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Invitation 
 
Material science is a vast area of science devoted to the study of the properties of 
solid materials such as stability and durability in a given environment, elasticity, 
absorption, transmission or reflection of light, conductance of heat and electricity, 
magnetism. The optical, electric, and magnetic properties of suitable materials are 
the basis for our electrical and (opto-)electronic applications, that is, of the 
technology that has revolutionized our lifestyle in the last hundred years, from 
electricity and electrical engines, to radio and television, to computers, to (mobile) 
phones, to internet. 
It has been one of the fundamental successes of the physics of materials and of 
the solid state to explain the origin of such properties, in particular the electrical 
conductance of solids as metals, semiconductors and insulators, and predict to 
which class a certain material belongs. Our understanding of matter is based on a 
description in terms of microscopic constituents, the atoms. At the atomic scale 
(that is, at length scales of the order of the millionth part of a mm) the laws of 
physics that apply to our macroscopic world are replaced by a different set of 
laws which goes under the name of quantum mechanics. Physicists had to uncover 
these laws before they could achieve a coherent description of solid state 
materials. 
The discovery and understanding of the phenomena underlying electrical 
conductivity, magnetism and optics of solids has allowed us to apply and tune 
these properties into many different technologies. The research in this field has 
also led, in the last decades, to the discovery of new classes of materials with 
potentially useful properties, such as high-temperature superconductors, giant-
magneto resistive materials and molecular organic conductors and 
semiconductors. The speculative investigation of these systems has given birth to 
a new branch of science known as “condensed matter” physics. 
The dominant forces which keep an atom together, and allow the arrangement of 
atoms in the very different architectures and non-static ensembles which are 
observed in nature are interactions of electromagnetic origin. Atoms are 
composed of a positively charged central nucleus (itself composed of smaller 
constituents) surrounded by a cloud of negatively charged particles (electrons). 
Atoms of different elements have a different nuclear charge, which varies from 
+1 fundamental charge unit for the simplest element, hydrogen, up to about 
+100 for the heaviest elements such as uranium (nuclei with a high electrical 
charge are also heavier). Electrons carry a –1 charge (in fundamental units), and 
because opposite charges attract one another to form neutral ensembles, in an 
atom the nuclear charge is compensated by an equal number of electrons which 
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are smeared out in a cloud around the nucleus. This electron cloud is actually 
made up of different shells (or orbitals) closer to or further away from the 
nucleus, each of which can contain a maximum number of electrons. The 
electrons occupy preferentially the lowest energy shells closest to the nucleus 
(which have a lower energy); the outermost electrons (called valence electrons) are 
those which feel the most the presence of neighbouring atoms and determine the 
chemical reactivity of an atom and the type of structures that it will form with 
other atoms. Hence an atom can also be thought of as being composed by a 
positive core, made up of the nucleus plus the filled inner shells, and a number of 
outer valence electrons. Electrons carry not only a charge but also an intrinsic 
magnetic moment, called spin. The charge- and spin-density distribution of 
valence electrons is in last instance responsible for the electric and magnetic 
properties of atoms, molecules and solids. 
In a solid the constituent atoms lie very close to one another (the shortest 
distance is of the order of the atomic diameter), so that the valence electrons feel 
the attraction of various ionic cores, and may form clouds which are delocalized 
over few or many core ions or lie between two of them, thereby forming a 
chemical bond. Although the quantum-mechanical equations that govern the 
behaviour of each constituent are basically known, it is impossible to calculate 
the properties of a macroscopic solid by solving these equations, simply because 
there are too many interacting constituents: a piece of material such as a small 
coin contains something like 1023 or more atoms! 
Nonetheless, it is found empirically that the properties of solids can be described 
within simplified theoretical models which rely on a number of approximations. 
One was already mentioned: the identification of the constituents not in nuclei 
and electrons, but in core ions and valence electrons. The second is related to the 
existence of a local order and periodicity in the arrangement of the atoms of a 
solid (the so-called crystal lattice). This determines a particular shape of the cloud 
of the valence electrons, and also allows describing the thermal motions of the 
ions as waves of a specific form. These vibrations have a quantum-mechanical 
nature and are called phonons. The motions of the cloud of valence electrons are 
much faster than those of the core ions; hence one usually considers that the 
electrons clouds distribute themselves according to the periodic distribution of 
core ions, and treats the interaction between electrons and phonons as a small 
perturbation of this configuration. Finally, the electrostatic repulsion between 
valence electrons is either neglected (if the valence electronic clouds are much 
spread out, the interaction between two clouds is small) or treated as if it had a 
limited range of action. 
Most of the properties of materials that we experience everyday and are familiar 
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with (colour, mechanical properties, heat and electrical conductivity, magnetism) 
can be described with this simplified theory. As advances in condensed matter 
and material science are made, however, it becomes clear that these assumptions 
are not sufficient to account for the properties of many new materials. For 
example there may be other degrees of freedom which need be considered: this is 
the case of molecular solids such as those studied in this thesis, where the basic 
constituents are not atoms but molecules, that is, structured clusters of atoms 
with characteristic chemical formula, structure, and properties. In many 
interesting new materials, moreover, electron-electron and electron-phonon 
interactions are either very strong, or give rise to “collective” phenomena, such as 
for example subtle long-range correlations between the lattice, phonon, and 
electron (both charge and spin) degrees of freedom. Electron-electron and 
electron-lattice correlations underlie e.g. the insulating character of some oxides 
and the magnetism of iron, but also the more exotic magnetic and orbital 
ordering observed in some insulators, while electron-phonon correlation plays a 
fundamental role for superconductivity and giant magneto-resistance. The 
theoretical challenge to describe these solids lies in the difficulty of dealing with a 
large number of interactions. 
A class of materials with a very rich phenomenology and in which both electron-
phonon and electron-electron interactions play an important role is that of 
fullerides, solids based on hollow carbon-only molecules known as “fullerenes”. 
Fullerides are prototypical organic molecular materials, 
and understanding their properties is helpful to 
rationalize the features of organic solids in general, 
which have a large potential for application due to their 
interesting opto-electronic properties, low cost and 
biocompatibility, and to the possibility of tailoring their 
properties by chemical design. 
The existence of fullerenes was discovered only very 
recently, in 1991. The most famous is the “Buckminsterfullerene” molecule (C60, 
shown to the right), a hollow structure with the shape of a football. What makes 
C60 a nice “playground” to study organic solids are its simple chemical formula, 
its symmetric shape, and its ability to form many different compounds with other 
elements, especially alkali species which donate their valence electrons to the 
fullerene molecules to form ionic salts. Alkali fullerides display many exotic 
properties, such as transitions from metallic to insulating behaviour induced by 
pressure or temperature variations, carbon-based magnetism, reversible 
polymerization, and superconductivity at relatively high critical temperatures. 
These salts have features which are characteristic of correlated electron systems, 
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but they also display a relatively strong electron-phonon coupling. This 
interaction plays a very important role in open-shell alkali fullerides in which the 
outermost valence molecular orbital of the fullerene molecules (which can 
contain up to six electrons) is only partially filled by the electrons donated by the 
alkali atoms. In such case, a suitable molecular distortion mediated by a phonon 
can effectively lower the total energy of the molecule, by a phenomenon known 
as “Jahn-Teller effect”: the distortion splits the outermost orbital in subshells of 
different energies of which only the lower energy ones are filled; if the elastic 
energy needed for the distortion is lower than the electronic energy gain due to 
the lowering in energy of the occupied states, then the distortion is favourable. 
Also other couplings play an important role in alkali fullerides, such as 
intermolecular interactions leading to crystal fields and polymerization. 
In this PhD thesis I present the results of experimental investigations on alkali 
fullerides, aimed at understanding the interplay of electron correlation with other 
molecular or lattice degrees of freedom, and the impact of inter-molecular 
bonding and of the film-vacuum interface on the electronic structure of fullerides.

