa = 0.95Å) ions are able to fit into the tetrahedral sites 

without the need of lattice expansion.  Consequently, the orientation of the C60
3- ions is 

no longer confined to their standard orientation as found in A3C60 fulleride systems.  
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This enables the C60
3- ions to rotate in such a way to optimise the Na+-C60

3- interactions 

[157,158].  At room temperature, the C60
3- ions are orientationally (quasi-spherically) 

disordered and the crystal structure of these Na2AC60 systems is fcc; this is 

isostructurally identical to C60.  When the temperature decreases, a primitive cubic 

structure entails (space group Pa-3) as the C60
3- ions become more orientationally 

ordered [155,159]. 

In the cubic Na2AC60 fulleride family, the particular orientation of the C60
3- ions 

with respect to the Na+ ions presents optimal conditions for the alkali ions (Rb+ or Cs+), 

which occupy the octahedral holes, to co-ordinate with the six hexagon-pentagon faces 

of the neighbouring C60 ions.  In addition, the specific location of the Na+ ions within 

the crystal structure profoundly affects the Tc evolution with respect to lattice constant.  

This is of particular interest as it could possibly lead to the attainment of much high 

superconducting temperature in the alkali-doped fullerides. 

3.2.3 Polymerisation in Alkali Fullerides 

Recently, it has been observed that the structure of selected Na2AC60 fullerides 

possess a metastable low-symmetry phase that can be obtained either on slow cooling or 

by applying a high pressure [75,160-162].  In Na2RbC60 this new phase is particularly 

abundant at ambient pressure if the sample is kept below 250K for a prolonged time 

(Figure 3.2).  Structural analysis of this system has found that in this low symmetry 

phase, the C60 molecules form a quasi one-dimensional polymer with the C60 units 

joined by a short, single C – C bond (a = 9.35 Ǻ) [160,163].  At room temperature, the 

predominant phase present is the simple cubic Pa-3 and this co-exists, as well as 

competes, with the polymeric phase at temperatures below 260K [164,165].  This 

monomer to polymer transition has been extensively studied by synchrotron X-ray 
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diffraction and neutron diffraction, with emphasis on the heating and slow-cooling 

protocol [166], as well as by 13C and 23Na NMR measurements [167,168] and 

temperature dependent ESR studies [165]. 

 

Figure 3.2: Crystal structure of the low-temperature Na2RbC60 polymer obtained after slow 

cooling.  The Na+ and Rb+ ions both occupy the interstitial sites within the polymer structure. 

Results have previously shown that the primitive cubic phase in Na2CsC60 

survives upon application of pressure up to 0.76GPa at which a transition occurs to the 

monoclinic polymeric phase [76].  The application of (high) pressure mimic the 

conditions experienced by the AC60 systems in which  the C60
3- - C60

3- ions in the 

Na2AC60 fullerides are forced close enough together for the polymerisation to occur.  By 

carefully controlling the cooling conditions, the critical interfullerene separation for 

polymerisation can also be achieved (see, for example, [160]).  Thus, a question arises 

as to whether this polymerisation will occur at ambient pressure, when the C60
3- ions are 

forced close enough to reach the critical interfullerene separation, or whether the 

polymerisation is controlled by temperature.  Furthermore it has been observed in the 

quaternary sodium (Na2AA′C60) fullerides that the polymer phase may survive upon 

releasing the pressure, and it has been found that the phase transition to the monoclinic 

polymeric phase is strongly influenced by both pressure and temperature. 
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Recent work in our laboratory has investigated in some depth the occurrence of 

polymerisation in the Na2Rb1-xCsxC60 (0 ≤ x ≤ 1) fulleride family [169,170].  It was 

found that increasing the Cs content (i.e. expanding the parent monomer cubic lattice) 

led to a decrease in the fraction of the polymer phase [171] and in contrast to the other 

members of the ternary and quaternary sodium fullerides, the end member of the series, 

Na2CsC60, did not form this low symmetry polymer phase.  Instead, it remained strictly 

cubic even after slow cooling and prolonged standing at 200K [76].  However at high 

pressure it was found that this low symmetry phase, which has been structurally 

characterised by X-ray diffraction to be isostructural to the low temperature polymer 

phase of Na2RbC60, could be formed. 

In order to investigate the conditions at which this polymeric phase transition 

stabilises, a series of Na2RbC60 and Na2CsC60 fullerides were studied.  These were 

synthesised as a powder and as a pellet, to mimic the effect of pressure as it has become 

evident that the appearance of the polymer phase depends sensitively on the 

interfullerene separation as found in X-ray diffraction measurements on the Na2Rb1-

xCsxC60 (0 < x < 1) series of fullerides. 

3.3 Experimental Procedure 

Although there are several methods which can be used to synthesise these 

fullerides, all the alkali metal fullerides synthesised in this current work were prepared 

following the chemical vapour mechanism [33].  Since the resulting fulleride systems, 

as well as most of the reactants, are air and moisture sensitive, all preparation and 

handling of the materials were carried out within an argon filled glove box, where the 

oxygen and moisture levels were controlled (O2 < 1ppm and H2O < 2.5ppm). 

Several samples of Na2AC60 (A = Rb, Cs) were synthesised to study possible 

monomer to polymer transition, with particular emphasis on the Na2CsC60 fulleride as 
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this particular system does not follow the trends observed in other Na2AC60 fullerides.  

Samples were prepared as powders or forced into small pellets to mimic the effect of 

applying pressure. 

3.3.1 Preparation of Powdered Samples 

The C60 powder was first degassed prior to use (with heating and under vacuum at 

200°C) in order to remove trace solvent impurities.  Stoichiometric quantities of the 

relevant alkali metal (all obtained from Sigma-Aldrich chemical suppliers, purity 

>99.9%) were mixed with the appropriate quantity of previously degassed C60 powder 

(“super gold grade”, >99.9%, Xzillion GmBH and Co., Frankfurt).  To prevent 

unwanted reactions with the glassware used, all the materials were combined within 

specially designed inert tantalum cells. 

The tantalum cell (which was open at one end and closed at the other), containing 

the C60 powder/alkali metal mix, was placed within a Pyrex tube, adapted for 

vacuum/gas control (by way of Young’s taps).  The inert atmosphere was evacuated to 

ca. 10-4 to 10-6 Torr.  Once the sample was under vacuum, the system was purged 

several times with high purity helium (Air products) in order to “clean” the system, 

before it was placed under a partial pressure of 500 Torr of He.  The sample was heat-

sealed to form a small glass ampoule and placed into a pre-heated furnace and annealed 

at a temperature of between 200 – 450°C, for the appropriate length of time.  Typical 

reaction conditions for the Na2AC60 fullerides (A = Rb, Cs) were: 3 days at 250°C, 

followed by 3 days at 350°C, followed by 5 days at 450°C (Table 3.2).  It was found 

that, after various trial and error attempts, these temperatures provided the ideal 

conditions to synthesise good quality fullerides, with identical conditions reported in 

previous literature.  These were also similar conditions used by my colleague Dr. Stathis 

Aslanis. 
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In order to ensure a homogenised material was synthesised, it was necessary to 

carry out intermediate grindings between the heating stages.  The ampoule was removed 

directly from the furnace and left to cool to room temperature before being transferred 

back into the glove box where it was opened.  The contents of the tantalum cell were 

removed and transferred into a mortar.  The material was combined (ground) into a fine, 

black powder for several minutes to ensure that the sample was completely 

homogenised.  Depending on the state of the reaction, a small quantity of sample was 

transferred into a thin walled (0.5mm) glass X-ray capillary for powder XRD analysis to 

follow the course of the reaction (§3.4).  The remaining material was then returned back 

into the tantalum cell, which again was placed into a Pyrex tube and re-sealed under He 

for additional annealing as appropriate. 

Typical quantities of material used to synthesise the Na2AC60 fullerides are shown 

below: 

Quantity of Reactants Used (mg/g/mol) 

Sample C60 
(720.66g/mol) 

Na 
(22.990g/mol) 

Rb 
(85.468g/mol) 

Cs 
(132.91g/ml) 
(1.90g.cm-3) 

100mg (0.1000g)
1.38(8)x10-4 mol 

6.38mg 
(0.0064g) 

2.77(5)x10-4 mol 
n/a 

18.4mg 
(0.0184g) 

1.38(8)x10-4 mol
V=9.70x10-3cm-3

Na2CsC60

200mg (0.2000g)
2.77(5)x10-4 mol 

12.7mg 
(0.0127g) 

5.55(0)x10-4 mol 
n/a 

36.8mg 
(0.0369g) 

2.77(5)x10-4 mol
V=1.94x10-2cm-3

100mg (0.1000g)
1.38(8)x10-4 mol 

6.38mg 
(0.0064g) 

2.77(5)x10-4 mol 

11.9mg 
(0.0119g) 

1.38(8)x10-4 mol 
n/a 

Na2RbC60

200mg (0.2000g)
2.77(5)x10-4 mol 

12.7mg 
(0.0127g) 

5.55(0)x10-4 mol 

23.7mg 
(0.0237g) 

2.77(5)x10-4 mol 
n/a 

Table 3.1: Quantities of reactants used to synthesise the powdered Na2AC60 fullerides studied in 

this current work. 
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Typical annealing conditions used to synthesise the appropriate fullerides are 

shown below in Table 3.2. 

Annealing Conditions (days and temperature, °C) 
Sample 

1 2 3 4 

Na2CsC60

2 days@300°C 

followed by 

2 days@350°C 

3 days@400°C 6 days@430°C 6 days@430°C 

Na2RbC60

2 days@300°C 

followed by 

2 days@350°C 

3 days@400°C 6 days@430°C 6 days@430°C 

Table 3.2: Annealing conditions used to successfully synthesise the desired Na2AC60 fulleride. 

The above conditions were the ones found to yield the best quality material and 

were adapted from previous experiments conducted by Dr. Stathis Aslanis. 

3.3.2 Preparation of Pelletised Samples 

In order to study whether polymerisation occurs at ambient pressure, it was first 

necessary to make a pellet of the material.  By pelletising the material, it was hoped that 

the critical interfullerene separation could be reached thereby forcing the C60
3- units 

close enough to encourage the polymerisation process to occur. 

Approximately 25 to 40mg of the appropriate powder sample was carefully 

transferred into the pellet press die and pressed into a small pellet (approximately 4mm 

in diameter, 2 to 4mm in height), using a hand press.  The sample was left in the press 

for a few moments to ensure that the materials were fully combined into the pellet. 

3.4 X-Ray Diffraction Analysis of Na2AC60 

Preliminary powder XRD analysis, using the conventional powder X-ray 

diffractometer (Siemens D5000, Cu, Kα radiation, λ = 1.5406Å) was carried out on the 

samples synthesised to obtain an initial characteristic profile and to determine whether 
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the material was a single-phase sample.  A small quantity of the appropriate sample (a 

few milligrams) was transferred into a 0.5mm thin-walled glass capillary which was 

then flame sealed.  The capillary was then mounted in the diffractometer and data 

collected at room temperature between 2-theta (2θ) angles of 10 to 50°, step size 0.02°, 

step time up to 30 seconds.  The XRD pattern obtained after the each of the different 

annealing stages used to synthesise the Na2CsC60 sample is shown Figure 3.3. 
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Figure 3.3: Room temperature powder XRD profiles of Na2CsC60, prepared in powder form, at 

different annealing stages.  (Cu anode, λ = 1.5406Å). 

It is evident that as the annealing continued, the quality of the material became 

better as the sample becomes more crystalline, as evident by the narrowing of the peak 
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widths.  By the end of the annealing procedure, the peaks of the diffraction profile 

become more pronounced (XR2/3) as the desired product is reached.  The increase in 

intensity of the peaks corresponds to an improvement in the crystallinity of the material 

concerned, with the XRD patterned obtained characteristic of the fcc crystal structure, 

which, as expected, corresponds to the already known crystal structure. 

The final XRD pattern obtained after the last annealing stage, presented in Figure 

3.4, can be indexed successfully using the Fm-3m space group as it is well documented 

that this is the space group the Na2CsC60 fulleride adopt at room temperature [172]. 
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Figure 3.4: X-ray diffraction pattern of Na2CsC60 after the final annealing stage.  The numbers 

above each peak represent the Miller (hkl) indices of Bragg reflections. 

The comparative plot in Figure 3.5 indicates that Na2CsC60 adopts the same cubic 

structure as Na2RbC60 and the other members of the quaternary Na2Rb1-xCsxC60 
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fullerides, albeit the introduction of the larger Cs+ cation into the octahedral holes now 

leads to a somewhat increase in interfullerene separation. 
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Figure 3.5: Comparison of powder XRD diffraction profile of Na2CsC60 and Na2RbC60, 

collected at room temperature (λ = 1.5406Å).  The main peaks can be indexed assuming a space 

group of Fm-3m.  As a comparison, the XRD profile of the quaternary fulleride, Na2Rb0.5Cs0.5C60 

(synthesised by Stathis Aslanis [170]), is also included. 

It is known that there is a phase transition from fcc Fm-3m to primitive cubic Pa-3 

near room temperature.  Previous temperature dependent synchrotron X-ray diffraction 

studies have indicated that the Cs content (x) influences at what temperature this 

transition occurs, indicated by a sharp change in lattice constants for the various 

stoichiometries.  Furthermore, it has been ascertained that at 300K (room temperature), 

when x = 0.9 or 1 (i.e. Na2Rb0.1Cs0.9C60 and Na2CsC60) the quaternary sodium fullerides 

retain a majority fcc crystal phase (space group Fm-3m). 
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A LeBail decomposition refinement based on both the Fm-3m and Pa-3 space 

groups was carried out on the final X-ray diffraction pattern of the synthesised material, 

due to the possibility of a phase transition.  The refinements were performed using the 

FullPROF [139] refinement program.  As the measurements were carried out at room 

temperature, there was no evidence of the polymerisation process that is believed to 

occur at low temperatures.  From the LeBail analysis, it has been determined that the 

lattice constant for the fulleride synthesised is a = 14.0526(83) Å (Pa-3) and 

a = 14.0590(44)Å (Fm-3m).  This compares to a literature value (for data collected by 

synchrotron radiation) of a = 14.126Å, [173,174]). 

Further investigations by 23Na NMR (described later, §3.7) indicates that on the 

application of slight pressure, to press the material into a pellet, there is a co-existence 

of two crystal phases: Pa-3 and Fm-3m at room temperature. 

3.5 Magnetic Studies 

The superconducting properties of both pelletised and powered materials were 

studied utilising a Quantum Design MPMS5 SQUID magnetometer.  The Na2AC60 

fullerides are known to be particularly sensitive to the cooling parameters, so attention 

was paid to the cooling procedures used during the SQUID susceptibility 

measurements.  The magnetisation value at 1.8K is of particular interest with respect to 

each sample as this provides a simple method to determine the difference in 

diamagnetic shielding between the different sample states (i.e. pellet and powder). 

3.5.1 Measurement Procedure 

Magnetic susceptibility measurements were first performed on the powdered 

samples, although the procedure to carry out the measurements on pelletised materials 
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follows an identical method.  Due to the nature of the materials concerned, handling and 

preparation were carried out within an atmospherically controlled glove box.  Known 

quantities of material (ca. 25 – 50mg), which had previously been determined to be of 

single phase by powder XRD (§3.4), were transferred into specially designed quartz 

SQUID tubes (the diameter of which was identical to that of the pellet, ~4mm).  These 

tubes are identical to the ones used to carry out NMR measurements, albeit with a thin 

separation wall approximately one-third of the way up from the bottom of the tube (total 

length of SQUID tube is ca. 250mm) and are ideally suited to measure air sensitive 

materials. 

The tubes were removed from the glove box (after fitting them with a vacuum 

control device), attached to the vacuum line, purged and sealed under 500 Torr of He 

(high purity, Air Products).  After carrying out a magnet reset on the magnetometer (to 

remove any remnant field), and setting the temperature to 100K, the sample tube was 

inserted into the entry portion of the sample chamber of the magnetometer.  A purging 

procedure was carried out (to remove any trapped oxygen in first part of the chamber) 

before the sample was slowly lowered into the main chamber. 

The SQUID was first cooled to 1.8K (ca. 10K/min to 10K, then ca. 2K/min to 

1.8K) under a zero-field condition (ZFC).  After carrying out a centring procedure (to 

enable the SQUID to locate the sample), the appropriate field was applied and the 

magnetic response, as a function of temperature, was measured upon warming.  Once 

the maximum set temperature was reached, a field-cooling (FC) procedure was followed 

by cooling the SQUID to 1.8K, whilst the magnetic field was still applied, and the 

magnetisation re-measured on warming.  This gives rise to the “zero field cooling-field 

cooling” (ZFC-FC) procedure. 
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In a separate experiment, susceptibility measurements were carried out on 

pelletised samples, which were formed from the same batch of material used in the 

previous powder measurements.  The pellets, weighing ca. 60mg, and measuring ca. 

4mm in diameter and approximately 4 – 5mm in height, were sealed in the SQUID 

tubes with 500 Torr of He.  An identical procedure was used as per the measurements 

carried out on powder samples, as outlined above. 

3.5.2 Superconducting Properties 

An indication of the proportion of the material that contributes towards the 

superconducting properties is given by the superconducting volume fraction, denoted 

χsf.  This is calculated using the following equation: 

 4sf
Magnetisation

H mass
ρχ π ⎡ ⎤= × ×⎢ ⎥⎣ ⎦

 (3.1) 

Equation 3.1: Calculation of the superconducting volume fraction (χsf). 

where: 

Magnetisation is the magnetisation of the ZFC curve at 1.8 K, (emu), 

H is the applied magnetic field, (G), 

ρ is the density of the sample (in the case of fullerene samples, this is taken as 2), 

(g/cm-3), 

mass is the mass of the sample used in the measurement, (g). 

An alternative method, however, to calculate an approximate value for the 

superconducting volume fraction, is to use the following: 

( )4 100%sf msχ πρχ= − ×  (3.2) 

Equation 3.2: Alternative calculation of the superconducting volume fraction of a material. 

where: 
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ρ represents the density of the material (g/cm-3), taken as 2 for fulleride systems, 

χms is the mass susceptibility of the material, (emu/g/G). 

Both methods produce an identical value for χsf and either equation can therefore 

be used.  For the current work, Equation 3.1 was used. 

3.5.3 Measurement Profiles 

A comparison plot of the magnetic susceptibility profiles of Na2CsC60 samples, 

for both powdered and pelletised materials, (shown as molar susceptibility for ease of 

comparison) is presented in Figure 3.6.  For the Na2AC60 fullerides, measurements were 

carried out at 50G with data collected at 0.5K intervals.  As expected, the strong 

diamagnetic shielding, typical of a superconductor, is clearly shown.  This is indicated 

by the sigma type curve given by the ZFC part of the measurement. 
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Figure 3.6: Comparison of SQUID susceptibility measurements carried out on pellet (red) and 

powder (blue) samples of Na2CsC60. 
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Sample State 
Superconducting 

Temperature (K) 

Superconducting Volume 

Fraction 

Powder 11.4K 32% 

Pellet 11.4K 12% 

Table 3.3: Tc and superconducting fraction (%age) of the different states of Na2CsC60. 

The comparative plot gives clear evidence that a phase transition is occurring 

when the material is pressed into a pellet as it becomes apparent that there is a 

substantial decrease in the superconducting fraction (Table 3.3).  As a powder, the 

superconducting volume fraction of Na2CsC60 has been calculated as being 32% and 

when it was pressed into a pellet and the susceptibility measurements repeated, the 

value dropped to 12%.  By recording the decrease in superconducting fraction between 

the two sample states (powder and pellet) under ZFC conditions, the inferred percentage 

of the polymer phase can be calculated for the pellet sample.  Thus, for Na2CsC60 this 

gives a polymerised fraction of 62.5%. 

This large decrease in superconducting fraction clearly indicates the possibility of 

the co-existence of two fractions: a superconducting (cubic) fraction together with a 

non-superconducting (monoclinic) phase.  Thus, it has become apparent that by 

applying pressure (pelletisation) a low-symmetry phase forms that has been structurally 

characterised to be monoclinic and isostructural to the low-temperature polymer phase 

of Na2RbC60 [76,175,176].  By pressing the material into a pellet, this could apply 

enough pressure to force the C60
3- ions close enough together to reach the critical 

interfullerene separation necessary for the polymerisation process to occur.  It could be 

the co-existence of this non-superconducting polymer phase which could be the 

underlying reason for the decrease in superconducting fraction as this phase could now 

be the predominant one present when the material is pelletised.  It is already known that 

in the other ternary and quaternary sodium systems a similar feature is observed when 
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either high pressure is applied or attention is paid to the slow cooling procedure.  The 

presence of this polymer phase thus influences the electronic and magnetic properties of 

these samples. 

3.6 Synchrotron X-Ray Diffraction 

As the susceptibility results indicate that some sort of phase transition is occurring 

when the sample is pressed into a pellet (i.e. pressure is applied), it was a necessity to 

study a possible monomer to polymer structural transition by X-ray diffraction, as was 

used for the previous studies on Na2Rb0.5Cs0.5C60 [170].  Normal conventional 

laboratory powder XRD measurements do not give an ideal resolution pattern, so high 

resolution measurements were carried out at the synchrotron facility at the ESRF.  

LeBail decomposition refinements were subsequently carried out on the data obtained. 

3.6.1 Data Acquired from the BM1a Beamline 

Room temperature measurements (298K) were carried out on both the powdered 

and pelletised material samples of Na2CsC60 on the BM1A (SNBL) beamline located at 

the ESRF in Grenoble, France (λ = 0.80008Å) (§2.4.1.2).  As with conventional powder 

XRD measurements a few tenths of a milligram of sample was sealed within thin-

walled glass capillaries of diameter 0.5mm.  For the pelletised sample, a small quantity 

of the pellet was lightly ground back into a powder before being transferred into the 

glass capillary. 

The data was initially treated using the Fit2D imaging program [177] which 

converts the circular X-ray image into a two dimensional representation similar to that 

obtained using a conventional laboratory diffractometer.  In order to carry out an initial 

refinement on the data, the FullPROF program was used [139].  At room temperature it 
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has been reported that there is a phase transition from Fm-3m to Pa-3 [155].  

Consequently, refinements were carried out on both the pellet and powder samples 

using both space groups. 

As in previous cases, the red circles represent the actual measured data; the black 

line is the calculated profile, the blue line represents the difference between the 

calculated and observed data and finally the green marks indicate the positions of the 

Bragg reflection peaks.  The results of the refinements are summarised in the following 

tables that accompany the diffraction profiles. 

 

Figure 3.7: Result of the LeBail decomposition refinements performed on the diffraction pattern 

of the powder sample of Na2CsC60, refined, using the Fm-3m space group.  
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Na2CsC60 (powder) T = 298K. λ = 0.80008Å 

Space group Fm-3m 

Peak shape (°) U = 0.518(6), V = -0.051(5), W = 0.009(2) 

R-profiles (%) Rwp = 6.68, Rexp = 4.14, χ2 = 2.60 

Lattice constants (Å) 14.145(1) Literature value (Å)13  14.126 

Table 3.4: Results of the LeBail refinement carried out on the data obtained for Na2CsC60. 

 

 

Figure 3.8: LeBail decomposition refinements carried out on Na2CsC60 (powder sample), 

measured on the BM1A beamline, using the Pa-3 space group. 

 

 

                                                 

13 Literature value taken from references [173,174,178]. 
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Na2CsC60 (powder) T = 298K λ = 0.80008Å 

Space group Pa-3 

Peak shape (°) U = 0.530(3), V = -0.052(8), W = 0.009(2) 

R-profiles (%) and χ2 Rwp = 6.56, Rexp = 4.14, χ2 = 2.51 

Lattice constants (Å) 14.145(1) Literature value (Å)  14.126 

Table 3.5: Results of the refinement based on the Pa-3 space group. 

 

 

Figure 3.9: Measured room temperature synchrotron X-ray diffraction profile (red circles) of the 

pellet sample of Na2CsC60, measured on the BM1A SNBL beamline.  LeBail decomposition 

refinements have been carried out based on the Fm-3m space group. 
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Na2CsC60 (pellet) T = 298K. λ = 0.80008Å 

Space group Fm-3m 

Peak shape (°) U = 0.308(3), V = -0.036(4), W = 0.024(7) 

R-profiles (%) Rwp = 2.20, Rexp = 2.67, χ2 = 0.677 

Lattice constants (Å) 14.141(1) Literature value (Å)  14.126 

Table 3.6: Results from the LeBail refinements of the BM1A data of Na2CsC60, pellet sample. 

 

 

Figure 3.10: Results of the LeBail refinements carried out on Na2CsC60 (pellet).  Data was 

collected at room temperature, on the BM1A beamline.  Refinements were carried out assuming 

a Pa-3 space group. 
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Na2CsC60 (pellet) T = 298K. λ = 0.80008Å 

Space group Pa-3 

Peak shape (°) U = 0.309(6), V = -0.035(4), W = 0.024(6) 

R-profiles (%) Rwp = 2.18, Rexp = 2.67, χ2 = 0.665 

Lattice constants (Å) 14.141(1) Literature value (Å)  14.126 

Table 3.7: Results of the refinements carried out on Na2CsC60 (pellet sample). 

As discussed earlier, the SQUID magnetic susceptibility measurements 

highlighted a possible phase transition, indicated by the observation of a sharp decrease 

in superconducting fraction when the material was pressed into a pellet 

(χsf(powder) = 32%, χsf(pellet) = 12%).  However, the room temperature synchrotron powder 

X-ray diffraction measurements disagree with this observation.  LeBail decomposition 

refinements were performed satisfactory on the powder and pellet data using both the 

face-centred-cubic Fm-3m and the primitive cubic Pa-3 space groups, with the χ2 value 

identical for both refinements on each set of data.  Furthermore, the refinements 

performed on the pellet samples indicate a better χ2 value when compared with the 

results obtained for the powder sample.  A comparison plot of the diffraction patterns 

obtained for the pellet and powder samples of Na2CsC60 is shown in Figure 3.11 and 

could help in the explanation of this observation. 
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Figure 3.11: Comparison of the diffraction profiles obtained for powder and pellet samples of 

Na2CsC60.  Insert: enlargement of the main {311} peak. 

Figure 3.11 indicates that there are no significant differences between the 

diffraction patterns for the powder and pelletised sample.  Furthermore, as there are no 

apparent additional reflections observed in either profile, there is no indication of a 

reduction in crystal symmetry, corresponding to the possible formation of a polymer 

phase, when the material is pressed into a small pellet.  However, there does seem to be 

a slight broadening of the Bragg reflections on the diffraction profile for the pellet 

sample, as shown in the enlargement of the main {311} peak (insert, in Figure 3.11), as 

well as a slight shift (0.01°) towards the origin for the diffraction pattern of the pellet 

sample.  This would imply that the powder sample is more crystalline as the diffraction 

peaks are well defined. 
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The features observed are expected at room temperature as if any possible 

polymer formation was to occur it does so at low temperatures.  Consequently, we now 

turn to low temperature synchrotron measurements. 

3.6.2 Data Acquired from the BM16 Beamline 

Low temperature (10K) measurements were carried out on powder and pelletised 

materials using the BM16 beamline at the ESRF in Grenoble, France (§2.4.1.1).  As for 

the previous measurements performed on the BM1 beam line, measurements were 

conducted on a small quantity of material sealed within a 0.5mm glass X-ray capillary, 

analogous to that used to carry our conventional powder XRD measurements in the 

laboratory, with a small quantity of the pelletised sample lightly ground before being 

sealed within the capillary. 

To compare what the effects the different temperatures have on the structural 

change of the material, LeBail decomposition refinements were carried out assuming a 

space group of Pa-3 as it has previously been determined that there is a change from 

face-centred-cubic (fcc), space group Fm-3m at or around room temperature to primitive 

cubic (space group Pa-3) at low temperatures [155].  The wavelength of this particular 

beam line is 0.85041Å. 

In line with previous refinements, the colour coding remains the same: red circles 

indicating the observed data, the black line shows the calculated profile, blue represents 

the difference between the two and finally the green marks indicate the position of the 

Bragg reflection peaks. 
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Figure 3.12: The diffraction profile, refined using the Pa-3 space group, for data collected on the 

powder sample of Na2CsC60. 

 

Na2CsC60 (powder) T = 10K. λ = 0.85041Å 

Space group Pa-3 

Peak shape (°) U = 0.282(4), V = -0.058(2), W = 0.004(4) 

R-profiles (%) Rwp = 12.2, Rexp = 7.48, χ2 = 2.65 

Lattice constants (Å) 14.0484(3) Literature value (Å)14 14.046 

Table 3.8: Data obtained from the refinement data. 

 

                                                 

14 This is the calculated lattice constant for data collected by high resolution temperature dependent 

neutron diffraction (at 20K) on a powder sample of Na2CsC60 [155]. 
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Figure 3.13: Result of the LeBail decomposition refinement synchrotron X-ray diffraction 

pattern of the pellet sample of Na2CsC60, assuming a Pa-3 space group. 

 

Na2CsC60 (pellet) T = 10K. λ = 0.80541Å 

Space group Pa-3 

Peak shape (°) U = 0.501(1), V = -0.129(7), W = 0.011(4) 

R-profiles (%) Rwp = 8.94, Rexp = 5.81, χ2 = 2.37 

Lattice constants (Å) 14.0506(4) Literature value (Å) 14.046 

Table 3.9: Data obtained from the above refinements. 
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Figure 3.14: Comparison of synchrotron powder XRD measurements carried out on powder and 

pellet samples of Na2CsC60.  Insert: enlargement of the main {311} Bragg reflection peak. 

Clearly the refinements based on the Pa-3 space group present lattice constants 

similar to that obtained by high resolution temperature dependent neutron diffraction 

measurements [155], therefore confirming that there is a phase change from face-

centred cubic (Fm-3m) to primitive cubic (Pa-3) at low temperatures.  As for the 

measurements collected at room temperature on the BM1A beam line (§3.6.1), there is 

again evidence of a peak broadening when the material is pressed into a pellet, as is 

evident by the enlargement of the {311} Bragg reflection (insert in Figure 3.14).  

Further inspection of the diffraction patterns indicate that there is a slight peak shift, to 

lower 2-theta angle, in the reflection found at 2θ = 17 (ca. 0.01°) for the pellet sample. 

Synchrotron X-ray diffraction measurements on pellet and powder Na2CsC60 does 

not provide any clear evidence that a monomer to polymer phase transition is occurring, 
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despite the fact that there is a substantial decrease in superconducting fraction observed 

in the SQUID susceptibility measurements.  Consequently further investigation, 

invoking local level probing techniques, is required to try and clarify the physical 

behaviour of this system. 

3.7 23Na NMR Analysis 

In collaboration with Dr. Denis Arčon, in Slovenia, temperature dependent 23Na 

NMR spectroscopic measurements were carried out on both powder and pelletised 

Na2CsC60 samples to further investigate whether polymerisation occurs at the local level 

as well as clarify the observed effects in the XRD and SQUID measurements.  As a 

comparison, data was also obtained on powder and pellet samples of Na2RbC60 as well, 

although an investigation of the polymerisation in this material has already been 

documented [167]. 

In order to carry out the 23Na NMR measurements, small samples of material (in 

the form of a pellet and in powder form) were sealed within specially designed NMR 

tubes.  The measurements were carried out at a Larmor frequency of 100.5MHz with a 

9T superconducting magnet.  The cooling rate was controlled at 1K/min between room 

temperature (298K) and 200K using an Oxford cryostat.  A simple π/2 pulse, together 

with a Cyclops phase cycling was used to obtain the spectra with all shifts given with 

respect to 1M NaCl solution. 

For the Na2CsC60 sample, room temperature data was collected for both the 

powdered and pelletised material.  For the pelletised sample, the data was collected on 

the “unannealed” material and on the same sample after it was slightly annealed (for a 

short time) at 350K, before being cooled back to room temperature.  Data obtained from 

this particular measurement is shown in Figure 3.15. 
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Figure 3.15: 23Na NMR spectra of the pellet sample of Na2CsC60.  The blue line represents the 

original “as-prepared” sample, whereas the green line represents the spectra obtained after the 

pellet was annealed briefly at 350 K.  The 23Na NMR profile of a pellet sample of Na2RbC60 

(green) is also presented.  Frequency shifts are given with respect to 1M NaCl solution 

(υL = 100.5MHz). 

It can be seen that contrary to what is observed in room temperature 23Na 

spectrum of Na2RbC60, where only one resonant line is observed (representing the Pa-3 

phase), when the Na2CsC60 sample is pressed into a pellet two distinct lines are found 

which represent the co-existence of two structural phases: the majority high temperature 

Fm-3m (labelled “Peak A”) and a minority low temperature Pa-3 (labelled “Peak B”).  It 

is apparent that after a short annealing at 350K, and then on returning back to room 

temperature, there is a decrease in intensity of the Fm-3m line, with the Pa-3 line partially 

recovering.  There is no indication, however, of any other resonance lines in the 
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pelletised material thereby suggesting that there is already the low symmetry present at 

room temperature. 

Figure 3.16, below, shows a comparison of the room temperature NMR 

measurements carried out on pellet (before and after slight annealing) and powder 

sample of Na2CsC60. 
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Figure 3.16: Comparison of the room temperature 23Na NMR measurements of powder and 

pellet (before and after slight annealing) samples of Na2CsC60.  Frequency shifts are given with 

respect to 1M NaCl solution (υL = 100.5 MHz). 

In the powder sample 23Na NMR spectrum, we noticed that only the Pa-3 (simple 

cubic) line is observed, which is positioned at a lower frequency (30ppm) than that 

found in the pelletised material; the Fm-3m (fcc) line is not observed.  This is similar to 

what is observed in the powder sample spectrum of Na2RbC60, both in the current 

measurements undertaken in this work and that observed by Maniwa et al. in their 
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measurements [167], however this was to be expected as the material was kept at room 

temperature for a substantial length of time.  Unfortunately, we did not measure the 

23Na signal above room temperature, similar to what was done for the pellet sample.  

This would have enabled a comparison to be placed between the effects this would have 

done to the powdered sample and that it had on the pelletised material.  It is also found 

that the 23Na NMR lines in the pelletised sample are somewhat broader than the 

corresponding lines found in the powdered sample (Figure 3.16).  For example, the line-

width for the Pa-3 line in the powdered sample is ca. 6.5kHz, whereas the equivalent 

line in the pellet sample is ca. 3.8kHz (a difference of 2.5kHz).  This observation, along 

with no additional resonance lines in the pelletised materials, would suggest a larger 

local disorder about the 23Na site as the C60 molecules become orientationally 

disordered.  Therefore we can conclude that pelletising the material (i.e. applying 

pressure) does not seem to induce polymerisation at room temperature.  Instead, 

however, the increase in the orientational disorder of the C60 molecules could, thereby, 

lead to the polymerisation process to occur at lower temperatures, similar to what is 

observed in the Na2RbC60 system. 

To investigate this hypothesis, temperature dependent 23Na NMR measurements 

were performed on both powder and pellet samples.  The temperature dependent 23Na 

NMR spectra for both the powdered and pelletised samples are shown in Figure 3.17 

and Figure 3.18. 
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Figure 3.17: Temperature dependent 23Na NMR measurements carried out on powdered 

Na2CsC60.  Frequency shifts are given with respect to 1M NaCl solution (υL = 100.5MHz). 

The first measurement carried out was on the powdered sample (shown in Figure 

3.17) as it is already known that this does not polymerise.  As described previously, 

only one (Pa-3) resonance line, representing the simple cubic phase, is observed (“Peak 

B”) at room temperature (290K).  This single 23Na NMR line is present on cooling 

down to 200K.  However, on further cooling, an additional line begins to appear at ca. 

40 ppm; evidence of this formation is shown by the observation of a small shoulder 

developing at 200K.  This shoulder broadens and continues to develop into a clearly 

resolved peak by 70K (“Peak A”) as the re-orientational dynamics of the C60 molecules 

slow.  The spectral features we observe are identical to what have been reported in 

previous measurements, albeit with slight variations in relative intensities [167,179].  

This new line is probably the fcc Fm-3m line which was observed in the previous 
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measurements and is present in the room temperature NMR spectrum of the pelletised 

sample of Na2CsC60.  As expected, there was no trace of the polymeric 23Na NMR line 

as featured in the Na2RbC60 sample. 
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Figure 3.18: Temperature dependent 23Na NMR measurements carried out on a pelletised 

sample of Na2CsC60. 

The next measurement was carried out on the pelletised sample of Na2CsC60, 

which is presented in Figure 3.18 above.  It was found that the (fcc) Fm-3m 23Na NMR 

line (“Peak A”) rapidly decreases on cooling and at 210K only the simple cubic Pa-3 

line (“Peak B”) remains.  As this fcc line is not present in the powder sample spectrum 

at room temperature, it could only occur due to the pelletisation process.  During further 

cooling, this line broadens out and becomes more asymmetric as the local structure at 

the 23Na site changes from the cubic one.  As for the powdered sample, there was no 

evidence of an additional polymeric 23Na NMR line.  Again, as in the powdered 
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Na2CsC60 sample, an additional line (“Peak C”) at ca. 50ppm begins to appear as the 

temperature was decreased further from 200K, although this is a lot more broader than 

the corresponding line in the powdered material (“Peak A” in Figure 3.17).  

Consequently, it is not easily distinguishable compared to what is observed in the 

spectrum for the powdered sample. 

Clearly, the low temperature 23Na NMR spectra of the powdered and pelletised 

samples show a rather complex behaviour.  A common feature that occurs in both 

spectra is this new emergence of a peak at ca. 50ppm (“Peak A” in the powder 

spectrum, “Peak C” in the spectrum for the pellet).  Previous measurements by Saito et 

al. [179] suggested that the appearance of this peak is due to the second order 

quadrupole splitting; 23Na has a quadrupolar nuclei, with spin I = 3/2.  However in the 

current measurements this cannot be the case as the NMR spectra were obtained at a 

Lamour frequency of 100.5MHz (their measurements were carried out at a frequency of 

42.7182MHz).  Extrapolating the expected splitting using the parameters calculated by 

Saito and co-worker [179], the full width half maximum (FWHM) of this peak was 

calculated as being 2.5MHz, which is within the line-width of the peaks in the current 

23Na NMR spectra.  Brouet et al. [180] also observed a peak in this region of the NMR 

spectrum, but attributed it a t΄ peak.   

As stated previously, the peak at ca. 50 ppm begins to appear in both samples 

(pellet and powder) at round 200K, i.e. the temperature at which the correlation time for 

the C60 molecular re-orientation is comparable with the 23Na NMR time scale.  On 

further cooling, the relative intensity of this peak becomes saturated below 100K at 

0.4ppm.  However, the decrease in intensity does not necessarily give a direct ratio of 

the number of different Na sites and a loss of line intensity has been previously found in 

many other cubic systems, for example KBr [181].  It has already been established from 
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previous measurements by Maniwa et al. [167], and through these current data, that a 

high temperature Pa-3 line is asymmetric due to the second order quadrupole 

broadening.  Consequently, the measured line occurs due to only the -½ ↔ ½ 

transitions; this would indicate that the Na atoms are not in a perfectly cubic 

environment.  However, the new t΄ peak is rather symmetric and may reflect those Na 

atoms which are in a perfect cubic environment.  Therefore it can be concluded that the 

new peaks in either sample could be attributed as belonging to the fcc Fm-3m phase. 

As a comparison, 23Na NMR measurements were carried out on pressed Na2RbC60 

powder, although this system has already been thoroughly investigated in some depth 

and is known to partially polymerise at temperatures below 260K (see, for example, 

[161,163]).  The temperature dependant 23Na NMR spectrum is shown below in Figure 

3.19. 

Unlike the spectrum obtained for the pellet sample of Na2CsC60, where two peaks 

are found, at room temperature there is only single Lorentzian like 23Na signal observed 

for the Na2RbC60 sample (“Peak A”).  This corresponds to a Pa-3 phase, with the 

linewidth calculated as approximately 4.3kHz.  On cooling, a new broad, asymmetric, 

peak (“Peak B”) becomes apparent at temperatures below 260K.  As the temperature 

becomes lower this peak develops further, as the Pa-3 line decreases, and becomes well 

pronounced at 200K (“Peak C”).  As this new peak grows, the initial Pa-3 line broadens 

and decreases in intensity. 
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Figure 3.19: Temperature dependent 23Na NMR spectrum of the pelletised sample of Na2RbC60.  

Frequency shifts are given with respect to 1M NaCl solution (υL = 100.5MHz). 

It has previously established that the emergence of this new peak can be attributed 

to the formation of a polymeric phase and the current data obtained is concurrent to that 

measured by Cristofolini et al. on a powdered sample of Na2RbC60 [163].  In a non-

cubic environment, one expects that the quadrupole interaction will determine the 23Na 

NMR lineshape with the central -½ ↔ ½ transition broadened by a second order 

quadrupolar shift [182].  The quadrupole coupling constant for this new broad 

component was calculated as being 5100kHz (where the asymmetry parameter, η, is 

taken as being approximately 0); this compares well with that obtained for the powder 

sample measured by Cristofolini et al., who calculated a coupling constant of 4630kHz 

[163].  Consequently, this confirms that the occurrence of this new broad line in the 

pelletised sample of Na2RbC60 is due to the polymerisation of the C60 molecules and 
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that we do not observe any anomalous behaviour with respect to the powdered sample.  

What we do observe in the current results, however, is a slightly larger linewidth 

already in the cubic phase (4.3kHz in the pelletised material, 3.3kHz found in the 

powdered sample) and a larger quadrupole coupling constant in the polymeric phase, 

which would suggest that the structure is a little more disordered at the local scale. 

3.8 Summary 

This chapter has highlighted the results of experiments performed on the ternary 

sodium fullerides, Na2AC60 (A = Rb, Cs).  Previous investigations on Tc as a function of 

lattice parameter have found that the superconducting transition temperature in this 

fulleride family is somewhat lower that expected as the interfullerene separation 

decreases, with the criteria for superconductivity deviating from the BCS theory.  For 

the current study, the emphasis was on Na2CsC60 as previous studies found that no 

polymerisation was observed at ambient pressure.  This is a characteristic observed in 

the other ternary and quaternary sodium fullerides. 

Powder XRD diffraction measurements (collected by the laboratory 

diffractometer and by high resolution synchrotron radiation) did not provide any 

evidence of the polymerisation as the fulleride remained cubic.  However, it was 

observed that there was a significant decrease in superconducting fraction in magnetic 

susceptibility measurements performed on the pelletised sample compared with the data 

obtained for the powder sample.  This would indicate that there was a non-

superconducting, monoclinic, polymer phase present in conjunction with a 

superconducting, cubic phase in the pellet sample. 

Temperature dependent 23Na NMR measurements were subsequently performed 

on both the powder and pellet samples of Na2CsC60.  The results from these 

measurements indicate that the application of pressure (i.e. pelletisation) does not seem 
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to induce polymerisation at room temperature, although there is an increase in 

orientational disorder of the C60 molecules as indicated by rather broad 23Na NMR lines 

in the spectrum obtained for the pelletised sample.  However, the current data coincides 

with previous measurements indicating that there is still no clear evidence of 

polymerisation occurring. 
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Equation Chapter 4 Section 1 

Chapter 4: Alkaline-Earth and Mixed Fullerides 

4.1 Introduction 

The alkali doped fullerides, AxC60, have been extensively studied due to the ease 

by which phase pure material can be synthesised and due to the occurrence of relatively 

“high” superconducting temperatures.  However, the solid-state chemistry of alkaline 

earth (AE) intercalated fullerides, AExC60 (1 < x ≤ 6), has been poorly studied as it has 

proved a lot more difficult to synthesise good quality, single phase, materials.  

Consequently, little systematic investigations have been carried out with this family of 

fullerides; however what has been discovered so far has provided interesting results. 

The existence of the stable superconducting mixed alkali-alkaline earth fulleride, 

bcc A3Ba3C60 (A = Rb, K), suggests that a variation of the synthetic steps might produce 

a series of mixed alkali/alkaline earth metal fullerides of composition AxAE6-xC60 

(A = alkali metal, AE = alkaline earth metal), which would enable the number of 

electrons in the t1g derived band to be controlled without changing the stable bcc 

structure. 

The observation of superconductivity in selected alkaline earth and mixed alkali-

alkaline earth metal intercalated fullerides leads to these systems being known as the 

“t1g superconductors” as the metallic and superconducting properties are associated with 

the filling of the t1g band. 

4.2 Alkaline Earth Metal Fullerides: AExC60 

Soon after the discovery of the alkali doped fullerides, Kortan and co-workers 

discovered that another family of fullerides, the alkaline earth fullerides (AExC60, where 
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AE = Ca, Sr, Ba, x = 3, 4, 5, 6), could also by synthesised and isolated [29,183,184].  It 

was found that these fullerides exhibited some interesting structural and electronic 

features, with selected members also exhibiting superconductivity [29,57,185,186].  The 

occurrence of superconductivity in materials of such a high reduction state is one of the 

unique features associated with these fullerides. 

4.2.1 Electronic and Structural Features 

Unlike the alkali intercalated fulleride salts, whereby the LUMO t1u band is filled, 

intercalation of the alkaline earth metals now leads to the next accessible molecular 

orbital, the LUMO+1 t1g band, becoming filled to various degrees of occupancy [187]. 

 

Figure 4.1: Molecular orbital diagram of C60.  In the AExC60 and A6-xAExC60 the t1g (LUMO+1) 

band is now accessible,.  Image adapted from reference [188]. 

This leads to a C60 reduction state of up to 12-, with two electrons from each of the 

divalent alkaline earth metal being transferred to the C60 molecules (Figure 4.1). 
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4.2.2 Superconducting Properties 

Initially, magnetic susceptibility measurements indicated that the AE6C60 state 

was superconducting, with a Tc of 7K for Ba6C60 [29,186] and 4K for Sr6C60 [184].  In 

this system both the t1u (LUMO) and t1g (LUMO+1) conductive bands are completely 

full resulting in the isoelectronic structure to the A6C60 fullerides, which was found to 

be an insulator. 

However, following additional studies on the synthesis and properties of the x = 6 

state and to clarify the stoichiometry of the superconducting phase, it was found that an 

additional phase existed which was also superconducting with an identical Tc as that 

found by Kortan (6.8K for the Ba-system, 4.4K for the Sr-system).  Brown et al. 

unambiguously determined that this new fulleride was the non-cubic, orthorhombic 

AE4C60 (space group Immm) [185,189].  This structure is similar to the body-centred 

tetragonal structure of A4C60 (A = K, Rb) [49], although in the alkali fulleride analogue 

the C60 molecules are orientationally disordered.  In this new stoichiometry, the t1u band 

is completely filled and the t1g partially filled.  The reason for the occurrence of 

superconductivity in this state can be attributed to the broad conduction band which 

leads to an increase in the stability of the metallic state.  Figure 4.2 shows the molar 

susceptibility plot of Ba4C60, measured at an applied field of 10G. 
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Figure 4.2: Result of the magnetic susceptibility measurements performed on Ba4C60 using the 

SQUID magnetometer.  Ba4C60 is superconducting with a Tc = 6.6K (χsf = 21%).  This particular 

sample was synthesised by Dr. Stathis Aslanis. 

Extensive work by our laboratory over the past few years has successfully 

characterised Ba4C60 (and Sr4C60) with the structure being analysed by combined 

neutron and synchrotron X-ray diffraction studies, utilising the high resolution D2b 

diffractometer (λ = 1.59434Å) at the ILL and the BM1a diffractometer (λ = 0.8007Å) at 

the ESRF [56,137,170,190].  The AE4C60 system has highlighted the difficulties and 

confusion associated with the AE-doped fulleride systems and the inconsistencies found 

when compared with the alkali fullerides AxC60.  Unlike the alkali relatives (and the 

mixes alkali-alkaline earth fullerides, A3Ba3C60), whereby superconductivity is only 

encountered with half filling of the molecular orbitals and is destroyed when this is 

deviated, in the BaxC60 fullerides superconductivity is only encountered when x = 4 with 

a partial filling of the t1g band.  Up to now, superconducting fulleride systems have 
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adopted cubic, or slightly distorted cubic, structures.  However the discovery of 

superconductivity in the AE4C60 systems, with an oddly filled t1g conductive band, has 

raised some interesting discussions as to what the actual structural criteria is required 

for superconductivity to occur in fulleride materials. 

4.2.3 General Experimental Procedure 

The synthesis of alkaline earth metal intercalated fullerides requires harsh reaction 

conditions as the metals themselves have a higher melting point and are a lot harder 

than their corresponding alkali metal counterparts.  Consequently the ease at which 

single phase materials is synthesised has proved to be a challenge.  The annealing 

process requires a lot higher temperatures than those used to synthesise the alkali 

fullerides described earlier. 

The reaction equation to synthesise the AExC60 fullerides can be summarised: 

  (4.1) 60 60xxAE C AE C∆+ ⎯⎯→

Equation 4.1: Reaction mechanism to synthesise AExC60 (AE = alkaline earth metal) fullerides 

(1 ≤ x ≤ 6). 

All the handling of the reactants and final product were carried out within an 

atmospherically controlled glove box, with O2 and H2O (moisture) levels kept at 

< 1ppm and < 2.5ppm respectively, as the materials are extremely air and moisture 

sensitive. 

Following an identical procedure used to prepare the AxC60 fullerides, the 

appropriate quantity of previously degassed C60 powder (“super gold grade”, >99.9%, 

Xzillion GmBH and Co., Frankfurt) was combined with a stoichiometric quantity of the 

alkaline earth metal (barium, dendritic pieces, 99.99%, Aldrich) (Table 4.1).  Small 

pieces of metal were broken from the dendritic pieces utilising a scalpel as it was found 
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that using small pieces of metal encouraged a better reaction between the metal and the 

C60 powder whereas larger pieces remained un-reacted, even after prolong annealing.  

The quantities of reactants used to synthesise the Ba and Sr-intercalated fulleride 

samples studied are summarised in Table 4.1 and Table 4.3. 

As for the synthesis of the alkali-doped fulleride salts, the alkaline earth metals 

are very reactive with glass, consequently, the reactants were contained within a 

tantalum cell.  The tantalum cell was transferred into a quartz tube as, in order to 

successfully intercalate the metal into the fulleride structure, high annealing 

temperatures are required.  The quartz tube was fitted with a vacuum control device, 

removed out of the glove box and subsequently attached to a vacuum line where it was 

pumped down to ~10-6 Torr before the Ar atmosphere was removed and purged several 

times with high purity He (Air Products, purity >99.9%).  Finally, the tube was filled 

with an atmosphere of He, before it was flame-sealed, under a pressure of 500 Torr, to 

form a small ampoule, which was then placed into the furnace for annealing, at 

temperatures in excess of 500°C.  It was found that due to the nature of the alkaline 

earth metal, it remained un-reacted if the samples were annealed at temperatures lower 

than this.  The annealing conditions used are shown in Table 4.2 and Table 4.4. 