 



 

Chapter 1 
 
An introduction to fullerides* 
 
 
 

The phenomenology of C60 both as isolated molecule and in condensed 
phases is reviewed. C60 compounds (fullerides) display a wide range of electronic 
ground states ranging from magnetic insulators to superconductors. The 
fundamental properties and interactions (electron correlation, electron-phonon 
coupling, crystal fields, polymerization, intermolecular screening) which are 
responsible for the behaviour of these salts are discussed extensively, with an 
emphasis on the issues which remain open and which will be addressed in this 
thesis. 

                                                 
* This chapter is partly based on: R. Macovez and P.Rudolf, “Electronic structure of fullerene-based 

materials”, in Encyclopedia of Materials: Science and Technology, 2006 Online Update, Ed.s: Jürgen Buschow, 

Merton Flemings, Robert Cahn, Patrick Veyssière, Edward Kramer, Subhash Mahajan, Elsevier Ltd, 

Amsterdam, The Netherlands, 2006. 



Chapter 1 6 

1.1 Organic quantum materials 
 

Carbon is the main character in the microscopic act of life and a building 
block for new materials and technologies. The ability of forming two, three or 
four σ bonds (that is, the possibility of hybridizing sp, sp2 and sp3) is the key 
property which makes carbon capable of constituting the backbone chain of 
biopolymers and macromolecules, and at the same time enables the rich 
chemistry of carbon in living beings and the synthetic reactions which are used to 
transform fossil fuels into artificial polymers such as plastics and rubbers. 

In the solid state, carbon exists in two main forms, graphite and diamond, 
where the carbon atoms hybridize sp2 and sp3 respectively. In 1991 new allotropic 
forms of carbon were discovered which somehow represent the bridge between 
the carbon known to solid-state physicists and that familiar to biochemists and 
polymer scientists. Many all-carbon π-conjugated structures exist: they range 
from single or double graphene sheets to multi- or single-wall nanotubes, to 
carbon onions, to closed hollow molecules known as fullerenes. The most 
famous of these is Buckminsterfullerene (C60), a highly symmetric molecule made 
out of 60 carbon atoms. 

C60 crystallizes in a close-packed structure. Due to the molecule’s high 
electron affinity, solid state intercalation compounds (fullerides) are readily 
obtained with donor atoms. Owing to the almost spherical shape of the molecule, 
C60 fullerides do not exhibit polymorphic domains as other organics, and 
crystalline phases are more easily obtained. The simple chemical formula and 
high molecular symmetry makes theoretical calculations and the interpretation of 
experimental data easier than for other organics with similar molecular weights. 

For these reasons, C60-derived solids are ideal model systems to investigate 
the physics of carbon-based π-conjugated molecular materials. The interest in 
organic molecular materials is not only academic, for organic solids have a high 
potential for application as cheap materials in electronic and optical devices, 
sensors, and as photovoltaic systems. 
 
1.2 The C60 ID card 
 

Buckminster fullerene consists of 60 carbon atoms arranged to form a 
truncated icosahedron, with 20 hexagonal faces and 12 pentagonal faces. Each 
atom has a sp2-like hybridization (though the curvature of the molecule leads to a 
small admixture of sp3 character) and occupies a vertex common to two hexagons 
and one pentagon. Of the 360 electrons (6 per C atom), 120 are core electrons, 
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leaving 240 electrons for the valence molecular orbitals (MO’s) delocalized over 
the almost spherical cage. 

Of the four valence electrons of each C atoms, three occupy lower lying MO’s 
forming the σ bonds that constitute the cage, and the forth participates in the 
formation of the outermost MO’s, which have mainly π character. The charge 
distribution inside these orbitals is such that two types of C-C bonds arise, 30 
shorter “double bonds” (1.38Å) that fuse two hexagons and 60 longer “single 
bonds” (1.45Å) that fuse a hexagon to a pentagon. This results in an effective 
alternation of single and double bonds, that is, to conjugation. 

The C60 molecule, with its 120 symmetry operations, belongs to the highest 
possible point-group symmetry, the icosahedral group (Ih). The high symmetry of 
the molecule leads to a high degree of degeneracy of the molecular orbitals: the 
highest occupied molecular orbital, HOMO, with symmetry hu, is 5-fold 
degenerate, the HOMO-1 (symmetry: hg+gg) is 9-fold degenerate, and both the 
lowest unoccupied molecular orbital, LUMO, with t1u symmetry and the 
LUMO+1 (symmetry: t1g) have a threefold degeneracy. While the diameter of a 
fullerene measured through the C nuclei is 7.1Å, the size of the π-electron cloud 
as estimated from the distance between two layers in graphite is 3.35Å, giving an 
outer (HOMO) diameter of the isolated molecule of approximately 10.3Å. 

In C60-derived solids the fullerene molecular orbitals give rise to narrow bands. 
The nearly spherical C60 molecules form a close-packed fcc solid (fullerite) at room 
temperature {Fleming ’91}, kept together by van der Waals interactions 
{Saito ’91}. The lattice constant of the conventional cell is a0=14.2Å, with a 
nearest neighbour distance of approximately 10Å, close to the diameter of the 
isolated molecule. 

As the HOMO-derived band is totally filled, fullerite is a band insulator, with 
a theoretical band-gap of 2.15 eV {Shirley ’93}. At room temperature the 
molecules are free to spin on the picosecond timescale {Tycko ’91}, which is a 
quite unique feature among solid systems and is obviously related to the almost 
spherical shape of C60. At 249 K fcc fullerite undergoes an orientational phase 
transition in which the orientation of the molecule relative to the crystallographic 
axes becomes important and the symmetry reduces to simple cubic 
{Heiney ’91}.* 

 
 

                                                 
* The icosahedral point group symmetry of the molecule is incompatible with a orientationally ordered 

fcc lattice: the four molecules in the conventional cell of the fcc phase are equivalent only due to the 

spinning and “ratcheting” motions. 
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1.3 C60 fullerides 
 

C60 has a very high electron affinity (2.8 eV) and can support many different 
valence states due to the high orbital degeneracy. In fact, C60 compounds are 
easily obtained with many electron donors, especially alkali, alkaline-earth and 
rare earth elements, but also with donor molecules. C60 fullerides display a 
plethora of interesting and potentially useful physical properties, ranging from 
photoactive behaviour in solar cells {Yu ’95} to superconductivity at moderately 
high critical temperature {Hebard ’91b}, to ferromagnetism without the presence 
of d or f electrons {Prassides ’99, Takenobu ’00, Allemand ’91, Chauvet ’94}, to 
non-linear optical response {Kajzar ’94, ’01}. 