After the first few days of initial annealing, the sample was removed from the 

furnace and left to cool to room temperature before being taking back into the glove 

box.  Here, the ampoule was open and the sample emptied into a mortar for regrinding 

to ensure homogeneity in the sample, before the material was returned back into the 

tantalum cell and resealed to complete the annealing process. 

4.2.3.1 Barium-Doped Fullerides 

The quantity of reactants and the annealing conditions used to synthesise the 

appropriate Ba-doped fullerides are summarised in the following tables. 
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Quantity of Reactants Used (mg/g/mol) 

Fulleride Reaction 

Sample(s) 

C60 

(720.66g/mol) 

Ba 

(137.33g/mol) 

A 
200mg (0.2000g) 

2.77(5)x10-4 mol 

38.1mg (0.0381g) 

2.77(5)x10-4 mol 

B, C 
100mg (0.1000g) 

1.38(8)x10-4 mol 

19.1mg (0.0191g) 

1.38(8)x10-4 mol 
Ba1C60

D 
50.0mg (0.1000g) 

6.93(8)x10-5 mol 

9.53mg (0.0095g) 

6.93(8)x10-5 mol 

A 
133mg (0.1330g) 

1.84(5)x10-4 mol 

126.7mg (0.1267g) 

9.22(8)x10-4 mol Ba5C60

B 
50.0mg (0.0500g) 

6.93(8)x10-5 mol 

47.6mg (0.0476g) 

3.46(9)x10-4 mol 

Table 4.1: Quantities of material used to synthesise the desired alkaline earth fullerides. 

Due to the nature of the balance in the glove box and the nature of the materials 

used, it was very difficult to weigh out the precise amounts required to 3 decimal places, 

therefore each reactant were within a few milligrams of the desired quantity. 

Annealing time and temperature (°C) 
Fulleride 

Reaction 

Sample(s) 1 2 3 4 

A, B 
3 days@550C

2 days@600C 
2 days@600C n/a n/a 

C 3 days@550C 2 days@600C 1 day@600C n/a 
Ba1C60

D 2 days@550C 5 days@625C n/a n/a 

A 3 days@600C 4 days@630C 3 days@625C 1 night@625C 
Ba5C60

B 2 days@550C 5 days@650C n/a n/a 

Table 4.2: Annealing conditions used to synthesise the BaxC60 fullerides studied in this current 

work. 

It was found during the experiments that at lower temperatures the barium metals 

remained unreacted, whilst at higher temperatures the product became amorphous.  

Also, prolonged annealing led to a destruction of the crystal structure.  Intermediate 
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grindings after each annealing stage was essential to form a homogenised sample and 

for successful synthesis of the desired fulleride. 

4.2.3.2 Strontium-Doped Fullerides 

The following tables summarise the quantities of the reactants used (Table 4.3), 

together with the appropriate annealing conditions (Table 4.4) used to synthesise the Sr-

doped fulleride systems.  These conditions were adapted from the data obtained from 

previous synthesis attempts reported by Kortan et al. [184] and Brown et al. [56].  The 

experimental procedure used was similar to that used for the synthesis of the BaxC60 

fullerides and was described in §4.2.3. 

Quantity of Reactants Used (mg/g/mol) 
Fulleride Reaction 

Sample C60 
(720.66g/mol) 

Sr 
(87.63g/mol) 

Sr1C60 A 
100mg (0.1000g) 

1.38(8)x10-4 mol 

12.2mg (0.0122g) 

1.38(8)x10-4 mol 

50.0mg (0.0500g) 

6.93(8)x10-5 mol 

18.2mg (0.0182g) 

2.08(1)x10-4 mol Sr3C60
Multiple 

samples 100mg (0.1000g) 

1.38(8)x10-4 mol 

0.0365 mg 

4.16(3) x 10-4 mol 

Sr4C60
Multiple 

samples 

100mg (0.1000g) 

1.38(8) x 10-4 mol 

0.0486 mg 

5.55(0) x 10-4mol 

Table 4.3: Quantities of reactants used to synthesis the SrxC60 (x = 1, 3, 4) fullerides. 

Annealing Stages and Temperature (°C) 
Fulleride Reaction 

Sample(s) 1 2 3 4 

Sr1C60 A 
3 days@550C

followed by 

2 days@600C 

2 days@600C 12 hrs@600C 3 days@600C 

6 days@600C 1 day@625C n/a n/a Sr3C60 Multiple 
3 days@550C 1 day@550C 1 day@550C n/a 
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5 days@600C

followed by 

2 days@600 

2 days@600C 1 day@600C n/a 

4 days@550C 4 days@600C n/a n/a 

3 days@550C 2 days@550C 3 days@600C 2 days@550C 

 Samples 

4 days@550C 2 days@550C n/a n/a 

2 days@550C 

1 day@550C

followed by 

12 hr@600C 

1 day@600C n/a 

4 days@500C

followed by 

3 days@600C 

1 day@600C n/a n/a 

2 days@550C

followed by 

2 days@600C 

1 day@600C

followed by 

2 days@650C 

2 days@650C n/a 

Sr4C60
Multiple 

Samples 

4 days@550C 3 days@550C 2 days@575C 2 days@630C 

Table 4.4: Annealing conditions used to synthesise the SrxC60 intercalated fullerides. 

Just as for the BaxC60 systems, the Sr1C60, Sr2C60 and Sr5C60 fullerides are not 

known to exist as a stable phase.  An extensive study has already been carried out on the 

x = 6 state by Gogia et al. [191] so this system was not studied in this current work. 

4.3 Analysis of Results: AExC60 

4.3.1 Barium Intercalated Fulleride Precursors: BaxC60 

The Ba3C60 and Ba6C60 fullerides have proved to be the easiest and most stable 

alkaline earth doped fulleride systems to synthesise.  Both systems have a completely 

filled conduction band (Ba3C60 has a completely filled t1u band, whereas Ba6C60 has a 

completely filled t1g band, (Figure 4.1). 

Ba3C60 is isoelectronic to the A6C60 alkali fulleride and is an insulator as 

confirmed through photoelectron spectroscopy [192] due to the full charge transfer from 

the divalent barium atoms to the fullerene units.  It has been determined that this barium 
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fulleride (strangely) adopts the cubic A15 crystal structure (Figure 4.3), rather than the 

fully intercalated fcc structure as found in the A3C60 fullerides, with a space group Pm-3n 

[14].  It is worthwhile to note that this is the same crystal structure adopted by Cs3C60, 

which has been found to be superconducting at ca. 40K at high pressures [35,193].  The 

structure is also commonly associated with several other BCS superconductors, such as 

Nb3Sn. 

 

Figure 4.3: The bcc A15 crystal structure (space group Pm-3n) which Ba3C60 adopts. 

Within the A15 structure, two different tetrahedral sites15 exist due to the different 

orientational order of the fullerene molecules, each of which is available for Ba doping.  

One of the sites is located towards four hexagonal faces of the neighbouring C60 

molecule (image b); the other is found facing towards four pentagonal faces (image a). 

                                                 

15 The different interstitial spaces found within the crystal structure was discussed earlier in §2.2 
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Figure 4.4: The two different interstitial sites available for Ba doping.  Image adapted from 

reference [183]. 

The room temperature powder XRD pattern of Ba3C60, measured on the 

laboratory diffractometer (Cu anode, Kα λ = 1.5406Å) is shown below (Figure 4.5). 
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Figure 4.5: Room temperature powder X-ray diffraction pattern of Ba3C60.  The numbers 

represent the Miller indices of the Bragg reflections. 
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The lattice constant of the sample synthesised has been calculated as being has 

11.32(2)Å (cf. literature value of 11.34Å) with the mean C-Ba distances calculated to be 

2.98Å, 3.14Å and 3.39Å respectively [183].  It has been established by Rietveld 

analyses that the site facing the five-membered rings is favoured over the alternative site 

as it is believed to be electron deficient and, therefore, energetically favourable for 

divalent cations [183].  The increase in charge transfer from the divalent Ba ions to the 

fullerene molecules explains the stability of the A15 crystal phase as the LUMO 

conduction band is completely full.  This complete band also explains the observation 

that Ba3C60 is an insulator, a similar feature found in the isoelectronic A6C60 fulleride. 

Ba6C60, on the other hand, has been found to be metallic and not superconducting, 

with a body centred cubic (bcc) crystal structure, space group Im-3.  Analysis of the X-

ray diffraction pattern of Ba6C60 has found that a = 11.1850(7)Å with the DOS at the 

Fermi level determined to be 5.6 states eV-1 (mol C60)-1 [191].  LDA calculations have 

shown that the metallic nature of this fulleride is due to the hybridisation effects 

between the d-orbitals of Ba and the C60 pπ levels [194]. 

4.3.1.1 Analysis of Ba1C60 

Although not known to be a stable phase, the synthesis of Ba1C60 would lead to an 

unusual reduction state of C60
2- with the partial filling of the t1u band.  It is already 

known that the only time when C60 can be found in this unusual reduction state is when 

it is doped with sodium, forming Na2C60 [195].  However, attempts to synthesise Ba1C60 

would enable us to investigate whether this reduction state could be found in the 

alkaline earth metal intercalated fullerides. 

Altogether three different annealing conditions were tried in order to try and 

ascertain the ideal synthesis conditions (Table 4.2).  Figure 4.6 shows the final powder 

XRD profiles of each of the samples taken on completion of the reaction synthesis.  A 

133 



Alkaline-Earth and Mixed Fullerides 

small quantity of sample was sealed within a thin walled glass capillary (0.5mm in 

diameter), with the measurements carried out between 2θ angles of 8 – 50°. 
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Figure 4.6: Final room temperature powder XRD patterns of the four attempts at synthesising 

Ba1C60 (Samples A – D). 

The diffraction patterns indicate that that there are strong similarities between this 

fulleride and Ba3C60, more so sample D.  Each of the patterns for Ba1C60 contains 

reflections that are characteristic of the Pm-3n space group, particularly the three peaks 

between 27 and 31°.  There are several reflections which do not appear in the diffraction 

pattern of Ba3C60, namely those at 11 and 21°, but are present in samples A, B and C but 
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not D.  These peaks correspond to C60, therefore indicating that there is an excess 

quantity of unreacted C60 powder present in the sample. 

To confirm that this is the case, LeBail decomposition refinements, using the 

FullPROF program [139], were carried out on one of the samples synthesised; Sample 

A was chosen.  The refinement was carried out assuming a two phase system: the Pm-3n 

space group (representing Ba3C60) and Fm-3m (representing C60).  The result of the final 

refinement is presented in Figure 4.7, with the refinement data in Table 4.5. 

 

Figure 4.7: Result of the LeBail decomposition refinement performed on the powder XRD 

pattern of Ba1C60, sample A.  The lower green indicators represent the reflections associated 

with the un-reacted C60 powder. 

Ba1C60 (Ba3C60) Phase 1 

Space group Pm-3n 

Peak shape (°) U = 0.822(9), V = -0.360(1), W = 0.094(1) 
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Lattice constant (Å) 11.323(7) 

 

C60 Phase 2 

Space group Fm-3m 

Peak shape (°) U = 0.520(4), V = -0.360(1), W = 0.215(5) 

Lattice constant (Å) 14.187(6) 

 

Wavelength: λ = 1.5406Å Zero point: 0.916(6)° 
General parameters 

Rwp = 10.8%, Rexp = 8.79%, χ2 = 1.51 

Table 4.5: Results obtained from the final LeBail refinement. 

It is clear from the refinement that Ba1C60 is not formed, but instead the material 

has become Ba3C60 (a = 11.322Å).  As a result of this, there is excess unreacted C60 still 

present in the sample thereby the diffraction pattern incorporates these additional 

reflections.  In light of the refinement data, there is no conclusive evidence to confirm 

whether or not Ba1C60 is a stable fulleride phase.  What can be determined, however, is 

that the synthesis has led to a multiphase composition consisting of the majority Ba3C60 

phase. 

4.3.1.2 Analysis of Ba5C60 

Just as was the case for Ba1C60, this particular fulleride is not known to be a stable 

barium phase.  Consequently, there have been no reports of the isolation and 

characterisation of this fulleride system.  To investigate whether there is any possibility 

to isolate the fulleride, several attempts were made to try and synthesise it.  As the 

precise heating conditions are unknown, an identical annealing procedure to that used to 

synthesise Ba4C60 was followed.  Intermediate re-grindings ensured that the material 

was fully homogenised. 
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Powder XRD measurements were performed during the annealing process to 

follow the course of the reaction.  Before returning the samples back into the furnace for 

additional annealing, a small quantity of material was sealed within a 0.5mm glass 

capillary.  The measurements were conducted at room temperature, up to 2-theta angles 

of 45°.  The results of these are presented below. 
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Figure 4.8: Room temperature powder X-ray diffraction patterns of Ba5C60 sample A.  The 

pattern for Ba4C60 (bottom profile) is also included for comparison. 

After the initial heating stage, the diffraction pattern (XR1, red) did not show any 

clear reflections.  However, there was evidence of the onset of a diffraction pattern 

characteristic of the Im-3 space group.  This is seen by reflections at 11° and the four 
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reflections occurring between 22 and 32°.  On continuing annealing, these reflections 

became clearer, with the final step producing a diffraction pattern indicative of the Im-3 

space group.  On initial investigations, the diffraction pattern indicates the formation of 

the Ba6C60 fulleride, a system which adopts the Im-3 space group. 
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Figure 4.9: Diffraction patterns for Ba5C60, sample B. 

With sample B, the first diffraction pattern taken after the annealing at 550°C 

(XR1, red profile) shows a mixed phase sample.  There are reflections that can be 

associated with un-reacted C60 as well as the Ba4C60 fulleride.  On further annealing, the 
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diffraction pattern again suggests that that Ba6C60 could have formed as the reflections 

adopt the Im-3 space group.  However, it is not as crystalline as the first sample. 

A LeBail refinement was performed on the final XRD pattern of sample A to 

ascertain whether the synthesised sample was Ba6C60 or if the system consisted of more 

than one fulleride phase.  The refinements were performed assuming that the material 

was either one-phase or a multiphase.  As mentioned earlier, initial inspection of the 

powder XRD pattern indicates that it closely resembles Ba6C60, so the one-phase 

refinement was performed assuming the Im-3 space group as this is what Ba6C60 has 

been found to adopt [29].  The results of the refinements are shown below. 

 

Figure 4.10: Result of the one-phase LeBail decomposition refinement performed on the powder 

XRD pattern of Ba5C60, sample A. 
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The refinement data obtained from the one-phase refinement are summarised in 

the table below. 

Ba5C60 λ = 1.5406Å T = 298K 

Space group Im-3 

Peak shape (°) U = 0.3948(5), V = -0.2050(8), W = 0.0753(8) 

Lattice constant (Å) 11.180(4) 

R-profiles Rwp = 6.79%, Rexp = 5.60%, χ2 = 1.47 

Zero point error (°) 0.3821(5) 

Table 4.6: Result obtained from the one-phase LeBail decomposition refinement performed on 

Ba5C60. 

Inspection of the refinement pattern and the numerical data show that the fit is 

quite good (χ2 = 1.47).  As “Ba5C60” is not known to be a stable (isolatable) fulleride 

phase, no data exists16.  However, the result of the refinement indicates that the lattice 

constants is very similar to that of the known Ba6C60 phase (a = 11.185Å) therefore 

indicating that the sample synthesised is not Ba5C60 but consists of a majority Ba6C60 

phase.  However, there are still some reflections that do not fit this one phase model, so 

a multiphase refinement was performed.  This consists of three phases: Ba6C60 (space 

group Im-3), Ba4C60 (space group Immm) and C60 (space group Fm-3m). 

                                                 

16 Baenitz et al. have attempted to synthesise a series of BaxC60 fullerides (x = 3 to 6), including Ba5C60, 

and present a comparison XRD plot (see figure 1 in the paper).  However, no refinement data has been 

presented for the Ba5C60 phase [189]. 
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Figure 4.11: Multiphase LeBail refinement performed on Ba5C60. 

Phase 1 Ba6C60

Space group Im-3 

Peak shape (°) U = 0.5378(5), V = -0.2193(8), W = 0.0595(7) 

Lattice constant (Å) 11.1841(4) 

 
Phase 2 Ba4C60

Space group Immm 

Peak shape (°) U = 1.4325(5), V = -0.4084(3), W = 0.0947(7) 

Lattice constant (Å) a = 11.5821(9), b = 11.2566(6), c = 10.8807(8) 

 
Phase 3 C60

Space group Fm-3m 
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Peak shape (°) U = 0.4319(5), V = -0.1944(6), W = 0.0752(7) 

Lattice constant (Å) 14.1776(2) 

 
R-profiles Rwp = 6.20%, Rexp = 5.60%, χ2 = 1.23 

Zero point error (°) 0.3957(4) 

Table 4.7: Results of the multiphase LeBail refinement. 

As expected, the refinement indicated that a minority Ba4C60 phase was present in 

the sample, together with minor C60 phase indicating that unreacted C60 could also be 

present.  This confirms that this sample is not phase-pure and thus is not stable enough 

to be isolated. 

4.3.2 Strontium Intercalated Fulleride Precursors: SrxC60 

The SrxC60 (x = 3, 4, 6) fullerides are not as well studied as their identical BaxC60 

fulleride counterparts and consequently there is very little information about this 

system.  Unlike the barium and calcium fullerides, it was found that the SrxC60 systems 

exhibited different structural behaviour.  It has been previously reported that the SrxC60 

fullerides are the only fulleride system whereby two crystal phases, fcc and bcc, 

compete in the same compositional range [184]. 

Just like in the closely related BaxC60 fullerides, the only stable strontium systems 

which are able to be synthesised and isolated occur when x = 3, 4 or 6.  There have been 

no reports of the other compositions being isolated due to the strange electronic 

configuration.  However, the x = 4 state has proved to be difficult to synthesise in a 

phase pure form as this state only exists in a minority phase. 

4.3.2.1 Analysis of Sr1C60 

Although Sr1C60, like Ba1C60, is not known to exist, or at least is not a stable 

phase, one attempt was done to try and synthesise this fulleride.  It was found that even 
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with a small quantity of Sr metal a relatively high temperature was still required in order 

to successfully intercalate the metal into the C60 crystal structure.  To increase the 

effectiveness of the reaction, the dendritic Sr metal was finely broken into small pieces. 

Figure 4.12 shows the room temperature laboratory powder XRD patterns of the 

material after each annealing stage.  After each intermediate re-grindings, a small 

amount of sample was sealed within a 0.5mm glass capillary for analysis by powder 

XRD before further annealing was carried out. 
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Figure 4.12: Laboratory X-ray diffraction profiles of Sr1C60 at different annealing stages.  As a 

comparison, the pattern for degassed C60 powder (bottom) is included. 
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Evidently the first XRD pattern (XR1), taken after the first annealing stage (3 

days@550°C, followed by 2 days@600°C), still shows the characteristic Bragg 

reflections associated with C60 (bottom XRD pattern in Figure 4.12).  However, there 

are clearly new peaks beginning to appear at 2θ angles of 13 and 30.5° and an increase 

in the intensities of the peaks at 24 and 28.5°.  On further annealing, additional 

reflections are observed at 13 and 17°, although the peaks at higher 2θ angles are 

broadening.  By the final annealing step, the diffraction pattern shows a mixed phase as 

most of the reflections show peak splitting.  The characteristic reflections associated 

with the fcc C60 are no longer present.  Clearly the last annealing stage is critical in that 

3 days heating at 600°C proves to be less than ideal. 

As the diffraction pattern of the analogous alkali counterpart, A1C60, is 

characteristic of the fcc crystal structure, there should be no reason why the alkaline-

earth metal equivalent should not also adopt this phase as well.  However, the “Ba1C60” 

species which was synthesised (and discussed earlier) in fact had an identical crystal 

structure to that of the well known Ba3C60, i.e. a bcc A15 structure, space group Pm-3n, 

albeit with additional reflections associated with un-reacted C60.  In the case of the 

“Sr1C60” fulleride synthesised, the diffraction pattern does not resemble that of Sr3C60, 

although XR3 does continue to resemble that of C60. 

4.3.2.2 Analysis of Sr3C60 

Previous studies on the Sr3C60 fulleride found that it did not adopt the same 

structural as the isostructural barium relative [184].  Instead it yielded a mix phase, 

whereby a bcc A15 phase (as found in Ba3C60) is found to co-exist with an additional 

fcc phase; the fcc phase is the same phase that the A3C60 fullerides have been found to 

exhibit.  To check on this, samples of the Sr3C60 fulleride were synthesised.  The 
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experimental procedure used has been described in §4.2.3, with the quantity of materials 

and the annealing conditions used summarised in Table 4.3 and Table 4.4. 

Figure 4.13 below shows the powder XRD profile of Sr3C60 which was 

synthesised in this current work.  Measurements were carried out using the laboratory 

Siemens D5000 diffractometer (Cu anode, λ = 1.5406Å).   
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Figure 4.13: Room temperature powder XRD patterns of Sr3C60, sample B, (Cu anode, Kα 

radiation, λ = 1.5406Å) after the various annealing stages. 

XR1 (profile A) was taken after the initial annealing stage.  Clearly some of the 

characteristic reflections associated with the A15 space group can be observed between 
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2θ angles 20-24°, although the peaks are located at a lower 2-theta angle than in the 

Ba3C60 pattern.  Evidently, there is still some un-reacted C60 present in the sample, 

indicated by the large reflection at 10°.  On continued annealing, the diffraction profile 

improves as the sample becomes more crystalline.  There are a great more similar Bragg 

reflections present when one compares the diffraction pattern with that of Ba3C60, with 

additional peaks occurring at 11 and 13°. 

LeBail decomposition refinements using the FullPROF program [139] was 

performed, the results of which are presented in Figure 4.14. 

 

Figure 4.14: LeBail refinement on the final powder XRD (XR3) of Sr3C60.  As previously 

reported [184] a two phase refinement was carried out based on the bcc A15 crystal structure 

(space group Pm-3n) and the fcc crystal structure (space group Fm-3m). 

The results of the refinement are summarised in Table 4.8 below. 
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T = 298K λ = 1.5406Å 
Sr3C60

Phase 1 

Space group Pm-3n (bcc A15) 

Peak Shape (°) U = 0.789(4), V = -0.320(3) W = 0.093(1) 

Lattice constant (Å) 11.1368(7) 

 

C60 Phase 2 

Space group Fm-3m (cubic) 

Peak Shape U = 0.359(8), V = -0.192(9) W = 0.059(8) 

Lattice constant (Å) 14.1470(5) Zero point (°) 0.3538(4) 

R-profiles Rwp = 8.62%, Rexp = 3.78%, χ2 = 5.21 

Table 4.8: Summary of the LeBail refinement carried out on Sr3C60. 

Although the χ2 value is still a little high the lattice constants for this particular 

sample match closely those obtained by Kortan and co-workers, who determined that 

the lattice constants of this fulleride were 11.140Å and 14.144 Å for the bcc (A15) and 

fcc phases respectively [184].  This indicates that the sample is very close to the correct 

stoichiometry and the annealing conditions are ideal for use in the synthesis of Sr3C60. 

It has previously been established that the Ba3C60 analogue is insulating.  

Consequently, it can be inferred that Sr3C60 should also be non-superconducting as the 

electronic configuration is similar, with a completely full conduction band.  To 

investigate this, magnetic susceptibility measurements were performed on the sample 

previously characterised by powder XRD.  Temperature dependent measurements were 

performed up to 20K at an applied field of 20G. 

An identical procedure to that used during the measurements conducted on the 

superconducting Na2AC60 fullerides was followed (§3.5.1), whereby a known mass of 
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sample (29.4mg) was sealed, under He, within a specially designed quartz SQUID tube.  

The sample was inserted at 50K, and cooled to 1.8K (zero field cooling) at which point 

the magnetic field was applied.  Data was collected on warming up to 20K (ZFC 

measurement), after which the sample was re-cooled to 2K and the measurement 

repeated (FC).  The result of this measurement is shown in Figure 4.15. 
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Figure 4.15: Molar susceptibility SQUID measurements performed on Sr3C60, sample B.  The 

closed (red) triangles represent the ZFC data; the open (blue) triangles show the FC data 

collected. 

It has already been ascertained by previous studies, conducted by Kortan and co-

workers, that Sr3C60 is an insulator, similar to the barium counterpart.  As expected, the 

SQUID magnetic susceptibility measurement agrees with this previous data and 

confirms Sr3C60 is not a bulk superconductor.  It is, however, strongly paramagnetic, 

although it does initially show a slight diamagnetic response typically found in the data 

collected for a superconductor.  This could be attributed to the presence of a small 
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quantity of superconducting Sr4C60 (superconducting fraction, χsf = 0.109%), although 

the reflections associated with this phase could not be observed in the powder XRD of 

this particular sample (Figure 4.13). 

4.3.2.3 Analysis of Sr4C60 

Just as for the barium doped systems, it was initially thought that Sr6C60 was the 

phase responsible for bulk superconductivity.  However, later work ascertained that this 

was not the case and that in fact it was the Sr4C60 phase that was responsible [56].  

Unlike the Ba4C60 fulleride, Sr4C60 has been poorly studied in comparison as it is 

difficult to produce a phase-pure sample. 

There are no clear conditions to successfully synthesise phase-pure (or at least 

near phase-pure) quality material, so the annealing conditions were based on a slight 

variation of that used to successfully synthesise Ba4C60 [170].  The experimental 

procedure utilised has previously been described in §4.2.3, with the quantities of 

reactants used and the various annealing conditions attempt summarised in Table 4.3 

and Table 4.4. 