In the fcc structure of pristine fullerite there are three interstitial sites per C60 
molecule, one with octahedral symmetry and two with tetrahedral symmetry. 
Owing to the large diameter of the C60 molecules, the interstitial cavities are large 
enough to accommodate several species of dopant atoms without distortion of 
the close-packed lattice. If there is no hybridization between the electronic states 
of C60 and dopant (which is often the case), stable compounds are obtained at 
integer doping, that is, at integer filling of the LUMO or LUMO+1 orbital. 

For low stoichiometries these C60 salts have, at least at high temperature, the 
same fcc structure as pristine C60. When trying to fit more than three interstitial 
atoms per buckyball into the lattice, or if the size of the intercalant is too large, 
the structure distorts to body-centred tetragonal (bct) as in A4C60 stoichiometries 
or to a bcc as for A6C60 fullerides. These structures are less close-packed than the 
fcc lattice, hence providing more room for interstitial atoms. 

While only few stable stoichiometries up to x=6 are formed with K, Rb and 
Cs, an abundance of higher stoichiometries can be obtained when C60 is doped 
with Na and Li. This is only partially due to the reduced radius of the dopant, 
which allows multiple-filling of the larger intercalation sites and diffusion into 
smaller interstices {Dresselhaus ’96}. Stoichiometries up to x=28 have been 
observed in Li-doped C60. The fcc structure is usually retained, with the Li atoms 
forming clusters in the largest interstices between the fullerene molecules 
{Cristofolini ’99}. Such high concentrations are clearly not compatible with a 
total charge transfer from the alkali species. 

As in other molecular crystals, the phonon spectrum of C60-derived solids 
may be divided in two groups. At high frequency there are the intramolecular 
phonons, with energies in the range 30-200 meV. The low frequency range up to 
30 meV comprises the soft intermolecular modes, intercalant-related phonons, 
and the librational modes at energies of about 4 to 5 meV. Due to symmetry, the 
LUMO t1u electrons can only couple to the two modes with Ag and the eight 
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phonons with Hg symmetry, which are Jahn-Teller active. The coupling to the Hg 
phonons is believed to be the one relevant for the superconductivity of A3C60 
compounds (A = K, Rb, and Cs). 

A crucial point for the electronic properties of fullerides, true for most 
organics, is that the intermolecular electronic hopping is much smaller than the 
intramolecular one, so that the bands which stem from the molecular orbitals are 
fairly narrow. As a consequence, it does not pay for an electron to be delocalized 
over many molecular units; instead, the high polarizability of the molecules 
entails that a localized electron is stabilized by a large polarization energy 
contribution due to dipoles forming on neighbouring molecules {Silinsh ’94}. 
This localization of electrons on single molecules, which also implies a strong on-
site inter-electron repulsion and correlation effects, is a common feature of many 
C60 compounds (see section 1.4). 

The presence of pseudo-double bonds in the C60 molecule allows for covalent 
bonds to be formed between molecules. A tendency to oligo- and polymerization 
is indeed reported in pure and doped C60. In these structures the molecules adopt 
well-defined orientations with respect to one another, which can lead to the 
formation of one or two σ-bonds (sp3) connecting neighbouring molecules. The 
intermolecular distances in polymer phases are shorter than between those 
observed in monomer phases. While in monomer phases the electronic bands 
and phonon modes derive from corresponding features of the C60 molecule, in 
oligomer and polymer phases these features are characteristic of the new 
structure. 
 
1.4 Correlation, molecular polarizability, Jahn-Teller  

coupling, polymerization, and surface effects 
 

If the valence electrons in a solid are not delocalized wave packets of Bloch 
waves as in simple metals, but are largely localized on single atoms or molecules, 
the electron-electron repulsion can no longer be considered a weak perturbation 
on the non-interacting electronic band structure, but must instead be treated on 
equal footing together with the electron-ion interaction. Systems in which the 
inter-electron repulsion is important are called strongly correlated electron systems. 

The simplest and most widely used model for the theoretical description of 
correlated solids is the Hubbard model, which contains both the electron 
tendency to delocalization in the form of a hopping parameter t between nearest-
neighbour sites (as in the tight binding approach), and the intra-site Coulomb 
repulsion U (called the “Hubbard U”) between two electrons on the same site. 
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The Hubbard U is more properly defined as the Coulomb energy lost in creating 
a charge fluctuation in the system, and implicitly contains the energy gained due 
to the polarization of the lattice induced by the local excess of charge. The effect 
of such polarization screening in fullerides will be treated in more detail in 
Chapter 5. 

For vanishing U, the Hubbard model reduces to the independent-electron 
tight binding model, resulting in a metallic band of width W which is a function 
of t and of the lattice geometry. The relative strength of the parameters U and W 
measures the degree of localization of the electrons of a solid, and determines the 
insulating or conducting nature of the ground state. For U>>W, the ground state 
of the system at half filling is an insulator, due to the large energy cost U of 
charge fluctuations (double site-occupancy). The hopping term in the Hubbard 
Hamiltonian leads to inter-site hybridization (band formation) and thereby to 
magnetic correlations between neighbouring sites. The insulating state of the 
Hubbard model is thus a magnetic state. The magnetic free energy gain plays a 
role in determining the nature (order) of the transition from the metallic to the 
insulating state (the so-called Mott transition), and should be included in the 
Hubbard Hamiltonian if the details of the transition are to be described. 

A rough estimate can be easily found for the critical ratio (U/W)cr at which 
the Mott metal-insulator transition occurs. In the presence of correlation, the 
non-interacting electronic band is effectively split into two so-called “Hubbard 
sub-bands”, of which the lower one (corresponding to single occupancy of sites) 
is completely filled while the upper one (double occupancy) is empty. In the case 
of a non-degenerate band, the critical ratio is simply (U/W)cr≈1, which stems 
from the fact that for U<W the two Hubbard sub-bands overlap, while for U>W 
they are completely separated. In the case of fullerene compounds with electron 
donor atoms, since the LUMO and LUMO+1 orbitals are both threefold 
degenerate, a degenerate Hubbard model must be considered. For orbital 
degeneracy n, the critical U/W ratio has been shown to increase from 1 to 
roughly n  {Lu ’94, Gunnarsson ’96, ’97b; Koch ’99b}. Qualitatively, this comes 
about because the possibilities for hopping between nearest neighbours are 
enhanced by the orbital degeneracy. 

The theoretical width W for the C60 LUMO-derived band is expected to be 
around 0.5 eV {Erwin ’91}. The value of U for the isolated molecule (in the gas 
phase) is above 3 eV {Rudolf ’99}, but screening in the solid state reduces it to 
roughly 1.5 in pristine fullerite {Lof ’92a, Antropov ’92, Pederson ’92, 
Brühwiler ’93, Maxwell ’96}, and to values between 0.5 and 1.5 eV in doped 
samples, depending on the compound, as will be shown in Chapter 5. This puts 
fulleride salts on the verge of the Mott metal-insulator transition, where the 

 



An introduction to fullerides 11

effective orbital degeneracy is crucial for metallic behaviour. 
The effect of electron correlation (Hubbard U) is to suppress charge 

delocalization, thus determining an effective narrowing of the bandwidth from its 
uncorrelated value. In organic molecular solids, localization is also favoured by 
the strong intra-molecular electron-phonon coupling, and by the high molecular 
polarizability which results in a large polarization screening energy associated 
with localized charges, as discussed in the previous section. These effects in 
concert lead to a strong renormalization of the bandwidth W by a factor z<<1. 
Hence, even small interactions and perturbations (of the order of zW) can have a 
large impact on the electronic properties. Effects which are usually too weak to 
break the effective degeneracy of the ground state of a system, such as Jahn-
Teller molecular distortions, weak crystal fields or orientational ordering, become 
crucial in determining the metallic or insulating nature of a phase. 

In fact, the Hubbard model is not sufficient to explain the phenomenology of 
alkali fullerides. In the Mott-Hubbard picture all integer-stoichiometry 
compounds AnC60 (1≤n≤5) should be either magnetic Mott insulators or 
correlated metals; instead, A2C60 and A4C60 compounds are non-magnetic 
insulators, while A3C60 compounds are metallic and even superconductors at low 
T (A6C60 is a band insulator). The proximity of the Mott transition is evidenced 
by the fact that a lattice expansion by ammoniation in odd stoichiometries results 
in a Mott insulating state {Rosseinsky ’93, Iwasa ’96, Allen ’96} (and this even for 
cubic systems where the effective LUMO degeneracy is retained {Durand ’03}), 
while e.g. Rb4C60 becomes metallic under pressure {Kerkoud ’96}. 

Other interactions need therefore be taken explicitly into account. A very 
important coupling in C60 fullerides, as mentioned above, is the vibronic 
interaction between the valence electrons (HOMO, LUMO) and the intra-
molecular phonons. In the solid state, the electron-phonon coupling is 
responsible in general for a number of properties and phenomena, such as 
electrical resistivity and superconductivity. In a highly symmetric solid or 
molecule, the electron-phonon interaction may lead to a so-called Jahn-Teller 
distortion. This occurs when a degenerate valence orbital is only partially filled: 
upon distortion, the degeneracy is lifted, with the resulting electronic levels 
having a higher or lower energy than the degenerate ones. If only the lower 
energy orbitals are filled, there is a corresponding electronic energy gain to the 
distortion; if this is larger than the elastic energy loss, the Jahn-Teller distortion is 
favourable. 

Many Jahn-Teller distorted states of the C60 molecule exist, with different 
energies. It should be noted that these molecular distortions are not necessarily 
static: due to the high molecular symmetry, distortions with respect to different 
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molecular axes have the same energies, which leads to a so-called “dynamical” 
Jahn-Teller energy gain. The lowest energy Jahn-Teller state of a (C60)4– or (C60)2– 
anion (that is, anions of even charge) is a diamagnetic gapped state, due to the 
splitting of the LUMO orbital. One can envisage that the Jahn-Teller coupling 
may compete with the on-ball exchange which tends to favour high spin states; 
several studies have however shown that the Jahn-Teller energy gain for C60 
anions is larger than that derived from the on-ball Coulomb exchange 
{Auerbach ’94, Manini ’94, Lüders ’03}, and indeed the phenomenology of alkali 
fullerides shows that the Jahn-Teller state is favoured. 

The net energy gain associated with molecular Jahn-Teller distortions is 
largest for even-charge anions, as can be expected intuitively. It is convenient to 
define a Jahn-Teller pairing energy EJT as a function of the anionic charge n as 
EJT(n)=E(n+1)+E(n–1)–2E(n), where E(n) is the energy gain associated with the 
Jahn-Teller distortion of the isolated (C60)n– anion. It turns out that this pairing 
energy is positive for odd n, which favours charge fluctuations, while it is 
negative for even n, which means that in phases of even stoichiometry the Jahn-
Teller effect reinforces the effect of electron correlation and further suppresses 
fluctuations. Monomeric A2C60 and A4C60 phases are in fact diamagnetic 
insulators, and are described as Mott-Jahn-Teller insulators {Fabrizio ’97}. 

As mentioned previously, the Jahn-Teller coupling of LUMO electrons to the 
Hg phonons is responsible for superconductivity in A3C60 and AÃ2C60 fullerides 
(where A and Ã indicate two different alkali metals). This can be understood as 
the Jahn-Teller pairing energy stabilizes charge fluctuations involving (C60)4– and 
(C60)2– charge states, thus effectively acting as a local inter-electron pairing in 
A3C60 superconductors. How such local (molecular) coupling can overcome the 
supposedly strong on-site Coulomb repulsion, is still a controversial issue. Since 
the Jahn-Teller active modes have energies between 0.15 and 0.2 eV, which is 
comparable with the Fermi energy (bandwidth), the validity of the Migdal-
Eliashberg theory for C60-derived solids is questionable and non-adiabatic effects 
might play a role {Yang ’03}. 

Another option is that charge correlation is weaker in metallic fullerides. The 
value of U at low temperatures in conducting phases cannot be easily determined 
experimentally, and on the theoretical side it is not clear how effective electronic 
screening should be in suppressing correlation effects {Lammert ’95, Koch ’99a}. 
We will discuss the interplay between the Jahn-Teller coupling and electron 
correlation in fullerides when presenting our results on the cubic phases of RbC60 
in chapter 4. A detailed discussion of correlation in fullerides, and on how the 
Hubbard U can be determined experimentally in these salts, is given in chapter 5. 

In non-cubic phases the crystal field splitting can be a crucial factor in 
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determining an insulating character of the ground state. In the ammoniated 
compound NH3K3C60, for example, the formation of an insulating 
antiferromagnetic (Mott) phase is observed at low temperature {Prassides ’99}. 
The suppression of metallicity and superconductivity has been related to the 
symmetry reduction from fcc K3C60 to orthorhombic NH3K3C60, which entails a 
crystal field splitting of 0.15 eV (which is only one fourth of the non-
renormalized bandwidth W) {Gunnarsson ’04}. 