The room temperature powder XRD patterns from several attempts to synthesise 

the Sr4C60 samples are shown in the following figures.  A small quantity of sample was 

sealed within a 0.5mm glass capillary after each intermediate re-grinding. 
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Figure 4.16: Room temperature powder XRD pattern of Sr4C60 sample A.  Each pattern was 

taken after each annealing stage.  The bottom pattern (in the black, profile “C”) is that of 

Ba4C60. 

It appears that the Sr metal has become intercalated within the C60 structure.  

There are no characteristic reflections associated with un-reacted C60 in the initial 

diffraction (pattern A).  At 2θ angles 20 - 24°, there are peaks observed which are 

common to those found in the Sr3C60.  However, interestingly, the same peaks are also 

observed in the Ba4C60 sample, at 2θ angles 24 - 26°, albeit at a lower intensity, 

therefore indicating that this could be the onset of the appearance of the x = 4 state.  

After an additional days annealing at 600°C, there is a marked difference in the 
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diffraction profile.  Some of the reflections at higher 2-theta angles become slightly 

broader, indicating the possible onset of a phase separation.  Also, the peaks at 27 and 

28° have decreased somewhat in intensity.  The diffraction profile becomes less similar 

to that of Ba4C60 thereby suggesting that the additional annealing leads to the break-up 

of the crystal structure. 
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Figure 4.17: Powder X-ray diffraction profile of Sr4C60, sample C, together with the profile of 

Ba4C60. 

For this particular attempt, the initial XRD pattern is indicative that the Sr6C60 is 

the dominant phase as the profile is characteristic of the Im-3 crystal phase, similar to 

that adopted by K3Ba3C60.  On further annealing at a higher temperature (2 
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days@650°C) the sample has become a great deal more amorphous, although the peaks 

associated with the Im-3 space group are still apparent within the background noise.  

There does not seem to have any recognised features that are characteristic of the Sr4C60 

fulleride (which should have a diffraction pattern similar to Ba4C60).  This would 

indicate that the annealing conditions are too high for use in the synthesis of Sr4C60. 

To investigate any possible superconducting properties sample C might have, 

temperature dependent magnetic susceptibility measurements were performed on a 

small quantity of material (before additional annealing was performed, i.e. after XRD1) 

using the Quantum Design MPMS5 SQUID magnetometer, following an analogous 

procedure to that used in previous measurements.  The result of this susceptibility 

measurement is shown below in Figure 4.18 (mass of sample used: 21.7mg, applied 

field: 20G). 
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Figure 4.18: Magnetic susceptibility SQUID measurements performed on Sr4C60 (Sample C). 
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Although the susceptibility measurements indicate traces of superconductivity 

with the characteristic diamagnetic response typical of a superconductor is observed 

(χsf = 0.111%), clearly this is not bulk in nature.  The measurement also indicates that 

this sample is strongly paramagnetic.  Evidently, there is a small quantity of the Sr4C60 

phase present in this sample which is the cause of the superconducting observation, 

although the diffraction pattern indicates the majority Sr6C60 phase is present (which has 

been determined to be non-superconducting). 

4.4 Mixed Alkali-Alkaline Earth Fullerides: AxAE6-xC60 

The synthesis of mixed alkali-alkaline earth fullerides can be useful in order to 

reduce C60 to an increased doping state, i.e. C60
n- (n > 6).  Like the AExC60 fullerides 

described above, in these mixed systems the triply degenerate t1g (LUMO+1) 

conduction band of C60 is also now accessible, with the structural and electronic 

properties now associated with the filling of this band.  Consequently, these systems 

could provide ideal materials on which to study the band filling effects of the t1g band. 

One of the interesting mixed alkali-alkaline earth metal fullerides which have 

been synthesised, and extensively studied, have been based on the intercalation of alkali 

metals into the A15 bcc fulleride Ba3C60, leading to the formation of A3Ba3C60 (A = K, 

Rb).  Superconductivity has been observed in this fulleride family, with the 

superconducting transition temperature reaching a maximum of 5.4K in K3Ba3C60 [58].  

Powder XRD analysis has determined that these mixed systems adopts a bcc crystal 

structure (space group Im-3).  This is the same crystal structure adopted by the non-

superconducting (insulating) A6C60 fullerides (Figure 4.19). 
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Figure 4.19: The bcc crystal structure of K3Ba3C60.  The centre (blue) sphere represents the K+ 

ion which is surrounded by two hexagonal (left and right) and two pentagonal (top and bottom) 

faces of the neighbouring C60 units.  The image on the right illustrates an alternative view of the 

location of the K+ ions in the interstitial spaces within the fulleride crystal system. 

In this system, the t1g band is half-filled; this is an identical electronic structure to 

that of the superconducting A3C60 systems (where it is the t1u band which is half filled).  

As a consequence of the filling of the t1g conduction band, the C60 molecule has been 

reduced to odd number oxidation state; in the case of AxAE3C60, the oxidation state 

reached is C60
9-.  Of particular interest, however, is the anomalous behaviour displayed 

by the transition temperature, which deviates from that observed in the alkali-doped 

fullerides.  Studies on this family have found that there is a complex behaviour 

occurring between the Tc and lattice constant [196].  It has been found that the Tc 

decreases as the lattice constant decreases or increases through the intercalation of other 

alkali metals, with the maximum value (5.4K) attained for K3Ba3C60 (a = 11.246Å).  

Furthermore, the application of pressure has found to decrease the lattice constant with 

the Tc of K3Ba3C60 found to be suppressed [197,198].  An extensive study on the 

A3Ba3C60 fullerides has previously been conducted by Dr. Stathis Aslanis [170]. 

The isolation of the stable bcc A3Ba3C60 fulleride systems have shown it is 

possible to reduce C60 to a lower reduction state.  To study whether it was possible to 
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reduce this further by continuing to fill the t1g band, a series of mixed alkali-alkaline 

earth metal fullerides, of the composition AxAE6-xC60, were synthesised, which would 

enable the filling of the t1g derived band to be controlled.  By changing the ratio of 

alkali metal to alkaline earth metal it was hoped that we could vary the valence of C60 

whilst studying the effect this had on the lattice constant of the fulleride.  It would also 

enable us to see if superconductivity in this series of fullerides is suppressed if the 

filling of the molecular orbitals is controlled. 

4.4.1 General Experimental Procedure 

To synthesise some of the mixed alkali-barium intercalated fulleride systems, it 

was necessary to first prepare good quality AExC60 precursors (§4.3.1).  However, it 

was found that an alternative procedure was required in which the alkali doped fulleride 

was first prepared and then reacted with the alkaline earth metal, as it was found that not 

all phases of the AExC60 precursors exist, or at least are stable enough to isolate.  This 

did prove a little more challenging due to the fact that some of the AxC60 systems are 

easily decomposed into undesired multiphase product on prolonged heating or if the 

annealing temperature used was too high.  The synthesis of AxC60 samples followed an 

analogous procedure to that previously reported [43,49,62,170,199,200]. 

Just as for the other fulleride samples, all handling of the reactants and the final 

synthesised product were handled within an atmospherically controlled glove box (O2 

and H2O levels less than 1ppm and 2.5ppm respectively).  The reaction schematic for 

the synthesis of these mixed fullerides is shown below: 
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  (4.2) 6 60(6 ) x xxA x AE A Ba C∆
−+ − ⎯⎯→

Equation 4.2: Reaction schematic to synthesise the mixed alkali-alkaline earth metal fullerides.  

A = alkali metal (K, Rb), AE = alkaline earth metal (Ba, Sr). 

The reactants (either the appropriate pre-synthesised fulleride, or the C60 powder, 

together with the stoichiometric quantity of alkali or alkaline earth metal) were 

combined together within a tantalum cell.  This was then transferred into the appropriate 

sample tube, quartz if the annealing temperature was above 450°C or Pyrex for all other 

temperatures, to which a gas controlling device was attached.  The tube was removed 

from the glove box, attached to the vacuum line and pumped down to ~10-6 Torr before 

it was flame sealed under a partial pressure of 500 Torr, within a He atmosphere (Air 

Products).  The sample was then placed in a furnace for annealing as appropriate for 

each fulleride system synthesised.  Intermediate re-grindings (where appropriate), after 

each annealing stage, ensured a completely homogenised sample entailed. 

4.5 Analysis of Results: AxBa6-xC60  

4.5.1 K1Ba5C60 

This mixed potassium-barium intercalated fulleride family could possibly lead to 

a reduction state of C60
11- being formed. 

4.5.1.1 Experimental Procedure 

The quantities of reactants used are shown in the table below.  Samples A, B and 

C were prepared by mixing stoichiometric quantities of C60, K and Ba, as presented in 

the following table: 
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Quantity of Reactants Used (mg/g/mol) 
Reaction 

Sample 
Precursor 
Fulleride 
(Ba5C60) 

(1407.31g/mol) 

C60 
(720.66g/mol) 

Potassium 
(39.098g/mol) 

Barium 
(137.33g/mol) 

A n/a 
100mg (0.1000g) 

1.38(8)x10-4 mol 

5.43mg (0.0054g) 

1.38(8)x10-4 mol 

95.3mg (0.0953g) 

6.93(8)x10-4 mol 

B n/a 
100mg (0.1000g) 

1.38(8)x10-4 mol 

5.43mg (0.0054g) 

1.38(8)x10-4 mol 

95.3mg (0.0953g) 

6.93(8)x10-4 mol 

C n/a 
50.0mg (0.0500g) 

6.93(8)x10-5 mol 

2.71mg (0.0027g) 

6.93(8)x10-5 mol 

47.6mg (0.0476g) 

3.46(9)x10-4 mol 

Table 4.9: Quantities of reactants used to synthesise K1Ba5C60. 

The annealing conditions used for each of the samples are summarised in the 

following table: 

Annealing Stages and Temperature (°C) Reaction 

Sample 1 2 3 4 

A 4 days@550C 4 days@600C n/a n/a 

B 
3 days@550C 

followed by 

1 night@600C 

2 days@600C 2 days@600C 1 night@260C 

C 3 days@550C 3 days@600C n/a n/a 

Table 4.10: Annealing conditions used to synthesise K1Ba5C60. 

After each annealing stage, the sample was removed from the furnace and left to 

cool to room temperature before it was returned back into the glove box for regrinding 

to ensure that the reaction mixture was completely homogenised.  A small quantity of 

sample was sealed within a glass capillary for XRD analysis.  The sample was returned 

back into the same tantalum cell, which was placed into a new Pyrex tube and sealed 

again under He for additional annealing where appropriate. 
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4.5.1.2 Powder XRD Analysis 

The phase purity of the fulleride samples were studied using powder X-ray 

diffraction analysis.  Figure 4.20 shows the room temperature powder XRD profiles 

obtained for reaction sample A after the different annealing stages.  The measurements 

were carried out on 0.5mm glass capillaries containing milligram quantities of material 

using the laboratory Siemens D5000 X-ray diffractometer (Cu anode, λ = 1.5406Å).  
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Figure 4.20: Comparison of the powder XRD patterns of K1Ba5C60, sample A, after the different 

annealing stages.  As a comparison, the XRD profiles of C60, Ba3C60 and K3Ba3C60 are also 

shown. 
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XR1 shows the sample after the first annealing stage (4 days@550°C).  There is 

very little evidence of the fcc C60 phase with the three Bragg reflections at 2-theta 

angles 10, 17.5 and 21° all decreasing in intensity.  On continued annealing, the 

diffraction pattern resolves to become characteristic of the Im-3 crystal phase, as 

illustrated by comparing XR2 with the pattern of the well-known K3Ba3C60.  There is no 

indication of any reflections associated with Ba3C60 or any remaining C60 peaks thereby 

confirming that the sample is single phase.  A comparison of the diffraction profile of 

K1Ba5C60 and K3Ba3C60 is presented in Figure 4.21. 
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Figure 4.21: Comparison of the powder X-ray diffraction patterns of K1Ba5C60 (red profile, top) 

and the well-known superconductor K3Ba3C60 (blue profile, bottom) measured on the Siemens 

D5000 diffractometer (Cu Kα radiation, λ = 1.5406Å). 

There is clearly a shift to higher 2-theta angles of approximately 0.25° for the 

K1Ba5C60 fulleride as shown by focusing in on the {231} Bragg reflection (Figure 4.22). 
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Figure 4.22: Enlargement of the area around the {231} Bragg reflection.  

This slight shift was to be expected and can be attributed to a contraction in the 

crystal lattice.  A similar observation was found in previous studies on the quaternary 

Na2RbxCs1-xC60 fullerides whereby there was a decrease in lattice constant as the Rb to 

Cs ratio was altered i.e. the fullerides with a larger Rb concentration, for example 

Na2Rb0.8Cs0.2C60, has a smaller lattice constant than those with a lower Rb 

concentration, for example Na2Rb0.3Cs0.7C60.  This was attributed to the steric effects of 

the larger Cs atoms on the interfullerene separation.  However, this cannot be the case 

here as Ba2+ and K+ have identical ionic radii (Ba2+: 1.35Å, K+: 1.33Å).  Consequently, 

one should consider Coulomb interactions as a possible reason for the occurrence of this 

shift, with the larger Madelung energy, due to the larger ionicity, inducing this lattice 

contraction. 
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LeBail refinements on the final X-ray diffraction pattern were carried out using 

the FullPROF program [139].  The result of the final refinement is shown below. 

 

Figure 4.23: Result of the LeBail decomposition refinement on the X-ray diffraction pattern of 

K1Ba5C60 measured on the D5000 laboratory diffractometer (T = 298K, Cu anode, 

λ = 1.5406Å). 

 

K1Ba5C60 T = 298K λ = 1.5406Å 

Space group Im-3 

Peak shape (°) U = 0.2953(6), V = -0.056(1), W = 0.0631(8) 

R-profiles Rwp = 5.45%, Rexp = 5.32%, χ2 = 1.05 

Lattice constant (Å) 11.1781(6) 

Table 4.11: Results of the LeBail decomposition refinements performed on K1Ba5C60. 
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The K1Ba5C60 fulleride is isostructural with that of K3Ba3C60 with all the peaks 

being indexed successfully using this Im-3 space group.  As expected, the lattice constant 

is smaller than the other fulleride of this family (lattice constant, a, of K3Ba3C60 is 

11.245Å, [58]).  The slight decrease in lattice constant coincides with the increase in 2-

theta for K1Ba5C60. 

The powder XRD patterns for Sample A showed promising results that indeed 

K1Ba5C60 had been prepared from the direct combination of K, Ba and C60.  This has 

been confirmed by the LeBail decomposition refinements which found that the lattice 

constant is smaller than that for K3Ba3C60, and that both fulleride systems exhibit the 

same crystal structure.  As there was a possibility that the material could well be 

superconducting, just as the K3Ba3C60 fulleride is, magnetic susceptibility 

measurements were performed on this sample. 

4.5.1.3 Magnetic Susceptibility Measurements 

A small quantity of the synthesised material (28.4mg) was sealed within a 

specially designed quartz SQUID tube under a pressure of 500 Torr, within a He 

atmosphere.  After carrying out a magnet reset at 50K, the sample tube was inserted into 

the sample chamber of the SQUID magnetometer.  The chamber was cooled to 1.8K 

(10K/min down to 10K and 1K/min down to 2K), without any field applied, before the 

centring procedure was carried out.  A field of 20G was then applied and data collected 

on warming up to 10K.  At this point, the sample was re-cooled to 2K (field cooling) 

whilst the field was still applied and the measurements repeated.  The result of the 

susceptibility measurement is shown below: 
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Figure 4.24: Molar susceptibility measurements performed at 20G on K1Ba5C60.  The closed 

(blue) points represent the data collected during the ZFC part of the measurements; the open 

(green) points represent the data collected during the FC measurements. 

Although the sample shows a slight paramagnetic response as the curve shows a 

positive susceptibility value, there is evidence of superconductivity at ca. 5.5K, with a 

superconducting fraction calculated at 1.1%.  This is approximately the same as that of 

K3Ba3C60 (Tc = 5.6K).  The paramagnetic response and the lower superconducting 

fraction can be attributed due to impurities within the fulleride system. 

4.5.2 K2Ba4C60 

The next sample studied in the AxBa6-xC60 family was K2Ba4C60.  This could lead 

to the C60
10- reduction state being formed17. 

                                                 

17 Iwasa et al. have recently published a topical review confirming the synthesis of K2Ba4C60 [201]. 
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4.5.2.1 Experimental Procedure 

An identical experimental procedure (§4.4.1) was used to synthesise this material 

using the quantities indicated in Table 4.12 below.  Two synthetic methods were used.  

Samples A, B, D and E were prepared by adding K (Aldrich) to a stoichiometric 

quantity of pre-synthesised Ba4C60.  The Ba4C60 fulleride used was synthesised by my 

colleague Dr. Stathis Aslanis, with phase purity confirmed through powder XRD and 

magnetic susceptibility measurements.  Further attempts at synthesising K2Ba4C60 

samples were achieved by using additional samples of Ba4C60 prepared to an identical 

procedure to that used by Dr. Aslanis, with phase purity confirmed by powder XRD. 

In an additional experiment, an attempt was made to synthesise the fulleride “in 

situ” by mixing separate stoichiometric quantities of K, Ba and C60 together (reaction 

sample “C”). 

Quantity of Reactants Used (mg/g/mol) 
Reaction 

Sample 
Precursor 
Fulleride 
(Ba4C60) 

(1269.98g/mol) 

C60 
(720.66g/mol) 

Potassium 
(39.098g/mol) 

Barium 
(137.33g/mol) 

A 
100mg (0.1000g)

7.87(4)x10-5 mol 
n/a 

6.16mg (0.0062g) 

1.57(5)x10-4 mol 
n/a 

B 
50.0mg (0.0500g)

3.93(7)x10-5 mol 
n/a 

20.0mg (0.0200g) 

5.11(5)x10-4 mol 

(used excess) 

n/a 

C n/a 
100mg (0.1000g)

1.38(8)x10-4 mol 

10.9mg (0.0109g) 

2.77(5)x10-4 mol 

76.2mg (0.0762g)

5.55(0)x10-4 mol 

D 
50.0mg (0.0500g)

3.93(7)x10-5 mol 
n/a 

3.08mg (0.0031g) 

7.87(4)x10-5 mol 
n/a 

E 
20.0mg (0.0200g)

1.57(5)x10-5 mol 
n/a 

1.23mg (0.0012g) 

3.15(0)x10-5 mol 
n/a 

Table 4.12: Quantities of reactants used to synthesise the K2Ba4C60 fulleride samples. 
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The annealing conditions used for the different experimental set-up are 

summarised in Table 4.13. 

Annealing Stages and Temperature (°C) Reaction  

Sample 1 2 2 

A 2 days@260C 1 night@260C n/a 

B 3 days@260C n/a n/a 

C 
4 days@550C 

followed by 

2 days@600C 

2 days@260C 2 days@260C 

D 3 days@260C 6 hours@260C 1½ days@260C 

E 2 days@250C 4 hours@250C n/a 

Table 4.13: Annealing conditions for the different reaction samples of K2Ba4C60. 

After each annealing stage, the sample was returned to the glove box for 

intermediate grindings to ensure a homogenised sample was produced.  A small 

quantity of sample was taken for XRD analysis to ascertain the state of the reaction, 

after which (if appropriate) the sample was re-sealed inside a new Pyrex tube for further 

annealing. 

4.5.2.2 Powder XRD Analysis 

Initial characterisation of the fulleride synthesised was carried out using the 

Siemens D5000 diffractometer (Cu anode, λ = 1.5406Å).  A small quantity of material 

was sealed, under an Ar atmosphere, within a 0.5mm diameter glass capillary designed 

for powder XRD analysis.  Data was collected, at room temperature, between 2-theta 

angles of 10 – 50°, with a step size of 0.02 seconds.  The measurements for Sample A, 

taken after each annealing stage is shown below (Figure 4.25). 
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Figure 4.25: Room temperature powder XRD profiles of K2Ba4C60, sample A, (Cu anode, 

λ = 1.5406Å) after the different annealing stages (Table 4.13). 

The results indicate that K2Ba4C60 adopts a bcc crystal structure which is identical 

to that of K3Ba3C60, and all the peaks can be indexed accordingly.  Evidently, the 

experimental conditions used for this sample are ideal as the XRD pattern taken after 

the second annealing stage indicates a crystalline sample.  All the reflections associated 

with the Im-3 space group are present and there is no evidence of the original Immm 

Ba4C60 phase. 
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Figure 4.26 shows a comparison of the XRD profile of both K3Ba3C60 and 

K2Ba4C60. 
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Figure 4.26: Comparison of the powder XRD patterns of K2Ba4C60 (blue profile, bottom) and 

K3Ba3C60 (green profile, top).  Data was collected using the laboratory Siemens D5000 

diffractometer (Cu anode, Kα radiation, λ = 1.5406Å). 

Just as was observed in the comparison between the diffraction patterns of 

K1Ba5C60 and K3Ba3C60, there is indication of a similar shift to higher 2-theta in the 

diffraction pattern of K2Ba4C60.  This can be highlighted by magnifying a single Bragg 

reflection (Figure 4.27). 
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Figure 4.27: Enlargement of the {231} reflection.  

There is a clear shift to a higher 2θ of approximately 0.25° for K2Ba4C60 which 

again can be attributed to a contraction of the crystal lattice, possibly due to the 

intercalation of an additional Ba atom and one less K atom (K and Ba have an identical 

ionic radius: rBa
2+ = 1.35Å, rK

+ = 1.33Å).  A more likely reason for this slight shift could 

be again attributed to Coulomb interactions.  As no additional (impurity) peaks were 

observed in the XRD pattern of K2Ba4C60 this confirms that a fulleride system with an 

identical crystal structure to K3Ba3C60 has been synthesised. 

LeBail refinements were carried out using the FullPROF program [139].  The 

result of the final refinement is shown below.  The numerical data obtained from the 

refinements are summarised in Table 4.14. 
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Figure 4.28: Result of the LeBail refinement carried out on the powder XRD profile of 

K2Ba4C60.  The refinement was carried out assuming a space group of Im-3. 

K2Ba4C60 T = 298K λ = 1.5406Å 

Space group Im-3 

Peak shape (°) U = 0.301(7), V = -0.126(0), W = 0.109(4) 

R-profiles Rwp = 7.72%, Rexp = 6.77%, χ2 = 1.30 

Lattice constant (Å) 11.193(5) 

Table 4.14: Data from the LeBail refinements carried out on the newly synthesised K2Ba4C60. 

From the refinement analysis, it has become apparent that another mixed 

potassium-barium intercalated fulleride system, in addition to K1Ba5C60, with a 

stoichiometry of K2Ba4C60, has been synthesised.  The powder X-ray diffraction 

patterns of both fulleride systems are able to be indexed assuming an Im-3 crystal space 
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group and there are marked differences in the lattice constant compared to that of 

K3Ba3C60. 

4.5.2.3 Temperature Dependent Synchrotron X-Ray Diffraction 

The laboratory X-ray diffractometer is useful in providing an initial idea of what 

the characteristic structure of this fulleride is.  However, synchrotron radiation would 

enable data with a better resolution to be obtained. 

To further characterise this new fulleride system, temperature-dependent high 

resolution synchrotron X-ray diffraction studies were performed on the material using 

the BM1A “SNBL” beamline at the ESRF in Grenoble, France (λ = 0.80008Å).  This 

enables one to study the evolution of the diffraction pattern as a function of temperature 

thereby allowing the identification of any phase changes that may occur due to the 

material adopting a new crystal structure at different temperatures.  Furthermore, the 

thermal expansion coefficients can be determined by monitoring the peak positions, 

thereby allowing the determination of the lattice parameters and unit cell volume. 

A small quantity of sample was sealed within a glass capillary (0.5mm in 

diameter), the same type which is used when taking a conventional laboratory powder 

diffraction measurement.  The sample was installed within the sample chamber of the 

instrument and data was collected using a MAR 345 image detector.  Temperature 

dependent measurements were performed at room temperature and down to 110K 

(Figure 4.29).  Cooling of the sample was by means of an Oxford Cryosystems 

Cryostream cold nitrogen blower.  Images of the Debye-Scherrer rings were measured 

with a sample to detector distance of 200mm.  The one-dimensional diffraction patterns 

were obtained by integrating around the rings using the FIT2D program [177]. 
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Figure 4.29: Synchrotron X-ray diffraction patterns, at selected temperature, measured on the 

BM1 beamline at the ESRF (λ = 0.80008Å). 

Although no apparent shift is noticed on initial inspection, further investigations 

of the diffraction patterns shows that there is in fact a shift to higher 2-theta values as 

the temperature is decreased.  This can be observed by magnifying an individual Bragg 

reflection; for this the {220} peak was chosen (Figure 4.30). 
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Figure 4.30: Enlargement of the {220} peak of the diffraction patterns collected on the BM1 

beamline. 

This observation can be accounted for by referring to the Bragg law, whereby the 

shifts correspond to a decrease in lattice constant on variation of temperature.  To 

quantify this, a comparison of the lattice constants obtained from the LeBail refinements 

plotted as a function of temperature highlights this shift (Figure 4.32).  As the 

temperature is decreased, there is a contraction in the lattice.  This would be expected 

due to the thermal effects in operation. 