In phases where the molecules are bridged by covalent bonds, the Jahn-Teller 
effect is less important and the modification of the electronic structure brought 
about by the polymerization may change the impact of electron correlation on 
the electronic properties. Furthermore, polymerization can also affect the 
transport properties. Many different structures and bonding motifs are observed 
in fullerides. Polymerization can also occur in pristine fullerite upon application 
of high pressure or irradiation with visible or UV light. Singly or doubly bonded 
dimers {Oszlányi ’95, Zhu ’95, Thier ’97, Wang ’97} and polymer chains 
{Stephens ’94, Chauvet ’94, Pekker ’94, Bendele ’98}, as well as two-dimensional 
{Nunez-Regueiro ’95, Oszlányi ’97, Okotrub ’01} and even three-dimensional 
networks {Blank ’98, Marques ’99, Yamanaka ’06} of C60 molecules have been 
reported. 

The thermodynamically stable phase of AC60 compounds at room 
temperature is an orthorhombic or monoclinic phase of linear polymer chains 
where the C60 monomers are linked via two σ-bonds. The monomers are oriented 
in such a way that the edge which fuses two adjacent hexagonal phases on a given 
molecule is facing an analogous edge on the next molecule in the chain. The 
double-like (π) bond at these edges is broken and two new σ-bonds are formed as 
visible in Fig. 1.1(c). This type of polymeric bonding is called “[2+2] 
cycloaddition”. 

In the case of two-dimensional (2D) polymerization different geometries and 
bonding motifs exist. The 2D polymer structure obtained from undoped C60 has 
either rhombohedral or tetragonal symmetry, with the molecules linked via [2+2] 
cycloaddition {Nunez-Regueiro ’95}. Mg fullerides form a 2D rhombohedral 
polymer phase {Borondics ’03}. 

2D polymerization in alkali fullerides is only observed for the smallest alkalis 
Li and Na. The polymer phase of Na4C60 is based on planar rectangular networks 
where each molecule forms four single bonds within the plane {Oszlanyi ’97}. In 
the rectangular polymer phase of Li-doped C60, whose electronic properties will 
be addressed in Chapter 3, the bonding motif is mixed, with [2+2] cycloaddition 
bonds in one direction and single bonds in the orthogonal direction (see figure 
1.1(a)) {Margadonna ’04, Riccò ’05, Wagberg ’06}. Linear polymer and dimer 
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structures are observed in alkali fullerides of odd stoichiometry such as AC60 or 
AB2C60 (A=Rb, K, Cs; B=Li, Na) (figures 1.1(c) and (f)) {Stephens ’94, 
Bendele ’98}. 

The impact of polymerization on the electronic properties of fullerides will be 
addressed in the discussion of the polymer phases of Li4C60 and RbC60 in chapters 
3 and 4, respectively. 

It should also be noted that the electronic character of the surface of fulleride 
salts can be different than that of the bulk – a general phenomenon that arises 
due to the peculiar electrostatics at the truncation of ionic crystals. This will be 
discussed in detail for all compounds studied in this thesis.  

 
 

  
Figure 1.1  Some of the bond types and structures encountered in fullerene structures. (a) 
the structure of the 2D polymeric planes observed in Li4C60; (b) the rhombohedral 2D 
polymer structure; (c) structure of the linear polymer chains observed present at room 
temperature in AC60 compounds; (d) the C60 molecule; (e) the C70 molecule; (f) the 
azafullerene dimer (C59N)2 (if the N atoms are substituted with C atoms, the structure 
becomes that of the charged (C60)2 dimer observed in AC60 compounds). 
 

 



 

Chapter 2 
 
Experimental techniques 
 
 
 

The spectroscopic tools of choice (photoemission, inverse photoemission, X-
ray absorption, and electron energy loss spectroscopy) are introduced. The 
emphasis is on (synchrotron-based) photoemission spectroscopy, which has been 
employed for the characterization of all C60 compounds and phases investigated 
in this thesis. After introducing the basic working principles of the techniques, we 
present a detailed analysis of the extraction of relevant information from 
electronic spectra. In particular we include a derivation of the finite-temperature 
Kubo formula for X-ray absorption and photoemission spectroscopy, which 
introduces the important result that the photoemission spectrum is an image of 
the finite-temperature electron-removal spectral function of the probed system. 
Such derivation does not appear in dedicated reviews and books despite the fact 
that the analysis of the photoemission spectra of complex materials is routinely 
carried out by comparison to model spectral functions. The relevance of this 
comparison in fullerides, which will be useful in the following Chapters, is 
discussed. 
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2.1 Photoemission Spectroscopy 
 

Photoemission spectroscopy (PES) is an electron spectroscopy technique in 
which monochromatic light is shone on a sample in the gas, liquid or solid phase, 
and absorbed by electrons which are then able to leave the sample and be 
detected. PES is based on the so-called photoelectric effect for the explanation of 
which A. Einstein received the Nobel Prize in 1921. If the energy absorbed by an 
electron is enough to place it in an unbound level (i.e., higher in energy than the 
ionization potential), the electron can escape from the system. The experiment is 
done in a vacuum chamber equipped with an electron energy analyzer, which is 
used to determine the kinetic energy distribution of the emitted photoelectrons 
(see the upper scheme in figure 2.1). 
 

 
 

 
 

Figure 2.1  Above: scheme of the instrumental photoemission (PES) setup with a 
laboratory Mg X-ray source. Below: scheme of the PES process.  
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For solids, in a single-electron picture, an electron with binding energy EB 
(referenced to the chemical potential, or Fermi level) absorbs a photon of energy 
hν and makes a transition to an excited state (figure 2.1, bottom scheme). If the 
energy of the excited state is above the so-called vacuum level the electron may 
leave the surface. The kinetic energy distribution of the outcoming 
photoelectrons is called the photoemission spectrum, and it may be considered 
an image of the occupied electronic density of states in the presence of the hole. 

The kinetic energy of the photoelectron just outside the solid’s surface is 
determined by energy conservation as Ekin=hν–EB–Φs, where the work function of 
the sample Φs is defined as the energy separation between the vacuum level (EV) 
and the Fermi level (EF). To fix the binding energy scale and avoid charging due 
to the production of uncompensated holes, the sample is in electrical contact 
with the analyzer, thus to ground. Due to this, an electric field is present between 
the sample and the analyzer, as shown in figure 2.2, which the photoelectron 
must overcome. Since the Fermi levels of sample and analyzer in electrical 
contact are aligned, the energy barrier that the photoelectron has to overcome is 
given by the difference in work function between the two, or ΦA– Φs, also called 
contact potential (see figure 2.2). Hence the kinetic energy of the photoelectron 
when it is analyzed is: 

Ekin=hν–EB–Φs– (ΦA–Φs)= hν–EB–ΦA, 

which does not depend on the work function of the sample but only on that of 
the analyzer. 

The PES spectra presented in this thesis were acquired collecting electrons 
emitted over a relatively large solid angle, with a planar angle width of the order 
of 10°. Because of the relatively large lattice spacing in fullerides, the first 
Brillouin zone is relatively small and in such an experiment the collected 
photoelectrons originate from states distributed over the whole zone. 

 
 

 
Figure 2.2  Alignment of electronic energy levels between the analyzer and the sample 
without the electrical contact (a) and in electrical contact (b). 
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The spectra presented in this thesis represent therefore an image of the total 
density of states.* Due to the finite inelastic mean free path of electrons in solids, 
however, only photoelectrons generated near the surface are able to escape from 
the solid. Hence photoemission is a probe of the surface electronic structure of 
solids. By performing angle-integrated experiments at different detection angles 
of the photoelectrons, the probing depth can be varied, and it is then possible to 
distinguish between the signal stemming from different molecular (atomic) layers 
of the film (see Chapter 4). 

The simplified scheme depicted in the bottom panel of Fig. 2.1 is valid for 
weakly interacting systems for which band theory applies and electron-phonon 
interactions can be neglected (see paragraph 2.5). The photoemission process is 
actually a complicated many-body process. For example, the hole created in the 
photoemission process is screened by the rest of the solid, which affects the 
experimental binding energy. In core levels, the hole left behind has in general a 
spin and a non-zero angular momentum, which are coupled due to the spin-orbit 
interaction (the totally filled core-level shell in the ground state has instead no 
spin or angular momentum, of course); hence different possible LS final states of 
the hole exist, which give rise to a so-called “multiplet splitting” in the 
photoemission spectrum of a core level. 

Also, the photoexcitation may result in proper two-electron or many-electron 
processes. For example, a “shake-up” process can occur in which one electron is 
photoemitted and simultaneously another electron is excited to the conduction 
band. These types of processes give rise to a peculiar lineshape of core-level 
photoemission spectra in metals (see paragraph 2.6.3). During the photoemission 
process, also phonons and collective excitations of the electron gas (plasmons) 
can be created. All these processes of course contribute to the line shape of a 
photoemission spectrum. Multiplet splitting, shake-up and plasmon excitations 
give rise to so-called satellite peaks at characteristic energies in a photoemission 
spectrum. The excitation of phonon modes results in general in a Gaussian 
broadening of photoemission features, which adds to the Lorentzian broadening 
due to the finite lifetime of the core hole (which decays by Auger or radiative 
process). 

The most rigorous approach to describe the photoelectric effect consists of 
treating it as a single coherent process which involves the bulk and surface of the 
sample, and the vacuum between the sample and the analyzer. The Hamiltonian 
of this system does not have the full periodicity of the bulk crystal, and the initial 

                                                 
* If high angular resolution is achieved, PES spectra acquired at different angles (in a so-called angle-

resolved experiment) provide information on the dispersion in k-space of the electronic bands. 
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and final states of the photoemission process are not simply bulk electronic states, 
but combinations of surface states, evanescent states and surface resonances. 

Due to the complexity of this approach, photoemission data are usually 
discussed within the three-step model, which, although phenomenological, has 
proven to be rather successful. Within the three-step model the total 
photoemission intensity is given by the product of three independent terms, 
corresponding to as many separated processes: (i) optical excitation of the 
electron in the bulk, followed by the decay of the hole through radiative or non-
radiative processes; (ii) travel of the excited electron to the surface; (iii) escape of 
the photoelectron into vacuum and detection. 

Step (ii) can be described in terms of an effective mean free path, 
proportional to the probability that the excited electron will reach the surface 
without scattering (i.e., with no change in energy and momentum). The inelastic 
scattering processes, which are responsible for the surface sensitivity of 
photoemission, give rise to a continuous background in the spectra which for 
conducting systems is usually taken to be of the Shirley type {Shirley ’72} or of 
the Tougaard type {Tougaard ’96}. In its travel through the solid, a 
photoelectron may also excite an electronic transition or a plasmon. This gives 
rise to a contribution in the photoemission spectrum similar to that of 
photoemission satellites (excitations which occur upon absorption); the 
distinction between these two types of “losses” (intrinsic and extrinsic) can be 
made by comparing the photoemission spectrum with an electron energy loss 
spectrum (see 2.4 below) acquired using electrons with the same kinetic energy as 
that of the photoelectrons. 

Step (iii) is described by a coefficient describing the probability to escape 
through the surface potential barrier; this probability depends on the energy of 
the excited electron and the material work function. Also the transmission of the 
analyzer, which is a function of the photoelectron kinetic energy, must be 
considered. 

Step (i) is usually described in the so-called sudden approximation, which 
assumes that the photoexcitation is instantaneous (the characteristic time for the 
photoexcitation process is of the order of tens of attoseconds) and that the 
dynamics of the rest of the system is a relaxation to the sudden appearance of the 
hole. The photoexcitation step (i) is the crucial one which contains the 
information about the electronic structure of the material probed by 
photoemission, and will be discussed in detail in section 2.6 of this chapter. 

Core-level photoemission spectroscopy can be used to obtain quantitative 
information about the (surface) chemical composition of the probed sample. The 
photoemission intensity of a given core level is proportional to the number of 
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atoms of the element i present in analysed area. Combining the three steps 
together, the photoelectron intensity Ii of the (nl) orbital of the i-th atomic 
species is approximately given by: 

Ii= Ci φ(hν)σnl(hν) λ(Ekin) T(Ekin), 

where Ci is the atomic concentration of the i-th species, φ the photon flux, σnl is 
the orbital cross section for photoabsorption, and λ and T describe respectively 
the escape depth and the instrumental efficiency, the latter being mainly given by 
the transmission of the analyzer. The ratio of the Ci’s for different elements gives 
the sample stoichiometry. 
 
2.2 Inverse Photoemission Spectroscopy 
 

Inverse photoemission, as the name implies, is the inverse process of the 
photoelectric effect. In inverse photoemission spectroscopy (IPES) a 
monochromatic beam of electrons is directed onto the sample. As they approach 
the surface the electrons feel the attractive potential well of the ionic cores and 
may decay radiatively into the available empty valence states of the solid (above 
EF). A spectrum is acquired by scanning the kinetic energy of the impinging 
electrons and measuring the photon yield in a fixed energy window (see figure 2.3, 
left panel), which is made as small as possible to achieve the best resolution. For 
the detection a Geiger-Müller photon counter is used which contains a mixture 
of helium and iodine (I2) gas. Gaseous I2 can be ionized by radiation of energy 
higher than the molecular ionization potential (9.3 eV). A special window of SrF2, 
which cuts photons above 9.6 eV (see figure 2.3(b)), separates the vacuum 
chamber and the photon counter (CaF2 is also used, but it gives a poorer 
resolution). The detector measures the number of ionized I2 molecules, which is 
roughly proportional to the intensity of the light in an energy window of 0.3-0.5 
eV. The width of this energy window determines the overall resolution of IPES, 
which is usually much poorer compared to that achievable with PES (of the 
order of a meV). 
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Figure 2.3  Left: scheme of the inverse photoemission (IPES) process. Right: (a) 
experimental IPES setup with a Geiger-Müller counter; (b) spectral window of the SrF2 
and CaF2 detectors (from {Lüth ’01}). 
 