Figure 4.31 shows the room temperature data collected.  The data was refined 

using the FullPROF suite of refinement program [139] with the initial constraints based 

on that of K3Ba3C60 and a space group of Im-3.  As described in previous discussions: 

the red circles represent the measured data, the black line indicates the calculated fit, the 

green lines show the location of the Bragg reflection peaks and the blue represents the 

difference between the calculated and observed fits. 
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Figure 4.31: Result of the Rietveld refinement carried out on the room temperature data of 

K2Ba4C60 collected on the BM1a beamline (λ = 0.80008Å). 

Space group Im-3 T = 300K 

Peak shape (°) U = 0.138(3), V = -0.0007(1), W = 0.017(1) 

R-profiles Rwp = 3.63%, Rexp = 1.38%, χ2 = 6.67 

Lattice constant 11.2114(1)Å 

atom x y z Biso Occ. 

C(1) 0.063(9) 0.000 0.390(9) 1.003(2) 0.504(4) 

C(2) 0.132(3) 0.103(3) 0.272(7) 1.003(2) 0.992(4) 

C(3) 0.061(5) 0.206(8) 0.231(8) 1.003(2) 0.992(4) 

K+ 0.000 0.500 0.282(2) 2.446(5) 0.083 

Atomic co-

ordinates and 

thermal parameters 

Ba2+ 0.000 0.500 0.282(2) 2.446(5) 0.167 

Table 4.15: Data obtained from the Rietveld refinements performed on the BM1a data of 

K2Ba4C60 (T = 300K). 
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The refinements of the room temperature data give a lattice constant of 

11.2114(1)Å, which is smaller than that of K3Ba3C60 (a = 11.24Å).  However, it is 

slightly larger than the data obtained from the analysis performed on the powder XRD 

measurements, which had a lattice constant of 11.193(5)Å. 

Additional temperature dependent measurements, down to 110K, were performed 

on the same sample with LeBail refinements carried out on each of the measurements 

using a fixed zero point to allow for consistent comparisons with the other temperatures 

collected.  The results of the refinements are summarised in Table 4.16 

Peak Shape (°) R-profiles Temp 

(K) U V W Rexp Rwp χ2

Lattice 

Constant (Å) 

300 0.138(3) -0.000(7) 0.017(1) 1.38 3.63 6.91 11.211(2) 

280 0.158(4) -0.000(7) 0.017(9) 1.37 3.25 5.67 11.206(2) 

260 0.159(1) -0.000(7) 0.017(7) 1.36 3.25 5.66 11.204(2) 

240 0.138(0) -0.000(7) 0.017(0) 1.34 3.19 5.64 11.204(1) 

220 0.154(4) -0.000(7) 0.017(3) 1.18 3.36 9.66 11.202(2) 

200 0.159(3) -0.000(7) 0.017(0) 1.32 4.21 10.20 11.199(1) 

180 0.140(4) -0.000(7) 0.017(9) 1.28 3.34 6.78 11.196(2) 

160 0.147(9) -0.000(7) 0.017(7) 1.28 3.32 6.80 11.195(2) 

140 0.143(3) -0.000(7) 0.017(8) 1.27 3.18 6.29 11.196(2) 

120 0.148(1) -0.000(7) 0.017(3) 1.24 4.07 10.9 11.194(1) 

110 0.142(6) -0.000(7) 0.017(4) 1.21 3.84 10.0 11.192(2) 

Table 4.16: Refined parameters obtained from the LeBail refinements performed on the data 

collected from the BM1a diffractometer. 
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A plot of the lattice constants (a) as a function of temperature is shown below 

(Figure 4.32). 
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Figure 4.32: Lattice constant (a) plotted as a function of temperature (T) for data collected on 

the synchrotron beamline BM1a. 

As expected, there is a decrease in the lattice constant on reduction of temperature 

which coincides with the normal thermal effects in operation  This is a similar trend 

observed in other temperature dependent measurements perform on a similar fulleride 

system [202]. 

4.5.2.4 Low Temperature Synchrotron X-ray Measurements 

To investigate the behaviour of the material below 100K, low temperature 

synchrotron X-ray diffraction measurements was performed on the ID31 beamline at the 

ESRF.  A small quantity of material was sealed within a 0.5mm glass capillary, 

identical to that used to perform conventional powder X-ray diffraction measurements, 

and data collected at 10K. 
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A LeBail decomposition refinement was performed using the FullPROF suite of 

programmes [139], with the initial refinements based on the data obtained from the 

measurements performed on the BM1A (SNBL) synchrotron beamline.  The refinement 

was based on the bcc structure, with a space group Im-3. 

 

Figure 4.33: LeBail analysis on the data collected for K2Ba4C60 measured at 10K on the ID31 

beamline. 

K2Ba4C60 T = 10K λ = 0.56078Å 

Space group Im-3 Zero point: -0.015(2)° 

Peak shape (°) U = 0.138(8), V = -0.003(4), W = 0.001(0) 

R-profiles Rwp = 3.37%, Rexp = 1.28%, χ2 = 7.05 

Lattice constant (Å) 11.2087(1) 

Table 4.17: Refinement constants obtained from the LeBail refinement performed on the data 

collected from measurements performed at 10K on the ID31 beamline at the ESRF. 
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From the profile and the refined parameters obtained, there is no evidence of any 

abnormal behaviour in the sample at 10K.  The profile matches closely the Im-3 space 

group. 

4.5.2.5 Low Field Susceptibility Measurements 

Magnetic susceptibility measurements were carried out on the synthesised sample 

to investigate the possibility of superconductivity being present.  The material (31.9mg) 

was transferred into a quartz tube designed for SQUID measurements, which was 

subsequently sealed under a He atmosphere (500 Torr).  Zero-field cooling/field-cooling 

measurements were performed from 1.8K to 10K under an applied field of 10G, 

following the procedure previously described (§4.5.1.3). 

As for earlier SQUID measurements, the data was converted into molar 

susceptibility using the expression: 

 mol
M MW
H mass

χ ⎡ ⎤ ⎡ ⎤= ×⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦
 (4.3) 

Equation 4.3: Calculation of molar susceptibility (emu/g/mol). 

where 

M is the magnetisation at 1.8K (emu), 

H is the applied field in the measurement (G), 

MW represents the molecular weight of the sample (g/mol), 

mass the mass of the sample measured (g). 

The result of this measurement is shown in Figure 4.34. 
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Figure 4.34: Magnetic SQUID susceptibility measurement carried out at an applied field of 10G 

on K2Ba4C60 (m = 31.9mg).  The closed triangles represent the data collected during zero-field 

cooling (ZFC); the open triangles are the data obtained on field cooling (FC). 

The diamagnetic shielding, which is indicative of superconductors, can be 

observed, although it is not as well-defined as in the susceptibility measurements 

performed on the stronger alkali fulleride superconductors, such as Na2CsC60.  The Tc 

was measured as 5.6K, which is identical as the superconducting mixed fulleride 

K3Ba3C60 [58].  There is an additional diamagnetic signal at ca. 3.6K which does not 

match any of the known superconducting barium or mixed potassium-barium fullerides 

and therefore can be attributed to K2Ba4C60.  The material was found to have a 

superconducting fraction of 3.34%, calculated from the magnetisation at 1.8K using the 

common expression: 
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 4 100s
m
H mass

ρχ π ⎛ ⎞= × × ×⎜ ⎟
⎝ ⎠

 (4.4) 

Equation 4.4: Calculation of the superconducting fraction. 

where:  

m is the magnetic moment of the sample, measured at 1.8 K (emu), 

H is the applied magnetic field (G), 

ρ represents the density (g/cm3) of the material; in the case of fullerides this is 

taken as 2. 

mass is the mass of the sample measured (g). 

Although the superconducting fraction is low, the magnetic susceptibility 

measurement indicates that superconductivity in this fulleride sample is bulk in nature.  

On the basis of the magnetic measurements and structural characterisation obtained 

from the high resolution synchrotron diffraction experiments, it can be concluded that 

the intercalation of Ba4C60 with K produces a new superconducting phase.  To further 

quantify the susceptibility data, high field susceptibility measurements were performed 

to determine the density of States at the Fermi level. 

4.5.2.6 High Field Susceptibility Measurements 

It is well known in superconducting fulleride systems that a signature of any 

ferromagnetic impurities that could be present in the material are usually observed 

during the rapid increase and subsequent saturation above an applied field of 1T 

(10000G).  The origin of this ferromagnetic impurity in fulleride systems is unclear, 

although it has been suggested that it arises through the interaction of unpaired spins of 

a small proportion of fragmented or partially destroyed fullerene units.  Because of this, 

it is often difficult to extract the true magnetic susceptibility of a material by conducting 

temperature dependent measurements at a single applied field.  Consequently, the 
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ferromagnetic impurities can be subtracted by performing susceptibility measurements 

at two fields chosen from within the field independent region of the magnetisation; this 

region is determined through the field dependence measurements. 

For this current sample, susceptibility measurements were conducted at 2T and 

4T.  Following an identical procedure as used for low field temperature dependent 

measurements, and after carrying out a magnet reset, the quartz tube containing the 

sample was inserted into SQUID magnetometer sample chamber at 50K before being 

cooled under ZFC conditions down to 1.8K (at a rate of 5K/min).  After carrying out the 

centring procedure, a 2T magnetic field was applied and the magnetisation of the 

sample was measured as a function of temperature up to 300K.  The field was then 

switched off and the sample re-cooled to 1.8K (at a rate of 10K/min down to 50K; 

5K/min from 50K down to 10K; 1K/min from 10K down to 1.8K).  A 4T magnetic field 

was then applied and the temperature dependence magnetisation measurement repeated 

up to 300K.  An additional susceptibility measurement was also performed on an empty 

quartz tube at 4T to obtain its diamagnetic response.  Figure 4.35 shows the results of 

these measurements. 
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Figure 4.35: Temperature dependent susceptibility measurements performed at 2T (red circles) 

and 4T (blue open circles) on K2Ba4C60. 

The data was used to calculate the high field molar susceptibility (χmol) of the 

sample as a function of temperature.  This was achieved by first correcting both sets of 

data collected for diamagnetic contributions from the empty quartz tube.  The 

(corrected) magnetisation data collected at 4T was then subtracted from that collected at 

2T, with the resulting value then divided by the difference between the two fields 

(2T = 20000G).  The molar susceptibility data was then obtained by dividing this 

difference first by the mass of the sample (25.2mg), followed by the molecular weight 

of K2Ba4C60 (MW = 1348.18g/mol) (i.e. divided by the number of moles of K2Ba4C60).  

Figure 4.36 shows the result of this calculation (a χ-T curve). 
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Figure 4.36: High field molar susceptibility measurement, as a function of temperature (χmol vs 

T), after correcting the data for diamagnetic contributions from the quartz tube.  The red line is 

the fit to Equation 4.5. 

The curve can be described by the equation: 

 ( ) (0)T
C
T

χ χ= +  (4.5) 

Equation 4.5: Relationship between T and χ. 

where: 

 χ(0) represents a temperature independent term (emu/mol), 

C is the Curie constant (emu K/mol). 

The Curie contribution arises from electrons localised on structural defects and 

can be used to calculate the density of States at the Fermi level.  It is related to the 

effective magnetic moment, µeff, through the expression: 
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2

2

( )
2.828

effC N
µ

= ×  (4.6) 

Equation 4.6: Relationship of the Curie constant to the effective magnetic moment, µeff. 

where: N is the number of atoms with this magnetic moment. 

The effective magnetic moment (µeff) is measured in units of Bohr magnetons 

(BM) and is a useful measurement of susceptibility as it is temperature independent.  

The (effective) magnetic moment is also a useful quantity as it is related to the number 

of unpaired electrons in a sample.  An experimental magnetic moment can be calculated 

from the following equation: 

 

1/ 22.00[ ( 1)]

2

eff S S

nS

µ = +

=
 (4.7) 

Equation 4.7: Relationship of the effective magnetic moment (µeff) to the number of unpaired 

electrons. 

By incorporating Equation 4.7 into Equation 4.6, a theoretical Curie constant can 

be calculated (C = 0.375(1)emu/mol) for a 100% spin = ½ (n = 1) sample: 

 

2

2

2

2

( )
2.828

1.7321 0.375(1) . /
2.828

effC N

C C emu K mol

µ
= ×

= × ⇒ =

 (4.8) 

Figure 4.37: Calculation of the theoretical Curie constant, C, assuming it is a 100% S=½ 

sample. 

The χ-T curve can be fitted to Equation 4.5 to give a Curie constant of 4.22 x 10-3 

emu K/mol (Figure 4.36).  Therefore, the proportion of atoms in this sample with such 

spin (N) with this magnetic moment can be calculated as 1.13%: 
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2 2

2 2

( ) 2.828
2.828 ( )

0.0113 1.13%

eff

eff

CC N N

N

µ
µ

= × ⇒ =

= =

(0) ( ) ( ) ( )Pauli Core Landau

 

The extracted χ(0) value (-6.27(8) x 10-4 emu/mol) comprises both paramagnetic 

and diamagnetic contributions and can be described by: 

χ χ χ χ= + +

2 10
( ) 2 4 60 ( ) ( ) ( ) 60

4 1

( ) 2 ( ) 4 ( ) ( )

7.36(2) 10 .
Core Core Core CoreK Ba C K Ba C

emu mol

χ χ χ χ

  

where: 

χ(Pauli) represents the Pauli spin susceptibility (paramagnetic contribution) 

(emu/mol). 

χ(Core) and χ(Landau) represent the Core and Landau (diamagnetic) contributions 

(emu/mol).  For fullerenes, χ(Landau) ≈ 0 emu/mol, [203]. 

To estimate the value of χ(Core) for K2Ba4C60, the literature values for the metal 

intercalates can be used: χ(Core) (K+) = -1.46 x 10-5 emu/mol, χ(Core) (Ba2+) = -2.90 x 10-5 

emu/mol [204].  A value for χ(Core) (C60
10-) is not known, although a value for C60

6- is, 

however, (-5.91 x 10-4 emu/mol, [173]) and can be used as an estimate for χ(Core) (C60
10-).  

Therefore, χ(Core) for K2Ba4C60 can be estimated to be -7.36(2) x 10-4 emu/mol: 

+ + −

− −

= × + × +

= − ×

( ) 2 4 60 (0) ( ) 2 4 60 ( )

4 11.08(4) 10 .

  

Consequently, a value for χ(Pauli)(K2Ba4C60) can be estimated to be 1.08 x 10-4 emu/mol: 

Pauli Core LandauK Ba C K Ba C

emu mol

χ χ χ χ
− −

= − −

= ×
  

Finally, the density of states at the Fermi level, N(εF), can be estimated as follows: 

 

( )2
( ) ( ) ( ) 2

4

( ) 2

2
2

1.08(4) 10 93448
2 1.73

1.69 /

Pauli
Pauli eff F F

eff

F

N N

N

states eV

ε ε

ε

χ
χ µ

µ
−

= ⇒ =

×
= ×

×
=
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This leads to an approximate value for the density of States at the Fermi level, (NεF), of 

1.69 states/eV per mole of C60.  This compares with a value of 7.2 states/eV per mole 

of C60 for K3Ba3C60 [170], and is notably somewhat smaller.  It is worthwhile to note 

that the N(εF) value for Sr4C60 (2.5 states/eV/mol of C60) was also a great deal smaller 

than the corresponding value for Ba4C60 (6.0 states/eV/mol of C60).  As expected, the 

low Tc in the mixed alkali-alkaline earth fullerides, compared to the A3C60 systems, is 

predominantly due to a reduction in the DOS at the Fermi level, which is in accordance 

with the BCS theory.  Thus, the NεF of this system follows the trend observed in the 

other well-known A3Ba3C60 fullerides. 

4.5.3 Rb2Ba4C60 

To further investigate this electronic configuration, an additional sample was 

synthesised whereby rubidium was used instead of potassium.  There is no change in the 

reduction state of C60 which remains at C60
10-.  When potassium was replaced by 

rubidium in the A3Ba3C60 system there was a dramatic decrease in Tc (5.6K for K, 2.0K 

for Rb), so it would be interesting to investigate whether this occurs in the A2Ba4C60 

fulleride system. 

4.5.3.1 Experimental Procedure 

An identical procedure used to synthesise K2Ba4C60 was used to prepare 

Rb2Ba4C60 (§4.5.2.1).  Stoichiometric quantities of Rb metal (Aldrich) was combined 

with pre-synthesised Ba4C60 (Table 4.18), which had been previously checked for phase 

purity by powder XRD, and placed in a tantalum cell.  This was then filled with He and 

sealed at a pressure of 500 Torr within a Pyrex tube and annealed as shown. 
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Quantity of Reactants Used (mg/g/mol) 
Reaction 

Sample Precursor Fulleride 
(Ba4C60) (1269.98g/mol) 

Rubidium 
(85.468g/mol) 

50.0mg (0.0500g) 

3.93(7)x10-5 mol 

Mass used: 

55.0mg 

6.73mg (0.0067g) 

7.87(4)x10-5 mol 

Mass used: 

74.0mg 

 

Annealing Stages and Temperatures (°C) 

1 2 

A 

3 days@260C 1½ days@260C 

Table 4.18: Quantity of reactants and annealing conditions used to synthesise Rb2Ba4C60. 

After each annealing stage, the sample was returned back into the glove box for 

grinding to ensure that the powder was homogenised.  A small quantity of material was 

sealed within a 0.5mm glass capillary for powder XRD analysis. 

4.5.3.2 Powder XRD Analysis 

Powder XRD measurements were performed on milligram quantities of sample to 

check for phase purity.  The data collected is presented below in Figure 4.38, which 

compares the patterns obtained with those of Rb3Ba3C60 and K3Ba3C60.  

Clearly, the additional 1½ days annealing on top of the initial 3 days annealing at 

260°C leads to a destruction of the crystal structure (profile B).  This is evident by the 

loss in intensity of the main Bragg peaks around the 2θ angles of 22 to 34°.  It has been 

previously observed that the mixed alkali-alkaline earth metal fullerides are particularly 

sensitive to annealing conditions.  Prolong annealing at 260°C, or at higher 

temperatures, leads to the destruction of the crystal structure as the A3Ba3C60 fulleride 

decomposes to Ba6C60 and A6C60 (A = K, Rb).  Evidently, this is what appears to be 

happening. 
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Figure 4.38: Comparison of the XRD profiles of Rb2Ba4C60 at the different annealing stages (top 

two patterns).  As a comparison the diffraction patterns of K3Ba3C60 and Rb3Ba3C60 are 

included. 

A close-up comparison plot of the diffraction patterns of Rb2Ba4C60 (in blue) and 

Rb3Ba3C60 (in red) is shown in Figure 4.39. 
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Figure 4.39: Comparison of the XRD patterns of Rb2Ba4C60 (top, blue, A) and Rb3Ba3C60 

(bottom, red, B).  The peaks represent (left to right) the {220}, {310}, {222} and {231} Bragg 

reflections. 

There seems to be a slight shift (ca. 0.1°) in the position of the Bragg reflections 

of the Rb2Rb4C60 sample when this is compared to the diffraction pattern of Rb3Ba3C60, 

although this shift is negligible to that observed when the potassium analogues were 

compared (Figure 4.26).  It is also noticed that there is the onset of a possible phase 

separation occurring within the Rb2Ba4C60 sample, as indicated by the slight splitting of 

selected peaks.  To investigate this further, a LeBail decomposition refinement has been 

performed on the data to ascertain the lattice constant of Rb2Ba4C60, the results of which 

are shown below (Figure 4.40) with the refined parameters obtained summarised in 

Table 4.19. 
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Figure 4.40: Results of the LeBail decomposition refinement on the powder XRD pattern of 

Rb2Ba4C60. 

Rb2Ba4C60 T = 298K λ = 1.5406Å 

Space Group Im-3 Zero point: 0.367(3)° 

Peak Shape (°) U = 0.315(2), V = -0.107(3), W = 0.224(7) 

R-profiles Rwp = 7.57%, Rexp = 6.15%, χ2 = 1.51 

Lattice constants (Å) 11.262(9) 

Table 4.19: Summary of the data obtained from the LeBail refinement on Rb2Ba4C60. 

Despite numerous refinements, it can be clearly seen that the fit is still not too 

good.  A comparison of the calculated points to the observed data indicates that that the 

peak shape is, however, more-or-less ideal.  The calculated lattice constant also 

indicates that the composition is not Rb3Ba3C60 but instead is Rb3-δBa3+δC60 as there is a 
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substantial difference between the two values (cf. lattice constant for Rb3Ba3C60 is 

a = 11.338Å) therefore indicating a different composition has been synthesised. 

4.5.3.3 Magnetic Susceptibility Measurements 

To investigate any possible superconducting properties this particular fulleride 

system might exhibit, magnetic susceptibility measurements, using the SQUID 

magnetometer, were carried out on a small quantity (21.9mg) of material.  The 

procedure for carrying out susceptibility measurements has already been previously 

described (see, for example, §4.5.1.3).  The applied magnetic field for this particular 

measurement was 20G and ZFC-FC data were collected up to 15K. 
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Figure 4.41: Magnetic susceptibility measurements performed on Rb2Ba4C60 (applied field – 

20G; mass of sample: 21.9mg). 

A calculation for the superconducting volume fraction (χsf) leads to a value of 

1.51% and a Tc of approximately 6.8K.  The low value of χsf can be attributed due to 
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impurities within the bulk fulleride system which therefore makes the material slightly 

paramagnetic, evidence of which is seen by the curve passing through into the positive 

regions of the graph (i.e. the curve passes above zero), or due to compositional 

inhomogenity.  Another reason for the low superconducting fraction can be due to the 

occurrence of only a small region of a superconducting composition within the bulk 

material. 

As the superconducting temperature is higher than that of Rb3Ba3C60 (Tc = 2.0K) 

[196] and the lattice constant (a = 11.269Å) obtained from the LeBail refinements of the 

powder XRD is smaller than that of Rb3Ba3C60 (a = 11.338Å), the  data indicates the 

existence of a possible new Rb-C60 fulleride composition.  However, as the Tc of this 

“new” fulleride is similar to that of Ba4C60 ((Tc ≈ 7.0K) [185]), this indicates that a 

small amount of superconducting Ba4C60 still remains within the crystal structure and 

that this is responsible for the occurrence of superconductivity. 

4.5.4 K4Ba2C60 

Simple electron counting finds that in this fulleride system the t1g LUMO 

conductive band is completely full and the t1u LUMO+1 band is partially filled, thereby 

leading to C60 being reduced to C60
8-.  The Ba2C60 fulleride is currently unable to be 

synthesised or isolated as it is unstable, so the only possible method to synthesise 

K4Ba2C60 is either to first make the alkali metal (K4C60), which is a stable structure, or 

mix all the reactants together and synthesise the fulleride in situ.  For the purpose of this 

work, both methods have been attempted. 

4.5.4.1 Experimental Procedure 

The experimental procedure has already been described previously.  The first 

experiment involved an “in situ” preparation stage whereby stoichiometric quantities of 
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C60 powder (Xzillion GmBH and Co.), K (Aldrich) and Ba (Aldrich) metals were 

combined together within a tantalum cell, which was placed into a quartz tube and 

sealed with 500 Torr of He.  For the second experiment the precursor fulleride, K4C60, 

was first synthesised following an identical experimental procedure previously reported 

[49,200].  After checking for phase purity by powder XRD, Ba metal was added to a 

small quantity of this fulleride and sealed, under 500 Torr of He, within a Pyrex tube 

following the usual procedure previously described. 

Quantity of Reactants Used (mg/g/mol) 
Reaction 

Sample 
Precursor 
Fulleride 
(K4C60) 

(877.05g/mol) 

C60 
(720.66g/mol) 

Potassium 
(39.098g/mol) 

Barium 
(137.33g/mol) 

A n/a 
100mg (0.1000g)

1.38(8)x10-4 mol 

21.7mg (0.0217g) 

5.55(1)x10-4 mol 

38.1mg (0.0381g)

2.77(5)x10-4 mol 

B 
30.0mg (0.0300g)

3.42(0)x10-5 mol 
n/a n/a 

9.39mg (0.0094g)

6.84(1)x10-5 mol 

Table 4.20: Quantity of reactants used to synthesise K4Ba2C60. 

The annealing conditions used for both experiments are shown below: 

Annealing Stages and Temperature (°C) Reaction 

Sample 1 2 3 4 

A  3 days@260C 2 days@300C 4 days@350C 2 days@250C 

B 2 days@350C 3 days@400C 1 night@400C 1 night@400C 

Table 4.21: Annealing conditions used to synthesise K4Ba2C60. 

As is usual for all synthetic attempts, after each annealing step the sample was 

returned back into the glove box for intermediate re-grinding to ensure that the reaction 

mixture was completely homogenised. 

4.5.4.2 Powder XRD Analysis 

To follow the course of the reaction, a small quantity of material was sealed 

within a 0.5mm glass capillary, after each annealing stage, for analysis by powder XRD.  
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Measurements were carried out at room temperature following an identical procedure to 

that previously described. 

The following figures show the diffraction patterns obtained for the two samples 

synthesised. 
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Figure 4.42: Room temperature powder XRD profiles of K4Ba2C60, sample A, after each 

annealing stage.  The bottom profile is the diffraction pattern of K4C60 as a comparison. 
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Figure 4.43: Room temperature X-ray diffraction patterns of K4Ba2C60, sample B, taken after 

each annealing stage. 

There are clearly differences in the diffraction pattern depending on the synthetic 

method chosen.  The profiles of sample A are not at all characteristic of K4C60 

indicating that a possible new (mixed) phase is forming.  However, there are no 

indications of the reflections associated with the bcc crystal system that the earlier 

mixed alkali-barium fulleride systems were found to adopt.  In sample B, whereby Ba 

was added to pre-synthesised K4C60, the diffraction patterns continuously resembles that 

of the alkali fulleride K4C60.  This can be observed by the four Bragg reflections at 2θ 
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angles 17.5 – 23°.  This would indicate that the annealing conditions were not suitable 

as the Ba2+ ions do not seem to have been intercalated into the crystal system.  The last 

XRD (XR4) clearly shows that the diffraction profile has become slightly amorphous 

but this could be due to a defect in the powder within the capillary and may not 

represent the bulk material.  Just as for sample A, there are no indications (as yet) that 

the crystal system is adopting the bcc Im-3 space group, but still remains characteristic of 

I4/mmm, which is the group that K4C60 adopts. 

As the desired product does not seem to have been synthesised, no magnetic 

susceptibility measurements were performed on either material.  The main problem 

encountered with synthesising this particular fulleride is that the annealing temperature 

needs to be relatively high in order to enable the hard alkaline metal to become 

intercalated into the crystal structure. 

4.5.5 K5Ba1C60 

The final fulleride in this family allows a reduction state of C60
7- to be formed.  

Electron counting finds that the t1g conduction band is filled to a very unusual state.  It 

is known that neither K5C60 nor Ba1C60 are stable phases of the respective fulleride 

systems, so the possible synthesise of this particular mixed fulleride system proved a bit 

more challenging.  Consequently, two methods were chosen as possible synthetic 

routes. 

4.5.5.1 Experimental Procedure 

The synthetic procedure to synthesise the mixed fulleride systems has been 

already documented and the method used here follows an identical setup.  For sample 

A, stoichiometric quantities of C60 powder, K and Ba were combined together within a 
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tantalum cell to formulate the in-situ method.  In the second experiment, K metal was 

added to pre-synthesised “Ba1C60” (sample B). 

Quantity of Reactants Used (mg/g/mol) 
Reaction 

Sample 
Precursor 
Fulleride 
(Ba1C60) 

(857.99g/mol) 

C60 
(720.66g/mol) 

Potassium 
(39.098g/mol) 

Barium 
(137.33g/mol) 

A n/a 
100mg (0.1000g)

1.38(8)x10-4 mol 

27.1mg (0.0271g) 

6.93(8)x10-4 mol 

19.1mg (0.0191g)

1.38(8)x10-4 mol 

B 
50.0mg (0.050g)

5.82(8)x10-5 mol 
n/a 

11.4mg (0.0114g) 

2.91(4)x10-4 mol 
n/a 

Table 4.22: Quantity of reactants used to synthesise K5Ba1C60. 

The annealing conditions used are shown in Table 4.23.  As only a small quantity 

of Ba was used in Sample A, the annealing temperature was similar to that to synthesise 

the alkali fullerides AxC60.  For the second sample, similar temperatures to that used to 

successfully synthesise the A3Ba3C60 fulleride was used. 

Annealing conditions (°C) Reaction 

Sample 1 2 3 4 

A 4 days@260C 1 night@300C n/a n/a 

B 3 days@250C 2 days@260C 2 days@260C 3 days@260C 

Table 4.23: Annealing conditions used in the attempted synthesis of K5Ba1C60. 

As for the previous fulleride systems studied, intermediate re-grindings ensured 

the sample was completely homogenised.  After each annealing stage, a small amount 

of the material was transferred into a 0.5mm glass capillary for analysis by powder 

XRD. 
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4.5.5.2 Powder XRD Analysis 

The room temperature powder X-ray diffraction patterns for each of the samples 

synthesised are shown below, along with that of Ba1C60
18 for a comparison. 
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Figure 4.44: Room temperature powder X-ray diffraction pattern of K5Ba1C60 sample A.  The 

diffraction pattern of Ba1C60 is also included for a comparison, although this has been 

determined to be Ba3C60 and unreacted C60. 

 

                                                 

18 As discussed earlier, “Ba1C60” has subsequently been determined to be a multiphase sample, consisting 

of Ba3C60 and C60 and is thus not a stable fulleride phase. 
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Figure 4.45: Room temperature powder X-ray diffraction patterns of K5Ba1C60, sample B. 

The diffraction patterns of both samples are completely different, therefore 

highlighting that the synthetic route used is important in how good the resulting 

fulleride is.  Figure 4.44 shows the measurements performed on sample A after the two 

different annealing stages.  The additional night’s annealing at 260°C (XR2, profile B) 

has improved the diffraction profile, which is evident by the decrease in intensity in 

some Bragg reflections (e.g. at 2θ angles 25, 28 and 32°) and an increase in other 

reflections (e.g. at 2θ angles 20, 22 and 30°).  However, in sample B the additional 

annealing leads to the destruction of the crystal structure, which is indicated by the loss 

of most of the Bragg reflections leading to an amorphous sample (XR4, profile D).  
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There is no indication that an identical crystal structure to that of the A3Ba3C60 has been 

formed due to the occurrence of additional reflections 20 and 23°.  However, the four 

key characteristic peaks indicative of the bcc Im-3 space group between 24 and 34° in 

the final diffraction profile of sample A are still present, albeit in different intensity 

order.  Although there diffraction pattern of sample B is not as crystalline as that for 

sample A, there is some evidence of identical reflections, especially in XR3 (pattern C).  

However, clearly there is evidence of phase separation, indicated by the onset of the 

splitting of the peaks. 

4.5.5.3 Magnetic Susceptibility Measurements 

To investigate whether this fulleride had any superconducting properties, 

magnetic susceptibility measurements were performed on a known quantity of material 

using the MPMS5 SQUID magnetometer. 

A small portion of sample (34.5mg) was sealed within a quartz SQUID tube under 

a He atmosphere (at a pressure of 500 Torr).  Zero-field cooling measurements were 

performed from 1.8K up to 30K, at an applied field of 20G, following the procedure 

previously described (§4.5.1.3).  The susceptibility measurement was then repeated for 

the field-cooling part of the measurement.  The results of the ZFC-FC measurement are 

shown below. 
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Figure 4.46: Molar susceptibility measurements performed, at 20G, on K5Ba1C60.  The closed 

(red) circles represent the ZFC measurement and the open (green) circles show the FC portion 

of the measurement. 

Surprisingly, this fulleride is superconducting, with a calculated χsf of 1.04%, 

albeit with a slight paramagnetic behaviour.  The Tc is approximately 20K, which is 

indicative of the well known superconductor K3C60 fulleride (Tc = 19K [14]).  Out of all 

the mixed alkali-barium fullerides synthesised thus far, this is the only one which has a 

relatively high Tc, although it is highly probable that the occurrence of 

superconductivity in this composition is due to a minority phase of K3C60 and that 

“K5Ba1C60” is not actually superconducting.  It is already known that K6C60 is not 

superconducting, although the powder XRD pattern of K5Ba1C60 observes some 

similarities.  The LeBail refinement of the laboratory produced diffraction pattern finds 

a lattice constant of 11.358(1)Å (cf. K3C60, a = 14.240Å, [14,33] and K6C60, 

a = 11.390Å, [152]).  There is no indication of any characteristic Bragg reflections 
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associated with the K3C60 phase, although the diffraction pattern does not resemble that 

of any of the previous KxBa6-xC60 fullerides investigated. 

4.5.5.4 Synchrotron Powder X-ray Diffraction 

To further investigate the structure of this new fulleride system, additional 

diffraction measurements were taken using synchrotron X-rays at the ESRF in 

Grenoble, France.  A small quantity of the material from Sample A was sealed within a 

0.5mm thin walled glass capillary, identical to that used to carry out conventional 

laboratory X-ray diffraction measurements.  The capillary was installed in the BM1a 

instrument and data collected using the MAR 345 image plate; the data was collected at 

room temperature at a distance of 200mm and 300mm from the instruments.  The 

Debye-Scherrer image was converted into a one-dimensional pattern utilising the Fit2D 

program [177].  It was found that the data collected at the 200mm distance provided the 

best diffraction patterns.  Analysis of the data collected was carried out using the 

FullPROF suite of refinement programs [139]. 

Initial refinements using a single phase based on the bcc crystal structure of the 

AxBa3C60, with the Im-3 space group, did not successfully fit the data efficiently.  

Consequently, an additional phase representing K3C60 (space group Fm-3m) was added, 

as it was found during the susceptibility measurements (§4.5.5.3) that the Tc was 

identical to that of K3C60.  The addition of this second phase improved the refinement 

fit. 
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Figure 4.47: LeBail decomposition refinement of K5Ba1C60 on the data collected on the BM1 

synchrotron powder X-ray diffraction beamline. 

The refinement data is summarised in Table 4.24 below. 

K5Ba1C60 λ = 0.80008Å T = 298K 

Phase 1 K6C60

Space group Im-3 

Peak shape (°) U =  0.319(7), V =  -0.043(6), W = 0.012(2)  

Lattice constant (Å) 11.381(4) 

 

Phase 2 K3C60

Space group Fm-3m 

Peak shape (°) U = 0.133(9), V = -0.019(8), W = 0.008(0) 

Lattice constant (Å) 14.225(0) 
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Zero point: -0.122(2) 
General Parameters 

Rwp = 6.57%, Rexp = 2.08%, χ2 = 9.82 

Table 4.24: Results of the two-phase LeBail refinement on the data collected on the BM1 

beamline of K5Ba1C60. 

There are several peaks which are unable to be assigned to either space group and 

have consequently been omitted from the refinement.  Possible causes of these 

reflections could be associated with additional minority impurity phases (such as excess 

unreacted C60 or a Ba-doped fulleride phase).  It is clearly observed that indeed there is 

a minority K3C60 phase present in the sample, indicated by a lattice constant, a, of 

14.225Å (cf. 14.240Å for K3C60 [14,33]), thus confirming that this is the phase 

responsible for the occurrence of superconductivity.  It was also found that the lattice 

constant of the first phase (a = 11.381Å) is identical to that of K6C60 (a = 11.390Å) 

[152].  As the XRD pattern resembles that of K6C60, it should be considered that this is 

the majority phase present and in fact K5Ba1C60 has not been synthesised.  Instead, this 

particular sample is a mixture of K6C60, with a minor (superconducting) phase of K3C60.  

This is not surprising, however, as the diffraction pattern did not have characteristic 

reflections as that found for K3Ba3C60.   

4.6 Summary 

This chapter has summarised the attempts of the synthesis and characterisation of 

selected alkaline earth (AE) and mixed alkali-alkaline earth (A6-xAEx) metal fullerides.  

Although most of the materials synthesised proved to be multiphase, a great deal of 

information has been learnt about these systems.  Structural characterisation was 

achieved through powder and synchrotron X-ray diffraction, with the magnetic and 
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superconducting properties determined by susceptibility measurements performed using 

the SQUID magnetometer. 

Previous investigations have confirmed that the superconducting alkaline earth 

fullerides were AE4C60 (AE = Ba, Sr) [189].  In this current work, additional alkaline-

doped stoichiometries have been attempted to be synthesised and characterised.  For the 

Ba-doped fullerides, these stoichiometries have been when x = 1, 5.  It was found that 

neither system could be successfully synthesised phase pure, with Ba1C60 subsequently 

determined to actually be Ba3C60.  Additional reflections in the XRD pattern coincide 

with unreacted C60.  The XRD pattern of Ba5C60, on the other hand, was found to be 

actually the well-known structure Ba6C60, together with a minority Ba4C60 phase.  For 

the Sr-doped systems the stoichiometries studied have been for x = 1, 3 and 4, although 

both Sr3C60 and Sr4C60 are well known structures [184].  As for the barium analogue, 

Sr1C60 was found not to be a stable phase although the XRD pattern was different to that 

of Ba1C60.  Sr4C60 was unable to be synthesised phase pure, despite that fact that it is a 

relatively well-known phase.  Moreover, Sr3C60 was successfully synthesised with a 

much improved powder XRD pattern obtained. 

There was, however, more success in the study on the mixed alkali-alkaline earth 

fullerides, especially for the mixed barium systems.  Previous studies have ascertained 

that K3Ba3C60 is superconducting [58], with the phenomenon associated with the half-

filled t1g band.  When K was added to pre-synthesised Ba4C60, a new ternary fulleride 

resulted: K2Ba4C60.  The XRD pattern was found to be identical to that of K3Ba3C60 

(space group Im-3), and this was confirmed through temperature dependent high 

resolution synchrotron X-ray diffraction measurements (a = 11.212Å).  Temperature 

dependent magnetic susceptibility measurements indicated the onset of 

superconductivity at 3.8K.  This is identical to recent results published by Iwasa et al. 
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[201].  There was still the presence of a minority impurity K3Ba3C60 phase, however, 

which accounts for the occurrence of the second Tc at 5.6K.  Temperature dependent 

synchrotron X-ray diffraction measurements were also performed on this composition.  

As expected, the lattice constant decreased as the temperature was lowered.  When K 

was replaced by Rb, a further composition was synthesised: Rb2Ba4C60.  This too was 

characterised by powder XRD and magnetic susceptibility measurements.  This 

composition was found to have the same structural features as Rb3Ba3C60 (space group 

Im-3), with a lattice constant, a, of 11.262(9)Å (cf. Rb3Ba3C60 a = 11.338Å [196]).  It 

was also found to be superconducting, with a Tc of ca. 6K, although this was identical to 

that of Ba4C60 thus superconductivity is associated with this phase. 

Furthermore, an additional mixed potassium-barium phase, K1Ba5C60, was also 

synthesised.  This was also characterised to adopted the Im-3 space group, with a lattice 

constant of 11.158(4)Å.  It was found to be superconducting with a transition 

temperature of ca. 5.5K, although this could be attributed to the occurrence of a 

minority impurity phase of K3Ba3C60.  K5Ba1C60 was also attempted to be synthesised 

with X-ray diffraction analysis indicating that this structure adopted the Im-3 space 

group.  It was found that this particular stoichiometry had the highest lattice constant of 

the mixed K-Ba fullerides (a = 11.358Å).  However, the XRD pattern resembled that of 

K6C60 and did not have any characteristic reflections as found in the diffraction patterns 

of the other members of the mixed alkali-barium fullerides.  Although it was found to 

be superconducting, the transition temperature was the same as K3C60 (Tc ≈ 19K) 

therefore indicating that there was a minority impurity phase present in the sample. 
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Equation Chapter 5 Section 1 

Chapter 5: Magnesium Diboride 

5.1 Introduction 

In early 2001, J. Akimitsu’s research group, of Aoyama-Gakuin University in 

Japan, reported the discovery of bulk superconductivity in the simple binary compound, 

magnesium diboride [78].  This remarkable material was found to have a 

superconducting temperature (Tc) of 39K.  Up to now, the only other non-copper oxide 

material with a Tc any way close to this (under normal conditions) was in the alkali 

intercalated fulleride RbCs2C60, which had a critical temperature of 33K [34].  

However, under certain conditions, this temperature has been raised up to 40K, as found 

in Cs3C60 under hydrostatic conditions of up to 15kBar [35]. 

The discovery of such a high superconducting temperature in a remarkable, yet 

simple, material such as MgB2 has reignited the research field of high temperature 

superconductivity.  As what was achieved with the fulleride systems, the discovery of 

superconductivity in another layered type structure has allowed the theoretical aspects 

of this phenomenon to be further investigated from first principles.  The obvious task 

now is to ascertain whether MgB2 is unique or if similar materials exist with a higher Tc.  

Since the initial findings, a plethora of research has sprung up focusing on investigating 

the materials unique characteristics and to find answers to this question. 

MgB2 has also been used as the starting material in the attempt to synthesise nano-

scale crystal structures.  However, as will be discussed shortly (Chapter 6:), it was 

found that no B could be detected within the structures indicating that these systems 

could be prepared using solely Mg powder. 
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5.2 Sample Preparation 

Strangely, magnesium diboride was already a well known material that could be 

bought commercially from various chemical suppliers (e.g. Alfa Aesar).  The first 

reports of its synthesis and characterisation was in 1953 when Jones and Marsh heated 

metallic magnesium and boric oxide together in an atmosphere of hydrogen [77].  

However, earlier work by Ray indicated that additional magnesium boride with various 

stoichiometies were also present in the reaction mixture [205]. 

The current method of synthesis is based on a variation of this early method.  The 

important factor to consider when preparing the MgB2 material is to prevent unwanted 

bi-products, particular MgO which is a known stable phase.  Several methods were tried 

to investigate how to improve the purity of the material, ranging from pressing the 

material into a pellet to just using unpressed (powder) material mixed together, prepared 

in an inert atmosphere.  Moreover, the type of B powder used, i.e. whether it is in 

crystalline form or amorphous, is crucial as to the success of the reaction.  After several 

trials it was found that amorphous B provided the best product, with a higher yield, and 

which was used by Akimitsu and co-workers during their initial studies. 

5.2.1 Method 1 

To prevent additional impurities forming during the synthetic process, all 

handling, and initial preparation, of the materials was done within an atmospherically 

controlled glove box (where the O2 levels < 1ppm, H2O level < 2.5ppm).  

Stoichiometric quantities of Mg powder (Alfa Aesar, 99.8%, -325 mesh, 26.4mg 

(0.0109mol), MW = 24.312g/mol-1) and amorphous B (Alfa Aesar, 99%, -325 mesh, 

23.5mg (0.0218mol), MW = 10.811g/mol-1) were combined together, in a 1:2 ratio, 

using a mortar and pestle.  The reactants were then transferred into a specially designed 

207 



Magnesium Diboride 

tantalum tube, which was fitted with screw caps on each end.  This was then placed into 

a quartz tube to which was attached a gas control device and, attached to the vacuum 

line.  Following an analogous procedure to that used to synthesise the fulleride samples, 

it was then filled with He (500 Torr) and flame sealed. 

The annealing procedure used was as follows: 

1. Room temperature → 550°C, ramp of 50°C/hour, 

2. Remained at 550°C for 1 hour (60 minutes), 

3. 550°C → 700°C, ramp: 18.75°C/hour, 

4. Dwell time at 700°C: 1 hour (60 minutes), 

5. 700°C → 800°C, ramp: 100°C/hour 

6. Dwell time at 800°C: 4 hours (240 minutes) 

7. Slow cool to room temperature. 

It was found that after the heating process the material was less sensitive to 

atmospheric conditions (i.e. oxidation etc.).  Consequently, after the annealing process 

was complete, the sample tube was opened under normal laboratory conditions.  The 

powder was then collected together and analysed by conventional powder X-ray 

diffraction, as described in the next section (§5.3.1).  Superconductivity was confirmed 

through magnetic susceptibility measurements using the Quantum Design MPMS5 

SQUID magnetometer. 

An identical procedure was followed to synthesise MgB2 but using crystalline 

boron.  It was found, however, that although the end product looked identical to that 

produced used amorphous B, the powder XRD pattern was completely different (Figure 

5.3). 
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5.2.2 Method 2 

In a separate experimental setup, a sample of MgB2 was prepared in pellet form.  

The stoichiometric quantities of the reactants (to form a total mass of 1g), crystalline 

Mg powder (0.529(2)g, (0.0218 mol), Alfa Aesar, 99.8%, -325 mesh, ) and amorphous 

B powder (0.470(8)g, (0.0426 mol), Alfa Aesar, 99%, -325 mesh), were combined 

together and then transferred into a pellet die which was then inserted into the manual 

pellet press.  A pressure of 5 tonnes was applied for approximately five minutes, after 

which the pellet was removed and transferred into a Pt crucible.  This was then placed 

onto an alumina platform, inserted into a tube furnace and heated under a flow of Ar. 

The annealing procedure used was as follows: 

1. Room temperature → 850°C at a rate of 0.5°C/minute,  

2. Remained at 850°C for 12 hours (720 minutes), 

3. Slow cool to room temperature (under an Ar flow). 

Once cooled sufficiently, it was removed from the furnace.  On initial inspection 

of the end product, it was noticed that the pellet had a slight white tinge to the outer 

skin.  This was attributed to the formation of a layer of MgO which had occurred during 

the annealing stage.  The bulk of the material was, however, pale brown/black in colour, 

consistent with that of the end product produced through the synthesis using powdered 

material.  The pellet was lightly re-ground back into a powder, before analysis of the 

material was carried out by powder XRD using the laboratory diffractometer (Cu anode, 

λ = 1.5406Å) (Figure 5.5). 
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5.3 Initial Characterisation 

5.3.1 Structural Analysis by Powder XRD 

As the material is not particularly sensitive to air, a small sample of the material 

was transferred onto an Al XRD sample holder for diffraction measurements on non-air 

sensitive materials.  Data was collected at room temperature from 2-theta angles 10 – 

90°, step size 0.04 seconds.  The diffraction pattern of the sample synthesised using 

amorphous B (using method 1) is presented below in Figure 5.1.  The diffraction pattern 

can be indexed assuming a hexagonal unit cell, with a space group P6/mmm.   
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Figure 5.1: Room temperature powder XRD pattern of MgB2, prepared using amorphous B (i.e. 

via method 1, and their corresponding Miller indices.  MgO impurities are indicated by an 

asterisk (*). 

Comparing the diffraction pattern of the sample synthesised in this current work 

with that of the sample prepared by Akimitsu et al., it was found that the diffraction 
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patterns are identical.  However, there are clearly slight impurities present in this current 

material, indicated by the asterisk in the XRD pattern shown in Figure 5.1.  To complete 

the structural analysis of the material, a two phase LeBail decomposition refinement, 

incorporating the MgO impurities, was performed using the FullPROF refinement 

program [139].  The result of the refinement, based on the P6/mmm (for MgB2) and 

Fm3m (for MgO) space groups, is presented in Figure 5.2. 

 

Figure 5.2: Result of the two-phase LeBail decomposition refinement performed on the MgB2 

sample prepared as a powder, using amorphous B. 

In the above figure, following a common legend coding as used previously, the 

red points indicated the observed data, the black outline represents the calculated 

pattern, the blue line shows the difference between the observed and calculated data and 

finally the green lines indicate the position of the Bragg reflections of the two different 
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phases used in the refinement model.  The refinement data resulting from the LeBail 

refinement on the powder sample of MgB2 is summarised in the following table. 

T = 298K, λ = 1.5406Å 
 

Phase 1 (MgB2) Phase 2 (MgO) 

Space group P6/mmm Fm3m 

Peak shape (°) 
U = 0.392(8), V = -0.024(9), 

W = 0.125(9) 

U = 1.448(5), V = -0.422(2), 

W = 0.431(4) 

Lattice constant (Å) a = 3.0841(3), c = 3.5156(5) 4.2201(2) 

Rwp = 16.8%, Rexp = 9.21%, χ2 = 3.07 
General parameters 

Zero point: -0.175(5)° 

Table 5.1: Results of the two-phase LeBail refinement performed on MgB2. 

Although the χ2 value (3.07) is a little high, the profile fit is none-the-less still 

good.  The lattice constant of the MgB2 phase is identical to both the value obtained by 

Akimitsu (a = 3.086Å, c = 3.524Å) as well as the initial values obtained for the sample 

first synthesised by Jones and Marsh (a = 3.083Å, c = 3.521Å), thereby indicating that 

the sample is MgB2. 

A comparison plot of the powder X-ray diffraction patterns of MgB2 synthesised 

with crystalline B, produced following an analogous procedure to that used for 

amorphous boron (i.e. method 1, described above) and also that of commercially 

available material (purchased from Alfa Aesar) is shown in Figure 5.3. 
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Figure 5.3: Comparison of the powder X-ray diffraction patterns of the different samples of 

MgB2.  The bottom profile (in green, profile C) is of MgB2 purchased from the Alfa Aesar 

chemical suppliers (purity of 98.9%).  The asterisk (*) indicate reflections associated with 

impurities (such as MgO, unreacted B).  

Quite surprisingly, the diffraction pattern of MgB2 synthesised using crystalline 

boron (profile A) shows additional reflections which can be attributed to impurity 

phases (indicated by the asterisk) of unreacted B.  The profile of MgB2 synthesised 

using amorphous boron (profile B) and that of bulk supplied MgB2 (profile C) are 

identical, confirming the quality of the materials concerned.  Furthermore, there is a 

noticeable shift in the positions of the Bragg reflection peaks (of 0.3°), as highlighted 
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when the diffraction patterns of MgB2 synthesised using amorphous and crystalline B 

are compared (Figure 5.4). 

30 32 34 36 38

33.7o

33.4o

[100]

*

*
*

Fig. (b)

Comparison of the X-ray Diffraction Patterns of MgB2
Prepared using Amorphous and Crystalline B

In
te

ns
ity

 (a
rb

. u
ni

ts
)

2-theta (degrees)

 MgB2 (crystalline B)
 MgB2 (amorphous B)

0 10 20 30 40 50 60 70 80 90

Fig. (a)
In

te
ns

ity
 (a

rb
. u

ni
ts

)

 

Figure 5.4: Comparison of the diffraction patterns of MgB2 synthesised using amorphous (red) 

and crystalline (blue) B.  Fig (b) is an enlargement of the [100] reflection, where the shift in 2-

theta is apparent.  The asterisk (*) indicate impurity reflections. 

The shift in 2θ angles can be attributed to the nature of B used with respect to the 

size of the particulates.  In crystalline B, the size of the particulate matter is larger; 

therefore it is difficult to ensure that it can become incorporated within the crystal 

structure.  Evidently, the quality of the reactants used is important in how good the final 

product is.  For the successful synthesis of MgB2, it was found that amorphous B was 
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ideal and this is the material used during the initial studies conducted by Akimistu and 

his co-workers. 