2.3 X-ray Absorption Spectroscopy 
 

X-ray absorption spectroscopy requires a tuneable X-ray source such as a 
synchrotron (see paragraph 2.5). The photon energy is scanned over an interval 
around the binding energy of a given core level in the sample under study. Above 
a characteristic photon energy (the absorption threshold of the given core level), 
the core electrons can absorb the incident light and make transitions to empty 
valence states between EF and the vacuum level. These excited states then decay 
– for light atoms mainly through an Auger process, for heavier elements more 
often by radiative decay. The spectrum is acquired measuring the Auger yield as 
the photon energy is scanned across the absorption threshold and above. Dipole-
allowed transitions give rise to the most intense features in the spectra, though 
quadrupolar contributions can be sometimes discerned at photon energies below 
the dipolar absorption edge. 

XAS is used to obtain information about the unoccupied valence electronic 
structure. This is more easily accomplished when the absorption from a non-
degenerate, isotropic s core orbital is measured. To obtain detailed information 
about the empty states, a simulation of the experimental spectrum is in general 
necessary. The general theory of the absorption process in XAS is the same as 
for PES (see section 2.6). One should note however that the final state of the 
absorption process in XAS has the same number of electrons as the ground state 
(since no electron leaves the solid in the absorption step), while PES leaves the 
probed system with an uncompensated positive charge (hole). 
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2.4 Electron Energy Loss Spectroscopy 
 

In electron energy loss spectroscopy (EELS) a monochromatic electron beam 
impinges on a sample and is then detected in transmission (for free standing thin 
films) or upon reflection from the sample surface (for films deposited on a thick 
substrate, as in the case of our experiments) after interaction with the sample. 

The incoming electrons can undergo scattering processes due to such 
interaction and thereby lose some of their kinetic energy to excitations in the 
probed sample (or, if such excited states are already present in the probed sample, 
they can de-excite them thereby gaining energy). The kinetic energy distribution 
of the outcoming electrons is measured by an analyzer as in a photoemission 
experiment. A large majority of electrons does not scatter or scatters elastically 
from the surface, giving rise to an intense elastic peak. A minority of electrons 
scatters inelastically thereby exciting an electronic transition, a vibrational mode, 
or another elementary excitation in the sample, and appear in the spectrum as 
loss features separated from the elastic peak by an energy equal to that of the 
elementary excitation. 

The low energy losses (of the order of few to tens of meV) correspond to the 
excitation of phonons and magnons or, in a metal, to electronic transitions at the 
Fermi surface (see figure 2.4). To detect low-energy excitations a highly 
monochromatic electron beam and a high resolution analyzer are necessary (in 
this case the technique is known as high-resolution electron energy loss 
spectroscopy or HREELS). The high energy losses correspond to the excitation 
of excitons, plasmons, inter-band electronic transitions, and at a yet higher energy, 
to transitions from core levels to empty valence states (figure 2.4). 
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Figure 2.4  Scheme of the various types of energy losses which can be detected in an EELS 
experiment. 
 

In a reflection EELS experiment, the incoming electrons can undergo both 
short range and long range interactions with the solid’s surface. In the first case, 
the electrons probe directly the charge distribution of the individual atoms of the 
solid. This regime is known as impact scattering, and it results in an isotropic 
angular distribution of the scattered electrons. At the opposite limit, the electrons 
interact with the solid only via their long-range dipole field. This dipolar wave 
undergoes Joule losses as it interacts with the solid surface. In the classical theory 
{Ibach ’82}, these processes are described by the so-called “loss function”: 
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where ε(ω)=ε1(ω)+iε2(ω) is the complex dielectric function of the material. 

Since the transferred momentum is small in the dipole scattering {Ibach ’82}, 
the intensity distribution of the dipolar signal is sharply peaked close to the 
specular direction. The dipole scattering probability for small momentum transfer 
is roughly two orders of magnitude larger than the probability for impact 
scattering, hence the EELS spectrum in specular geometry is dominated by 
dipole-allowed energy losses. 
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2.5 Light and electron sources 
 

In the spectroscopy techniques described so far, photons or electrons are 
used as probe, and an outcoming electron current generated by the interaction of 
the probe with the solid is analyzed and detected (we speak of “photon in-
electron out” or “electron in-electron out” techniques). In order to perform such 
experiments, a means to control the energy and the propagation of light and 
electrons is necessary. 

An electron current can be generated in vacuum by thermionic emission from 
a (resistively heated) hot filament. Such a current can be accelerated or deflected 
with the use of metallic plates which act as electron “lenses”. To control and 
analyze the kinetic energy of electrons in vacuum, hemispherical (and sometimes 
cylindrical) capacitors of a few decimetres in diameter are used. When a voltage is 
applied across the two plates of such a capacitor, the resulting electric field 
deflects the incoming electrons, in such a way that only electrons with a given 
kinetic energy are able to exit the capacitor without colliding with one of the 
plates. This is the principle on which electron monochromators and analyzers are 
built. 

For photoemission experiments a monochromatic light source with high 
photon flux is needed. The simplest way to achieve this is to exploit a radiative 
transition from a highly excited state to a low energy state in a gas or a solid. For 
example, in a conventional laboratory X-ray source a metallic anode (usually Mg, 
Al or Cu) is bombarded with keV electrons to generate holes in the innermost 1s 
shell. Radiative decay of higher lying core electrons into the 1s hole results in a 
series of emission lines of rather well-determined frequencies. Similar transitions 
in noble-gas atoms are exploited to generate intense monochromatic UV 
radiation from electric discharge in the gas. The monochromaticity depends on 
how narrow the relevant transition is (and on the distance in energy of radiative 
satellites), and can be improved with the use of various types of monochromators. 
Both X-ray tubes and UV lamps are continuous sources. Other monochromatic 
sources of light in the visible and near UV regions are lasers, which can be either 
continuous or pulsed, and allow frequency tuning in a limited (visible, UV) range. 

The most important light source for high-resolution photoemission 
experiments, and the only one allowing XAS experiments, is synchrotron 
radiation. Synchrotron radiation is the emission of light by relativistic electrons 
which are accelerated by a field. In a synchrotron, electrons travel inside a 
vacuum polygonal ring at a speed very close to the speed of light (the percent 
difference is less than one part in ten million). At every bend a special magnetic 
device (bending magnet, Wiggler array of magnets, undulator, etc.) forces the 
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electrons to follow a curved, wiggling or spiral trajectory; as they are accelerated, 
the electrons emit a high-brilliance light beam in a narrow cone in the direction 
of motion, whose polarization depends on the electron trajectory. Synchrotrons 
are sophisticated large-scale facilities. Every bend in the polygonal ring is an 
independent source, which is used for as many independent laboratories (called 
beamlines) located on the outside of the ring. The properties of the light serving a 
given beamline are controlled by the experimentalists by changing the parameters 
of the corresponding magnetic device. In general, the emitted light has a broad 
frequency profile and must be monochromatized (e.g. using gratings). The 
possibility of tuning the X-ray energy in a continuous fashion enables 
experiments such as X-ray absorption, resonant photoemission, or resonant 
inelastic X-ray scattering. The PES and XAS data discussed in this thesis were 
acquired at the synchrotron radiation facilities ELETTRA (Trieste, Italy) and 
MAX-lab II (Lund, Sweden). 
 