The powder XRD pattern of the sample prepared as a pellet, using amorphous B 

(prepared via method 2), is shown below.  The measurements were taken of both the 

outer skin, which showed evidence of oxidation, and the inner bulk material. 
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Figure 5.5: Powder X-ray diffraction patterns of the outer skin (profile A, in red) and bulk 

(profile B, blue) of MgB2 synthesised as a pellet.  The bottom pattern (profile C) is of MgB2 

synthesised as a powder. 

There are clearly additional Bragg reflections, notably at 2-theta angles 35 and 

37°, present in the diffraction pattern of the bulk material of the pellet sample. 
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5.3.2 Magnetic Susceptibility Measurements 

To confirm the occurrence of superconductivity in the sample synthesised, 

magnetic susceptibility measurements was performed using the SQUID magnetometer.  

As the sample is not air or moisture sensitive, unlike the fulleride materials, all handling 

of the final synthesised sample was conducted in normal laboratory conditions. 

A small quantity (51.3mg) of material was carefully transferred into a gelatine 

capsule, design to carry out measurements on non-sensitive materials.  This was then 

position within a plastic straw which was then attached to the sample holder.  After 

performing a magnet reset at 50K, commonly done before any susceptibility 

measurements to remove any reminant magnetic field still present from previous 

measurements, the sample was inserted into the sample chamber.  The sample was then 

cooled to 1.8K under zero field conditions (10K/min to 5K, 1K/min from 5K down to 

1.8K), before a field of 10G was applied.  Data was collected on warming up to 50K 

every 0.25K, before the sample was re-cooled whilst the field was still applied (field 

cooling) and the measurement repeated. 

The result of the magnetic (molar) susceptibility measurement (χmol), as a function 

of temperature, is shown below in Figure 5.6. 
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Figure 5.6: Molar magnetic susceptibility (χmol) measurements, as a function of temperature, 

performed on MgB2.  Data are shown for measurements conducted at zero field cooling (ZFC) 

and field cooling (FC) conditions at 10G. 

Clearly, the sample is superconducting, which was confirmed by measuring the 

Meissner effect on cooling in a magnetic field.  The onset of the well-defined Meissner 

effect was observed at ca. 38K, a little lower than the reported 39K.  This slight 

decrease in Tc can be attributed due to the presence of a small quantity of MgO impurity 

as highlighted by Bragg reflections at 62, 64.5 and 67° in the powder X-ray diffraction 

profile (Figure 5.1).  A superconducting volume fraction of 50.7% under a magnetic 

field of 10G (density of MgB2 = 2.625g/cm-3), was obtained at 1.8K thereby indicating 

that the superconductivity is bulk in nature. 
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5.4 Inelastic Neutron Diffraction Studies 

The discovery of the superconducting properties of MgB2 has enhanced the 

investigations into the precise causes of superconductivity.  From a fundamental point 

of view, questions have been raised as to why this material has such a relatively high Tc 

in comparison to the other superconducting materials (e.g. the copper oxides). 

The occurrence of superconductivity in this material has been interpreted via the 

conventional BCS-type approach.  However, additional experimental observations have 

also indicated that a phonon mediated pairing mechanism could be in operation.  As a 

result, the precise mechanism remains controversial. 

One method to determine the precise mechanism in operation is through inelastic 

neutron scattering measurements of the phonon density of states (PDOS), either as a 

function of substitution (i.e. extrinsic) or by monitoring temperature change across the 

Tc (i.e. intrinsic).  Such measurements have previously been carried out on other high 

temperature superconductors, such as K3C60 [206] and the famous “1-2-3” 

superconductor, YBa2Cu3O7-δ [207].  In the current measurement, data was collection 

above and below Tc.

5.4.1 Sample Preparation 

The isotopically pure Mg11B2 sample used in the INS experiments was prepared 

by Dr. T. Muranka in Japan.  Stoichiometric quantities of Mg powder (99.9%) and 

crystalline 11B (99.52%, Eagle Picher) were combined together, wrapped with Ta foil 

and placed onto a carbon crucible.  This was then placed into a high-pressure furnace 

and heated at 900°C for 5 hours, followed by 850°C for an additional 6 hours under an 

argon pressure of 196 and 175 MPa respectively.  On completion of the heating stage, 

the sample was quenched to room temperature.  Initial characterisation was undertaken 
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by conventional powder X-ray diffraction, followed by neutron diffraction.  

Superconductivity was confirmed by magnetic susceptibility measurements (Tc = 39K). 

5.4.2 Experimental Setup 

INS measurements were performed on the material utilising instruments at the 

ISIS pulse spallation neutron source at the Rutherford Appleton Laboratory facility, 

Didcot near Oxford.  Data was collected using the indirect-geometry white beam time-

of-flight spectrometer (TOSCA) (§2.4.2.1), at 20K and 43K.  Data has also been 

previously collected using the direct-geometry chopper spectrometer (MARI) [208] 

with a discussion about the data collected from this instrument reported by Dr. I. 

Margiolaki [137].  It was found that the final data obtained from both measurements 

complimented each other. 

For the TOSCA experiment, the sample (15.6g) was contained within a thin-

walled aluminium sample holder which was positioned inside the spectrometer.  

Cooling was controlled using a closed cycle helium refrigerator, with two separate 

measurements performed at 20K and 40K, just below and above the superconducting 

transition temperature.  The data was collected over a total incident current of ~1.1mA, 

with a background measurement performed on an empty sample holder at 30K [209]. 

5.4.3 Analysis of the Data Collected From TOSCA 

With this particular spectrometer, an excellent resolution, / 0.016ω ω∆ ≈  above 

20meV is achieved by using a small final neutron energy, Ef ≈ 3.324meV.  In the 

TOSCA instrument, the detectors are located in a cylindrical way at angles between 

124.85 and 138.45°.  For systems with are primarily coherent scatterers, such as 

Mg11B2, use of incoherent approximation is only justified at large enough values of Q in 

comparison with the dimensions of the reciprocal cell.  The characteristics of this 
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particular instrument permit the use of the incoherent approximation at large energy 

transfers ≥ 20meV and hence an approximate G(ω) can be extracted. 

For polyatomic compounds, such as the current material, G(ω) is related to the 

partial phonon DOS (density of states) gi(ω) for each atom i through the expression: 

 
1

( ) exp( 2 ( )) ( )i i i i
i ii i

i i

c cG W Q g
m m
σ σω ω

−
⎡ ⎤ ⎛ ⎞
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Equation 5.1: Mathematical relationship of G(ω) to the partial phonon DOS. 

where  

σi is the total neutron scattering cross section for atom i, 

mi is this atom’s mass, 

ci is its concentration (∑ici = 1), 

Wi(Q) is this atom’s Debye-Waller factor. 

Various theoretical calculations have been carried out to describe the various 

normal modes of vibrations of MgB2 at the Brillouin zone centre [85-87,210].  These 

have been enhanced by several experimental observations [92,211].  Overall, four 

distinct modes exist with calculated energies in the range: 40 – 42meV (E1u, in-plane B 

and Mg displacements), 48 – 52meV (A2u, out-of-plane B and Mg displacements), 58 – 

82meV (E2g, B in-plane bond stretching) and 84 – 86meV (B1g, B out-of-plane bond 

bending).  The phonon modes with symmetries A2u and B1g imply vibration along the z-

axis, whilst the E1u and E1g modes, which are doubly degenerate, involve only in-plane 

motions of the B atoms along the x and y axis.  Furthermore, additional calculations by 

Kong et al. have calculated both the phonon dispersion curves throughout the Brillouin 

zone and the resulting total phonon DOS, F(ω) [87].  Figure 5.7 illustrates these four 

distinct phonon modes. 
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Figure 5.7: The four calculated phonon modes of MgB2.  The arrows represent the direction of 

the atom vibrations.  Image adapted from reference [208]. 

In the current measurement, the scattering law, S(Q,ω) of Mg11B2 was measured 

in down-scattering mode up to 110meV.  Figure 5.8, below, shows the extracted G(ω) 

in the energy range 15 to 105meV at the two temperature measured (20K and 43K).  

Corrections for the background and multiphonon [212] contributions have already been 

taken into account. 

Overall, the current results obtained from measurements conducted on the 

TOSCA instrument are in broad agreement to previous data collected by Sato et al. 

[213]19 and Osborn et al. [211], although their measurements were conducted at a lower 

signal-to-noise ratio (Sato) and/or a lower spectrum resolution (Sato and Osborn).  The 

current data, on the other hand, show much more structure, particularly at the low 

energy transfer, and are of a higher resolution with better statistics. 

                                                 

19 The authors have later withdrawn their submission of the preprint article. 
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Figure 5.8: Generalised phonon density of states (PDOS), G(ω) of Mg11B2, measured at 20 and 

43K on the TOSCA spectrometer. 

At 43K and at low energy transfers, there is a relatively sharp peak at ~16meV.  

Between the 20 and 60meV spectral region there is a strong peak at 31meV and a 

shoulder at 26meV.  There is an additional feature at 52meV, with discernible shoulders 

at 39 and 45meV.  In the final regions of the spectrum, from 60meV onwards, very 

broad and structure-less, bands exist.  However, there are some well defined features 

observed at 73, 83, 89 and 96meV.  The acoustic phonons extend up to 36meV.  The 

vibrational DOS of the optic modes extends between 36 and 105meV, with the Mg optic 

modes probably responsible for the early features at 39 and 45meV and highly 

dispersive B phonon modes responsible for the remain phonon spectrum. 

As presented in Figure 5.8 above, the over plotted generalised phonon density of 

states, GDOS, of the data collected above and below Tc are in good agreement with each 

other, albeit with a two notable differences.  The first occurs at ca. 26meV where a 

phonon peak appears to grow in intensity and then soften (to 24meV), before 

sharpening on cooling below Tc.  This area of the spectrum is associated with acoustic 
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phonon modes which have been neglected in the treatment of the electron-phonon 

couple strength distribution.  Initial estimates suggest that these electron-phonon 

coupling strengths are due to the strongly dispersive B bond stretching modes.  An 

additional notable difference is observed in the high-energy transfer region, although 

this is weaker than the redistribution of intensity found at the lower region.  At 96meV, 

the phonon peak appears to be damped below Tc, possibly due to an increase in line 

width.  Interestingly, the phonon modes associated in this region are also due to the 

strongly dispersive B bond stretching.  A similar observation is found near 83meV, 

although no discernible changes are found at 16meV or near 52 and 73meV as 

suggested by Sato as found in their measurements [213]19. 

5.5 Overall Conclusions 

Although the relationship between the mechanism of superconductivity and the 

changes in PDOS of superconducting materials are not usually clear-cut, the situation is 

quite apparent for phonons with energies less than the superconducting energy gap, 2∆.  

If this is the case, the contribution to their lifetime due to the electron-phonon coupling 

disappears in the superconducting state and sharpening of the phonons in the order γep 

(the contribution to the dampening as a result of the electron-phonon coupling) is 

observed.  A value of between 10-17meV has been obtained for the superconducting 

energy gap of MgB2 by several different techniques. 

The temperature dependent GDOS measurements of MgB2 in this current work 

present fairly featureless, yet essentially identical, spectra between 15 and 110meV.  

This reflects the existence of highly dispersive phonon modes.  On cooling through Tc, 

small, yet unambiguous, anomalous phonon behaviour is observed at the low energy 

transfer of ca. 24meV with the spectra showing peak intensity growth, followed by 

softening and sharpening.  The energy of these phonons is quite small.  This behaviour 
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is observed in the acoustic phonon energy region and provides evidence of the 

relationship between phonon states and superconductivity in this material.  It should 

also reflect the strong coupling of these phonons with the electronic state which take 

part in the Cooper pair formation.  Finally, there is weaker evidence for a corresponding 

response in the high energy B bond stretching phonons, thus any effects on crossing Tc 

are expected to be small, even if the values of the electron-phonon coupling constant is 

large. 
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Equation Chapter 6 Section 1 

Chapter 6: Novel Magnesium Silicate Structures 

6.1 Introduction 

The synthesis of leaf-like Mg2SiO4 crystals that are clustered together to form 

novel fan-like structures is reported.  Although initial experiments found that these 

structures could be formed using the newly discovered superconductor MgB2 [78], 

together with a small quantity of C60 powder as a catalyst and I2 as a transport medium, 

following a method described by Remskar et al. [131], the yield of crystals obtained 

was low.  Further investigations, however, found that MgB2 dissociated into Mg and B 

and consequently that the reaction simply required just Mg powder, in addition to a 

small quantity of C60 and I2.  Moreover, it was found that the quantity of crystals formed 

could be enhanced by growing them on a planar quartz substrate which had been lightly 

coated with a thin layer of amorphous SiO2. 

Initially it was hoped that by using MgB2 to synthesise these materials, we could 

verify whether superconductivity was retained at the nano-scale level.  Although, these 

current data could not confirm this, they did, however provide some surprising results 

with the production of novel fan-like structures of Mg2SiO4. 

6.2 Experimental Preparation 

6.2.1 Experimental Setup 1: MgB2 Powder 

To investigate the formation of these novel fan-like structures and to try and 

maximise the yield obtained, several different experimental setups were used.  For the 

initial trials, the simple binary layered material MgB2 was used.  As it has already been 
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previously ascertained that bulk supplied MgB2 (Alfa Aesar, 99.8% purity) is of a good 

quality (Figure 5.3), it was decided that this would be adequate for the current work. 

Pre-synthesised MgB2 powder (Alfa, ~0.080g), I2 (Aldrich, ~0.015g, 15 weight 

%) and C60 (“super gold grade”, > 99.9% purity, Xzillion GmBH and Co., Frankfurt, 

~0.005g, 5 weight %) were combined together and transferred directly into a quartz 

tube, similar to that used in the synthesis of the fulleride systems previously described.  

A gas control device was attached to the quartz tube, which was then transferred onto 

the vacuum line and flame sealed under a He atmosphere (350mmHg).  This was then 

placed into a three stage furnace with the mixed powders heated to 800°C and the other 

end of the tube to 600°C, thereby obtaining a temperature gradient of ca. 10°C cm-1.  

The reaction was left for 36 hours after which the furnace was switched off and the 

sample allowed to slow-cool to room temperature.  On removal of the reaction tube 

from the furnace, it was observed that a layer of material coated the walls of the quartz 

tube at the cooler end, indicating that a transport mechanism had occurred. 

Following on from these preliminary studies, additional experiments were carried 

out to try and maximise the quantity and quality of these nano-type structures formed.  

Although the quantity of MgB2 powder remained constant, the ratio of C60 and I2 used 

was varied, with the reactants now contained within a quartz boat instead of being 

placed directly into the quartz tube.  To enhance the formation of these SiO2-containing 

structures, a small quantity of SiO2 powder was either added to some of the reaction 

mixtures (samples 4 and 7) or a quartz substrate, coated with a thin layer of amorphous 

SiO2 powder, was strategically placed opposite the reaction mixture (samples 8 and 9).  

A summary of the different experimental set-ups is presented in Table 6.1. 
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Mass of Reactants Used (mg) Reaction 

Sample MgB2 I2 C60 SiO2

1 80.0 15.0 5.0 n/a 

2 85.0 15.0 0.0 n/a 

3 80.0 10.0 10.0 n/a 

4 80.0 5.0 5.0 10.0 

5 
Mg = 42.3 

B = 37.7 
15.0 5.0 n/a 

6 
Mg= 42.3 

B = 37.7 
10.0 10.0 n/a 

7 80.0 n/a n/a 20.9 

8 80.0 0.0 5.0 substrate 

9 80.0 15.0 0.0 substrate 

Table 6.1: Summary of the different experimental conditions tried during initial investigations. 

For samples 5 and 6, MgB2 was prepared in situ by combining stoichiometric 

quantities of Mg powder (Alfa) and B (Alfa) in a 1 to 2 ratio, to form 80mg of sample, 

with the appropriate quantities of I2 and C60. 

6.2.2 Experimental Setup 2: Mg Powder 

It was found during the initial characterisation and analysis that there was no 

evidence of B in the crystal structure formed, as confirmed through windowless EDX 

measurements (Figure 6.6).  Consequently, experiments were performed using just Mg 

powder instead of MgB2. 

Mg powder (Alfa, 99.8% -325 mesh, ~80mg) was finely mixed with I2 (Aldrich, 

99.9+%, ~15mg).  The powder was placed in a quartz boat, within a quartz tube, 

approximately 20cm from a horizontal quartz substrate containing a fine deposit of 

amorphous SiO2.  The quartz tube was sealed under a He atmosphere (0.5atm) and 

placed within a 3-stage furnace.  The mixed powders were heated to 800°C and the 
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substrate end of the tube to 600°C, thus obtaining a temperature gradient of ca. 10°C 

cm-1.  The reaction was left for 36 hours after which the furnace was allowed to cool to 

room temperature. 

The quartz substrate was extracted for SEM analysis and a small amount of 

crystal deposit was carefully removed from the substrate and prepared for TEM 

investigations.  A number of crystals were also observed on the walls of the reaction 

tube at the substrate end. 

6.3 Analysis by Electron Microscopy 

6.3.1 Preliminary Analysis 

Initial analysis of the transported material (i.e. material collected at the cooler end 

of the tube) was achieved by SEM and TEM techniques.  For the initial SEM images 

taken from the reactions performed without the use of the additional planar SiO2 coated 

quartz substrate, the transported material was dispersed in acetone (by gentle sonication) 

and a small quantity of sample deposited on a SEM stub.  TEM (and further SEM) 

images were also taken from material deposited on carbon grids.  However for the 

subsequent reactions, where the quartz substrate was used, the SEM images were taken 

of the transported material deposited directly on the quartz substrate. 

The following images show some of the interesting structures obtained from using 

MgB2 as a starting material, observed during the initial SEM and TEM analysis.  

Research has demonstrated that the structure and properties of a nanoscale system are 

inextricably linked [214].  The presence and variation of geometry within the final 

samples reveals the importance of this line of research, especially if the underlying 

mechanisms can be elucidated and controlled. 
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Figure 6.1: SEM image of one of the interesting structures found in the transported material 

formed during the initial experiments using MgB2, I2 and C60. 

Figure 6.1 shows a SEM image of a unique geometric “flower” that was obtained 

during the initial experiments using MgB2 and is reminiscent of a nanoflower-type 

structure observed by Zhu et al.  Further characterisation of this structure was 

performed using the TEM (Figure 6.2) to ascertain the composition of the structure and 

to provide a typical 2-dimensional view of the 3-dimensinal crystal. 
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Figure 6.2: TEM image taken of the same structure observed by the SEM (Figure 6.1). 

Arrow A indicates the presence of small amorphous bundles surrounding the 

crystal which are believed to be amorphous carbon particles that originate from the C60 

catalyst.  The crystal structure (indicated by arrow B) is believed to be Mg2SiO4 

structures that originate from a central growth point, indicated by arrow C. 

6.3.2 Further Analysis 

6.3.2.1 SEM Analysis 

Figure 6.3, below, shows an SEM magnification sequence of the crystal deposits 

observed on top of the quartz substrate, obtained from using Mg as a precursor.  It was 
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found that the deposits could be easily identified using a simple hand-held magnifying 

glass, although, unsurprisingly, no structural details could be observed without 

enhanced electron microscopic facilities. 

 

Figure 6.3: SEM magnification image sequence of the fan-like structures obtained from Mg 

starting material, with the substrate tilted at a) 0°, b) 60°and c) 0°. 
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The structures (figure a) were found to be macro in size, with typical 

measurements of ca. 60µm in diameter and ca. 35µm in height.  Increasing the 

magnification (figure b) showed that each of the structures consisted of a multitude of 

tightly packed layers, rising from a central core on the quartz substrate thereby giving 

its fan-like appearance.  The tips of these structures are discernible as triangular 

protrusions and their high-aspect ratio is evident from the Mg2SiO4 leaves that lie 

parallel to the electron beam (figure c).  It has been calculated, from SEM observations, 

that the thicknesses of these fan-like structures are less than 100nm.  The leaves are 

generally much broader, and free from amorphous particle contamination, than those 

observed in the experiments using MgB2 as the starting material. 

Although the yield of these fan-like crystals is extremely low (estimated to be less 

than 1% from the mass of the starting material), repeated experiments, using an 

identical procedure, have produced similar structures.  Similar structures have also been 

reported in other systems [215,216].  The interfacial relationship between the crystal 

and the substrate was difficult to determine from initial SEM analysis.  By sonicating 

the substrate in acetone, mounting the dispersion onto a TEM grid, it was possible to 

obtain SEM images of individual and clusters of crystals still attached to the substrate. 
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Figure 6.4: SEM image revealing the interfacial relationship between the Mg2SiO4 crystals 

generated using MgB2 as starting material, and the SiO2 substrate. 

Figure 6.4 shows that the Mg2SiO4 crystals are bundled tightly at the base and 

then at a given distance from the substrate, the crystals begin to separate into the final 

fan-like structure.  There is a lot of amorphous material, thought to be carbon, covering 

the crystals possibly due to the inclusion of C60 in the initial experimental procedure. 

6.3.2.2 EDX Analysis 

These fan-like crystal structures were also characterised by energy dispersive X-

ray mapping (EDX) in the Leo Steroscan.  Figure 6.5 shows the point analysis of the 
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crystals which reveals a high distribution of Si, O and Mg, with smaller contributions 

arising from C and iodine. 

 

Figure 6.5: An EDX point analysis of a fan-like crystal 

EDX mapping analysis was then performed over the whole crystal, the result of 

this measurement is shown in Figure 6.6. 
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Figure 6.6: EDX mapping analysis of a) a fan-like structure for b) Mg (Kα = 1.25keV), c) O 

(Kα = 0.53keV), d) Si (Kα = 1.74keV). 

The Mg (figure b), Si (figure c) and O (figure d) signals were taken from Kα 

states with values of 1.25, 1.74 and 0.53keV respectively.  All three signals arise from 

the body of the fan-like crystal (figure a).  Simple elemental analysis shows a 

composition ratio of 2.0:1.4:4.8 for Mg:Si:O, which points towards a magnesium 

silicate composition.  Although not consistent with that of Mg2SiO4 it was found that a 

large quantity of the underlying substrate was also removed from the quartz plate during 

the preparation of the sample for TEM and EDX analysis.  Therefore after taking a 2:1:4 

ratio for Mg2SiO4 into consideration, this leaves a Si:O ratio of ca. 0.4:0.8 (i.e. SiO2).  

This is consistent with these magnesium silicate crystals being contaminated with 

additional SiO2, which probably arises from the base of the structure, similar to the 

observed images (Figure 6.4).  In subsequent experiments when no iodine was 
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employed, no crystal deposit was observed on the quartz substrate, suggesting that 

iodine acted successfully as the transport agent.  It is noted that although I2 was 

observed within the sample, as indicated by the EDX analysis, there was no evidence of 

I2 within the sample through washing with toluene. 

6.3.2.3 TEM and Electron Diffraction Analysis 

Additional images of the fan-like crystals were taken using the TEM to 

complement the measurements already obtained from the SEM.  The image presented in 

Figure 6.7 (image a), below, shows a typical 2-dimensional transmission view of the 3-

dimensional fan-like crystal structure.  The triangular tips are clearly observed as the 

crystal protrudes away from the core of the structure.  As can be clearly seen, the widths 

of these tips are not always uniform down the entire length of the leaf-like crystal and 

varies considerable.  The lengths of these crystals also vary widely, ranging from ca. 

100nm to 35µm.  By increasing the magnification further (image b), it can be seen that 

not all of the crystal planes run to the full width of the leaf-like crystals.  Instead, the 

layers are staggered packed with broad fringes indicating their premature ending 

(indicated by the white arrows in the image). 

Selected area electron diffraction (SAED) measurements were also taken from 

one of these staggered packed crystal structures (insert in image b).  This showed that 

the leaf crystal has a well defined crystal lattice, with an orthorhombic structure.  The 

with unit cell lattice parameters were determined to be: a = 4.7Å, b = 9.9Å and 

c = 5.8Å. 
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Figure 6.7: TEM image of a) the fan-like macro crystal structure; b) a single leaf crystal, with 

the arrows indicating the staggered packing formation (insert: the corresponding SAED viewed 

down the [010] zone; c) HRTEM image of a staggered leaf structure along the [100] zone 

(insert: its SAED pattern); and d) the average image of part c, with the unit cell highlighted with 

a white box. 

Comparing the experimental SAED pattern with the simulated ED pattern for 

Mg2SiO4, it is apparent that there are some systematic absences.  Looking down the 

[010] zone (Figure 6.7, image b, insert), shows that systematic absences will be in the 

glide plane “.n.”, therefore the diffraction pattern is consistent with a space group “Pn”.  

Whilst the unit cell matches that of space groups Pnma and Pbnm for Mg2SiO4 as found 

in published results, it is apparent that the space group cannot be Pnma, due to the 

absences from the glide plane “.n.”, rather than “n..”.  Notably the 200 reflection should 

be absent in the simulation, due to the primitive crystal unit cell, but is present in the 

experimental pattern due to double diffraction in the crystal.  It is envisaged that 

scattering occurs off the 101 and then the 10-1 to give a resultant scatting vector of 200 
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(i.e. 101 + 10-1) that is present in the experimental pattern.  Therefore, it can be 

reasonably argued, along with the EDX results, that the ED pattern is entirely consistent 

with that of Mg2SiO4 containing the space group Pbnm. 

Due to the high-aspect ratio of the crystals, and insufficient yield of product, the 

b-axial component was difficult to be determined either by orientating the crystal within 

the TEM or by obtaining a powder X-ray diffraction pattern of the material concerned.  

However, while the [010] zone provided the predicted a:c ratio (insert in Figure 6.7, 

image b), the [100] zone on the other hand revealed an approximate 5% compression of 

the b lattice parameter compared to published data (insert in Figure 6.7, image c).  It is 

noted that there is a wide variation in the literature for the value of the b parameter 

therefore highlighting the difficulties in obtained a value for b [217,218].  The high 

crystallinity within the leaves was confirmed by the HRTEM, as shown by the images 

taken parallel to the [100] zone axis (Figure 6.7, images c and d). 

The image in Figure 6.7, image b, reveals a possible staggered packing formation 

of a crystal leaf.  The resultant SAED pattern shows a single set of diffraction spots of 

the Mg2SiO4 crystal with a number of contamination spots appearing near to the 100 

position.  This implies that the crystal structure in this staggered leaf is uniformly 

orientated.  However, a number of leaves were found with tips that were not 

geometrically aligned (Figure 6.8). 
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Figure 6.8: TEM image of a staggered-packed crystal leaf with tips terminating at different 

intervals (indicated by dark arrows). 

During SAED measurements, it was found that when images were taken of these 

overlapping leaf crystals, the diffraction spots from each leaf lay slightly apart due to 

the variation in the orientation of the leaves from the core of the macro-structure.  This 

corresponds to the observation that each leaf consists of a number of smaller leaves that 

share a common stem.  However, as each terminates at different intervals to each other 

the SAED of the leaf crystals appears to have numerous sets of diffraction spots slightly 

rotated from one another.  Figure 6.9 shows the SAED pattern of the crystals (viewed 

down the [100] zone) in Figure 6.8.  The white arrows indicate the deviation in position 

of the 100 spot, highlighting the variation of the crystal lattice in this particular 

staggered leaf-crystal. 
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Figure 6.9: A SAED image of the crystals observed in Figure 6.8.  The centre spot was masked 

due to flaring of the CCD camera during image acquisition. 

The overall geometry of a stacked growth within each leaf thus stabilises that leaf 

and similarly the closely packed layers lend stability to the whole fan-like structure 

arising from the substrate. 

6.3.3 Powder XRD Analysis 

As the yield of the transported material was extremely low, powder XRD 

measurements were unable to be performed to help improve the characterisation process 

and to aid the identification of the new structures.  However, diffraction measurements 

were performed on the un-transported mother material, which remained at the bottom of 
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the quartz tube.  Examples of X-ray diffraction patterns taken on the mother material of 

some of the experiments involving MgB2 are presented below. 
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Figure 6.10: Powder X-ray diffraction patterns of MgB2 (bulk supplied, blue) and the mother 

(untransported) material of the reaction MgB2+I2+C60 (red) after 3 days annealing (temperature 

gradient 800°C - 600°C).  Patterns B and C highlight subtle differences in the diffraction 

pattern. 
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Figure 6.11: Powder X-ray diffraction patterns of MgB2 (profile A, top) together with a 

comparison of the diffraction pattern of the mother (untransported) material from the reactions 

MgB2+C60 (purple) and MgB2+C60+I2 (green).  Profile C (bottom) highlights a noticeable shift 

in the Bragg reflection in the 101 plane. 

Analysis of the diffraction patterns indicates that there was an increase in MgO 

present in the mother material of the reactions.  This confirms the complete conversion 

of Mg powder to MgO. 

6.4 Discussion 

Although it was found that similar structures were obtained in repeated 

experiments using MgB2 (albeit in smaller quantities), and identical ED patterns were 

242 



Novel Magnesium Silicate Structures 

produced to those obtained from experiments using Mg powder, it was noted that no B 

was detected in the EDX analysis of these crystals.  This highlights the dissociation of 

MgB2 under the conditions reported above [132]. 

The inert atmosphere was to exclude the possibility of oxidation, however it is 

possible that the SiO2 in the system acted as the oxidant after MgB2 dissociates into Mg 

and B as denoted by reaction 1.  When utilising Mg powder as the starting material, 

only a small percentage of the mother material was oxidised.  It is interesting to note 

that no reflections corresponding to B, Si, SiO or SiO2 was discernible in the final 

powder XRD of the mother material after the reaction utilising MgB2, although 

unidentifiable reflections were present in low concentrations.   

To understand the growth mechanism of these Mg2SiO4 nanostructures the 

following reactions should be taken into consideration: 

Mg(g) + SiO2(s) → MgO(s) + SiO(g)   (1) 

2Mg(g) + 4SiO(g) → Mg2SiO4(s) + 3Si(s,l)  (2) 

Si(s,l) + SiO2(s) → 2SiO(g)    (3) 

2MgO(s) + SiO2(s) → Mg2SiO4(s)   (4) 

Mg(s) + I2(s) → MgI2(s)     (5) 

The melting and boiling points of Mg are 651 and 1107°C, Si are 1410 and 

2355°C, MgO are 2800 and 3600°C and SiO2 are 1610 and 2950°C respectively.  SiO is 

in a vapour phase above 930°C.  The temperature of the reactions used to synthesise 

these Mg2SiO4 structures is between 600 and 800°C and therefore it is purely by the 

action of iodine that Mg or MgO can be transported down the temperature gradient.  As 

the starting material was partly converted into MgO and that it was difficult to perform 

XRD powder analysis on the end (substrate) material, it is difficult to elucidate whether 

Mg or MgO was the actual material transported.  If it was Mg then the SiO2 particles on 
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the substrate must undergo reduction to SiO, or further to Si, in order that MgO can be 

formed, which would in turn allow for the subsequent reaction and formation of 

Mg2SiO4.  Due to the low temperatures employed it would not be possible to generate 

continuous amounts of SiO(g) thus limiting the Mg2SiO4 production via reaction 2.  

However, previous solid-solid reactions of MgO and SiO2 did not generate highly-

ordered nanostructures even under high-pressure [120].  Conventionally these processes 

carried out between MgO and SiO2 can occur between 1100°C and 1400°C [219], but 

have been lowered, to 850 and 1100°C through different sol-gel synthesis routes 

[122,220].  However, this temperature range was not used in our current experiments.  

We are left with the premise that iodine must also be involved, in some part, in the 

formation of Mg2SiO4 whether it occurs via reaction 2 or 4.  Although not detected 

within the final sample, the formation of MgI2, as an intermediate species towards the 

synthesis of Forsterite, is also possible (reaction 5). 

Previously reported experiments did not show uniform crystal growth, in direct 

particle reactions at higher temperatures.  Rather a continuous crystal phase was formed 

under high-pressure resulting in large particles of no discernible morphology.  It is 

possible, therefore, that the role of iodine and/or C60 assists the initial formation of an 

Mg2SiO4 precursor which propagates further crystal growth crystal leaf branching and 

proliferation.  We believe we have identified this precursor structure (Figure 6.12), 

which are around 10µm in diameter and have a short-spiky morphology.  They are 

frequently found to comprise of two halves as seen in Figure 6.13, which may represent 

a further mechanism of nucleation for the incipient precursor particles. 
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Figure 6.12: SEM images of possible Mg2SiO4 precursor structures. 

This may explain why there is sometimes a bifarious distribution of crystal tips 

along the length of the macrostructure (Figure 6.13). 

 

Figure 6.13: SEM images of an Mg2SiO4 macro-crystal, highlighting the distribution of tips 

within the left and right halves of the structure. 

As mentioned above, it was possible to obtain some examples of the interfacial 

relationship between the propagating crystal and the SiO2 substrate.  Figure 6.14 shows 

an SEM image of an individual crystal leaf attached to a particle at the base.  The fine 

deposit of SiO2 particle size, on the substrate, varies widely and it is difficult to 

determine at present whether there is a size relationship between the SiO2 particle and 
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the size of the propagating crystal leaves.  It was also difficult to obtain definitive 

evidence that the particle is solely a SiOx species.  However, the irregular nature of the 

particle and the ordered nature of the crystal leaf do lend weight to a possible 

conclusion that the growth of the incipient Mg2SiO4 crystal does begin on the surface of 

the SiO particle. 

 

Figure 6.14: SEM image of a crystal leaf (on a TEM grid) after sonication to remove sample 

from substrate.  White arrow indicate particle at base of crystal leaf. 

The staggered-packed nature of some of Mg2SiO4 crystal leaves can be observed 

under TEM & SEM analysis.  It is envisaged that the growth of the leaf is initially 

nucleated within the substrate and expands outwards.  A secondary mechanism causes 

the “stem” to split into a myriad of different leaves, as observed in Figure 6.4.  As seen 

from the SAED analysis, it is possible that the leaf may grow with a single uniform 

crystal lattice alignment, although terminus of certain leaves may reveal a number of 

different lattice fringes (Figure 6.15). 
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Figure 6.15: TEM image of an Mg2SiO4 crystal leaf, exhibiting variation in fringe contrast due 

to the staggered-packed nature of the crystal (typified by the inset diagram). 

This kind of branching has also been observed under SEM.  Figure 6.16 

demonstrates individual tips arising from the core structure of the leaf (diagram in 

Figure 6.15), which we surmise would give rise to a single set of diffraction spots due to 

the uniform aligned crystal growth.  However, uniform aligned crystal growth does not 

always result, where the leaves branch further apart from the core structure and 

subsequently grow along a different lattice orientation, giving rise to the different 

number of diffraction spots rotated from each other (Figure 6.9). 
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Figure 6.16: SEM image of the stacking arrangement within a single crystal leaf. 

The amorphous nature of the SiO2 starting material precludes the possibility of a 

straight-forward template growth mechanism.  However, once the incipient particle, as 

in Figure 6.12, has formed then growth can continue in a similar fashion to a template 

model.  In order for the Mg2SiO4 crystals to propagate from the SiO2 particle surface, 

additional SiO (reaction 2) or SiO2 (reaction 4) must be available at the growth site, 

along with the incoming source of Mg/MgO.  The presence of iodine and/or C60 is vital 

through the Mg2SiO4 crystal growth, as well as the formation of the incipient particle.  

We envisage the possibility of many of these particles being involved in multiple-

nucleation and subsequent growth.  Figure 6.17 and Figure 6.18 show Mg2SiO4 

structures resulting from possible random and linear multiple-nucleation mechanisms of 

the incipient growth particles respectively. 
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Figure 6.17: SEM image of a comprehensive Mg2SiO4 leaf structure resulting from random 

multiple-nucleation of incipient growth particles. 

 

Figure 6.18: SEM image of a comprehensive Mg2SiO4 leaf structure resulting from a linear 

multiple-nucleation of incipient growth particles. 
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The actual structure in Figure 6.18, image c, overhangs the substrate by around 

0.2mm, which, when considering that the structure composes of nanoscale widths of 

Mg2SiO4 crystals and is free-standing, is very impressive.  The stability can be observed 

by numerous adjacent leaves of Mg2SiO4 pressing against each other (arrow A, Figure 

6.19), which may also lend itself to controlling the morphology of the crystal leaf.  

There are also numerous shortened structures of different morphology, which appear to 

be adapted to supporting structures (arrows B and C, Figure 6.19). 

 

Figure 6.19: High magnification SEM image of an Mg2SiO4 leaf-structure.  Arrow A indicates 

the interface of two leaf crystals.  Arrows B and C indicate different shaped crystals acting as 

supporting structures. 

Further analysis of the crystal structure of this material is still being currently 

undertaken to try and elucidate the growth mechanism. 
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Equation Chapter 7 Section 1 

Chapter 7: Conclusions 

7.1 Introduction 

The discovery of superconductivity in selected materials synthesised from the 

third allotrope of carbon, Buckminsterfullerene [58,150,189], and in the layered 

structure magnesium diboride [78,221] has further advanced the search for the room 

temperature superconductor.  Furthermore, the synthesis of novel crystal structures 

initially using magnesium diboride, and later just magnesium, via an iodine vapour 

transport, has linked solid state chemistry to nanotechnology, thereby allowing the 

possible verification of whether the superconducting properties of materials are retained 

at the nanoscale level. 

7.2 Current Results 

7.2.1 Fulleride Systems 

The study of the Na2CsC60 fullerides has shown some interesting results.  

Although the system has previously been investigated in some depth, there is still some 

uncertainty as to why this particular system does not form the low symmetry polymeric 

phase, at ambient pressure, as observed in the other ternary and quaternary sodium 

fullerides.  Consequently, it was our desire to try and stabilise the occurrence of this 

polymer phase at ambient pressure by first applying pressure and then releasing it.  A 

series of powder and pellet samples of Na2CsC60 were synthesised and characterised 

using several methods.  The formation of a pelletised sample would mimic the effect of 

251 



Conclusions 

pressure and thus encourage the critical interfullerene separation, and therefore possible 

polymerisation, to occur. 

Synchrotron X-ray diffraction studies performed at room temperature (BM16) and 

at 10K (BM1) on both powder and pellet samples showed evidence of peak broadening 

when the XRD pattern of the powder sample is compared to the pellet sample (Figure 

3.11 and Figure 3.14).  This indicates that there could be a possible phase transition, 

although there is still no clear evidence that this is actually occurring as the XRD 

studies indicate that the bulk crystal structure remained cubic.  Magnetic susceptibility 

measurements on the pellet and powder form of Na2CsC60 fulleride confirmed that this 

fulleride is superconducting in both states (Tc ≈ 12K).  We do notice, however, that on 

application of pressure (i.e. pelletisation), there is a substantial decrease in the 

superconducting fraction as noted by a change in molar susceptibility (Figure 3.6).  This 

was to be expected as this feature was also observed in the other Na2Rb1-xCsxC60 

fullerides.  The large decrease in superconducting fraction would seem to indicate the 

possible formation of an additional non-superconducting monoclinic phase, which co-

exists with the superconducting cubic phase. 

Local level probing techniques invoking 23Na NMR spectroscopy was used to 

investigate the possible formation of the polymer phase in Na2CsC60 at ambient 

pressure.  After carrying out temperature dependent measurements, above and below 

room temperature, no clear evidence was found for the formation of this new polymer 

phase.  Rather, a complex behaviour is observed at low temperatures.  For the spectrum 

of the powder sample, it was found that there was no trace of the polymeric phase down 

to 70K, with only the Pa-3 line observed.  At approximately 160K a small shoulder 

begins to develop at ca. 50ppm, resolving into a peak by 70K, (Peak “A” in Figure 

3.17), which can be attributed to the fcc Fm-3m phase.  With the measurements 
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conducted on the pelletised material, similar features were observed although with 

slight differences.  The “fcc Fm-3m” line is clearly observed at room temperature, in 

addition to the Pa-3 line (Figure 3.18).  On cooling, the Fm-3m line rapidly disappears 

and on reaching 200K only the Pa-3 line remains.  However, on reaching ca. 80K an 

additional line is observed at approximately 50ppm although this is somewhat broader 

that that found in the measurements conducted on the powder sample.  It has been 

subsequently determined by these current data (as well as by the data obtained by 

Maniwa et al. [167]) that this new line is indeed an Fm-3m line and that the onset of its 

appearance occurs at 200K – the temperature at which the correlation time for the re-

orientation of the C60 molecules is comparable with the 23Na NMR time scale.  As the 

new line is rather symmetric, this may reflect the Na atoms are in a perfect cubic 

environment. 

Overall, there is still no conclusive evidence of the formation of this low 

temperature polymeric phase for Na2CsC60 at ambient pressure.  It is noticed, however, 

that there was a substantial increase in local disorder as indicated by rather broad 23Na 

NMR lines in the pelletised sample spectra, as compared to the corresponding lines 

found for the powdered sample measurements.  This disorder must be connected with 

the orientational order/disorder mechanism as the largest effect is on the ratio between 

the Pa-3 and Fm-3m line at room temperature. 

Several alkaline earth (AExC60) and mixed alkali-alkaline earth (AxAE6-xC60) 

doped fullerides were also studied to search for novel fulleride compositions.  

Characterisation of these materials was initially by conventional powder X-ray 

diffraction studies, with additional measurements conducted using synchrotron 
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radiation.  Magnetic susceptibility measurements were performed using the SQUID 

magnetometer. 

For the barium doped systems (x = 1 and 5) analysis of the powder XRD patterns 

indicated that both compositions were multiphase and consisted of characteristic 

reflections that could be associated with the stable compositions of Ba3C60, in the case 

for Ba1C60 (Figure 4.7) or Ba4C60 and Ba6C60, in the case of Ba5C60 (Figure 4.11).  The 

strontium doped systems (x = 1, 3, 4) proved more challenging and only Sr3C60 could be 

synthesised satisfactory.  It was found that although the diffraction pattern in the current 

work seemed to be of improved resolution, the data coincides with that previously 

reported [184]. 

The mixed alkali-alkaline earth fullerides, AxBa6-xC60 (A = K, Rb) proved more 

successful.  As it was known that the mixed fulleride A3Ba3C60 was superconducting, it 

was our desire to try and isolated additional phases by varying the alkali to alkaline 

earth metal ratio.  This resulted in C60 having reduction states ranging from C60
7- to 

C60
11-.  It was found that K1Ba5C60 and K2Ba4C60 could be synthesised relatively simply, 

producing diffraction patterns identical to K3Ba3C60 and containing characteristic Bragg 

reflections associated with the bcc crystal structure (space group Im-3) and lattice 

constants, a, of 11.1781(6)Å and 11.193(1)Å at 298K respectively (cf. a = 11.245Å for 

K3Ba3C60).  Both materials were found to be superconducting although their Tc could be 

associated with the superconducting phase K3Ba3C60 (Tc = 5.6K), therefore indicating 

that this phase exists as a minority phase in both samples.  Interestingly, the 

susceptibility measurements performed on K2Ba4C60 indicated two superconducting 

transitions (Tc = 3.8K and 5.6K) thereby confirming the existence of two phases.  This 

corresponds to data published recently by Iwasa et al. [201].  Temperature dependent 

synchrotron X-ray diffraction measurements was performed on K2Ba4C60 and found that 
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there was a decrease in lattice constant on reduction of temperature, a similar feature 

observed in other fulleride systems. 

When K was substituted for Rb and intercalated with Ba4C60, the powder XRD 

analysis indicated that another new composition had been formed.  Refinements of the 

diffraction pattern (based on the cubic crystal structure, space group Im-3) produced a 

lattice constant of 11.262(9)Å (cf. a = 11.338Å for Rb3Ba3C60).  Magnetic susceptibility 

measurements showed that the sample was superconducting although the Tc is identical 

to Ba4C60 thus the occurrence of superconductivity is associated with this phase. 

The synthesis of K5Ba1C60 proved less successful.  Although K5Ba1C60 was 

initially thought to have been synthesised, refinement of the powder XRD pattern 

indicated that it was in fact multiphase consisting of a majority K6C60 phase (space 

group Im-3) together with a minority K3C60 phase (space group Fm-3m).  Although the 

susceptibility measurements indicate that this composition is superconducting, the Tc 

can be associated to the K3C60 phase (Tc ≈ 19K). 

The synthesis of K4Ba2C60 proved to be unsuccessful and no useful information 

could be obtained from the diffraction patterns as it showed that the samples remained 

multiphased. 

7.2.2 Magnesium Diboride 

MgB2 has been successfully synthesised, using amorphous B, following an 

identical procedure to that used by Akimitsu.  The samples prepared in this current work 

were superconducting (Tc = 38K), as confirmed through magnetic susceptibility 

measurements (Figure 5.6), and were fully characterised by powder XRD (Figure 5.2, 

Table 5.1). 
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An in-depth study to ascertain the precise nature of the mechanism of 

superconductivity was achieved through inelastic neutron scattering studies on 

isotopically pure Mg11B2.  Data were collected using the TOSCA (at 20 and 40K) TOF 

spectrometer and indicate that the occurrence of superconductivity is through electron-

phonon interactions therefore confirming that MgB2 behaves as a conventional BCS-

type superconductor. 

In general, the results obtained from TOSCA are in broad agreement with the data 

previously obtained by Sato et al. and Osborn et al. [211,213], although the current data 

are of considerably improved resolutions (Figure 5.8).  The generalised phonon DOS, 

G(ω), spectra are fairly featureless and identical, extending up to 105meV; this 

corresponds to the existence of highly dispersive phonon modes.  On cooling through 

Tc, it was found that in the lower acoustic regions (ca. 24meV) there was anomalous 

phonon behaviour.  This indicates that there is a strong behaviour between these 

phonons and superconductivity.  There was also evidence of redistribution of the 

scattered intensities at the high energy regions corresponding to the high energy B 

stretching phonon modes. 

7.2.3 Novel Mg2SiO4 Crystal Structures 

The formation of novel, leaf-like Mg2SiO4 crystal structures via an iodine vapour 

transport mechanism is reported.  Initially the experiments used MgB2 as the starting 

reactant, however on analysis of the crystals using windowless EDX no B was detected 

in the fan-like crystal structures, therefore indicating that MgB2 dissociates into Mg 

under the conditions reported in the experiments conducted by Fan et al. [132].  During 

the supplementary experiments, following identical reaction conditions but utilising Mg 

powder instead of MgB2, it was found that similar structures were observed in the 

transported material, albeit in larger quantities.  Furthermore, the addition of a quartz 
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substrate, lightly coated with amorphous SiO2, placed in the transported (cooler) end of 

the reaction vessel, was found to enhance the formation of these fern-like structures. 

To try and understand the growth mechanism of these crystals, the following 

reactions could be considered: 

Mg(g) + SiO2(s) → MgO(s) + SiO(g)   (1) 

2Mg(g) + 4SiO(g) → Mg2SiO4(s) + 3Si(s,l)  (2) 

Si(s,l) + SiO2(s) → 2SiO(g)    (3) 

2MgO(s) + SiO2(s) → Mg2SiO4(s)   (4) 

Mg(s) + I2 (s) → MgI2 (s)     (5) 

As the annealing conditions at which these reactions occur (600 - 800°C) is a 

great deal lower than that used to synthesis Forsterite (Mg2SiO4) from MgO and SiO2 

powders (1100 - 1400°C) [219], it can be surmised that iodine plays an important role in 

the proliferation of these leaf like crystal structures.  Through control experiments, it 

has been found that the role of the I2 is simply to mediate the transport of Mg down the 

temperature gradient as the exclusion of I2 leads to the absence of these fan-like crystal 

structures.  The addition of a small quantity of C60, which acts as a catalyst, limited the 

formation of these structures, as when no C60 was present the quantity of structures 

observed seemed to increase. 

The inert reaction conditions was to exclude the possibility of oxidation with SiO2 

acting as the oxidant, although powder XRD of the mother material at the end of the 

experiment indicated the complete conversion of Mg powder into MgO as described by 

reaction 1.  The addition of a quartz substrate lightly coated with amorphous SiO2 

further encourages the formation of MgO and ultimately Mg2SiO4, possibly by reaction 

2 or 4.  Analysis by SAED and ED modelling found that the structure of these were 
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consistent with that of Forsterite, having an orthorhombic unit cell (space group Pbnm) 

and lattice parameters a = 4.7Å, b = 9.9Å and c = 5.8Å. 

7.3 Future Research 

The results of this current work has provided some interesting discussion and 

forms a good basis on which to continue further investigations into novel 

(superconducting) fulleride and diboride structures. 

In the fullerides, the most interesting results are from the mixed alkali-alkaline 

earth systems where new K-Ba fullerides have been successfully synthesised, therefore 

confirming the existence of fulleride structures with unusual electronic configurations.  

By continuing the synthesis of these fullerides, a more in-depth characterisation 

procedure can be achieved through a combination of neutron and synchrotron 

diffraction studies.  The two stoichiometries which show the most promising features 

are K1Ba5C60 and K2Ba4C60 as these both exhibit crystal structures identical to that of 

the well known superconductor K3Ba3C60.  The magnetic and structural 

characterisations of these new stoichiometries give clear indications of the existence of 

several types of t1g-superconductor: the octavalent (bco) AE4C60 (AE = Ba, Sr), 

nonavalent (bcc) A3Ba3C60 (A = Rb, K) and the decavalent (bcc) K2Ba4C60 and Ca5C60 

(sc) fullerides.  The observation of superconductivity in fullerides with different band 

fillings and crystal structure is in sharp contrast to the t1u superconductors, whereby the 

existence of superconductivity is limited to the fcc A3C60 group. 

As the annealing conditions to synthesise good quality Sr3C60 has been identified, 

more work should be focused on this system to ascertain whether this Sr phase is 

superconducting as its electronic configuration is identical to K3Ba3C60 (i.e. they both 

have a half-fill t1g conduction band).  As Sr and Ba have different ionic radii, it would 

be interesting to see how this influences the Tc (it is already known that Sr4C60 has a 
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lower Tc than Ba4C60).  Although attempts were made to try and synthesise the mixed 

alkali-strontium fulleride systems, these were not fruitful.  However, K3Sr3C60 did 

provide some useful data and warrants further work to try and elucidate the best 

annealing conditions. 

The mixed fulleride K2Ba4C60 is of particular interest, however, due to the onset 

of a relatively high Tc, and because the lattice constant is between that of K3Ba3C60 

(a = 11.245Å [58]) and Ba6C60 (a = 11.185Å [191]), as confirmed through room 

temperature synchrotron X-ray diffraction measurements.  Furthermore, the valence 

state of C60 in this fulleride is C60
10-; this is the same as that found in the 

superconducting Ca5C60 [57] 

The synthesis of the novel fern-like structures of Mg2SiO4 has provided an useful 

insight into alternative nanoscale structures.  Further work now needs to concentrate to 

try and increase the yield of the transported material, achieved possibly, for example, by 

increasing the amount of reactants used.  This would enable four-probe measurements 

to be performed to ascertain whether there is the occurrence of superconductivity. 
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