2.6 Interpretation of the spectra 
 
2.6.1 Linear response theory 
 

The most important point for the analysis of the electron spectroscopy results 
which are presented in the next chapters of this thesis is the relationship between 
the spectra and the appropriate correlation function of the system under scrutiny. 
The expressions which follow are derived for PES and XAS, but a similar one 
holds also for IPES. 

If the perturbation which probes the system is small, linear response theory 
applies. In PES and XAS the perturbation consists of an applied electromagnetic 
field with vector potential A(r,t)=Aexp[i(q⋅r–ωt)]. The perturbation H’, to first 
order in the applied field and in the dipolar approximation, is: 
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The photoemission and X-ray absorption signal (the photo-generated current) 
are proportional to the real part of the thermal expectation value of the total 
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better said to that part of this operator which satisfies the selection rules of the 

 



Chapter 2 26 

process. At finite temperatures the interacting system is described by the density 
matrix ρ which obeys the equation of motion dρ/dt=–i[Htot, ρ], and by means of 
which the thermal expectation value of an operator Ô can be written as <Ô>= 
Tr{ρÔ}. 

If we write the density matrix of the interacting system as ρ(t)=ρ0+f(t), where 
ρ0 is the density matrix in the absence of the applied field and f(t) is the effect of 
the small perturbation H’, the equation of motion becomes: 

idf/dt=[H, ρ0]+[H, f ]+[H’, ρ0]+[H’, f ] 

The first term on the right hand side is identically zero, and we neglect the last 
one as it is of second order in H’. The remaining terms may be rearranged as: 

[ ] titititi eefee
dt
di H

0
HHH ,H')( −− = ρ

 
The term inside the round brackets is simply the f operator in the interaction 

representation, which we denote by f(t). Hence we get idf(t)/dt=[H’(t), ρ0], where 
H’(t) is proportional to j(q,t), and both are operators in the interaction 
representation. This equation is readily integrated with the boundary condition 
that f =0 for t=–∞ when the perturbation is adiabatically switched on, giving: 
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Since there is no current in the system in the absence of the perturbation 
(Tr{ρ0j}=0), the thermal expectation value of j(0) is: 
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where the cyclic property of the trace was used. Inserting the trace inside the 
integral, permuting the operators and setting t=0 we get for the α component of 
the photocurrent: 
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The subscript “0” indicates that the thermal average inside the integral is done 
using the non-perturbed density matrix ρ0. The photon wave vector index q is 
usually dropped on the basis that this vector is negligible compared to the 
electron wave vectors involved. In reality this assumption is not fully justified for 
X-rays, but it is usually made as it leads to a simplification of the formulas. With a 
little operator algebra and substituting for the magnitude of the electric field 
Eβ=iωAβ/c, we finally obtain: 
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This result is a special case of the so-called “Kubo formula” of linear response 
theory. The expression inside the integral is the current-current correlation function. 
This last equation is the basis for the interpretation of PES and XAS spectra. In 
second-quantized form, the current operator has the form (for q=0): 

∑=
μν

νμμν ccw †j  

Here cλ† is the creator (destruction) operator for an electron in state λ, and the 
index λ covers a complete set of states. Note that two-electron processes such as 
“shake-up” processes are not accounted for in linear response theory but one 
needs to go to higher orders of perturbation. Other many-body effects can be 
taken into account, as shown in the next paragraph. 
 
2.6.2 PES, IPES and spectral functions 
 

A further simplification can be achieved in the case of PES. In this case the 
relevant part of the current operator describes processes involving the creation or 
destruction of an electron in an occupied state and that of an electron in an 
empty state well above the vacuum level (which then escapes from the solid’s 
surface as a photoelectron). We write such current operator as 
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where we have introduced the hole creation operator d† equivalent to the electron 
destruction operator for an occupied state, and inserted the spin index s. The 
operator ck,s

† describes the creation of a free electron with wave vector k, energy 
ε(k) and spin s. Taking into account the fact that the thermal average vanishes 
unless electron- and hole- creation operators are on the right-hand side, the 
relevant expression for PES becomes: 
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We now make the so-called sudden approximation in which it is assumed that the 
outgoing electron has too much energy to interact with the remaining system of 
N–1 electrons, so that the thermal average may be factored: 

0
†
s'

0
†
s'0

†
',',0

†
s'

†
',',

)0()())(ξexp()',()',(

)0()()0()()0()0()()(

><−=

=><>=<><

dtdtiss

dtdctcdctdtc

s

ssssss

kkk
kkkk

δδ
 

 



Chapter 2 28 

We have used here the well-known result for the free electron Green function 
at finite temperatures and introduced the quantity ξ(k)=ε(k)–μ, where μ is the 
chemical potential. The PES signal is then proportional to: 
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The matrix elements w(k) are a constant over the narrow range of ξ(k) 

measured for each core level or valence orbital. We thus see that the 
photoemission intensity is proportional to the (finite-temperature) electron-removal 
spectral function Ah(ω–ξ(k)) of the system {Mahan ’81}. 

We have reported here the derivation of this fundamental result since it is not 
available in reviews or specialized photoemission books, and yet this equivalence 
is crucial and extensively used in the discussion of PES spectra. 

We note that for a non-interacting (free) electron system the Hamiltonian 
commutes with the operators d and the thermal average inside the integral is 
simply the occupation number of the given energy level, which is independent of 
time. The time integral thus reduces to a delta-function δ(ω–ξ(k)), and the 
spectral intensity as a function of the probed energy is simply an image of the 
occupied density of states (DOS). 

In a similar way it can be argued that the intensity in an inverse photoemission 
spectrum is proportional to the electron-addition spectral function of the system, 
which reduces to the unoccupied DOS. 
 
2.6.3 Applications 
 
2.6.3.1 Core level lineshape in metallic systems 
 

Following the pioneering work of Mahan {Mahan ’67}, Doniach and Šunjić 
{Doniach ’70} determined the detailed PES lineshape of a core level in a simple 
metal. The starting point is the expression for the photoemission cross section in 
the sudden approximation: 
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Here we have dropped the spin index and introduced semi-empirically the 

Lorentzian spectral broadening due to the finite lifetime τ of the hole created in 
the absorption process, which is mainly due to Auger decay for light atoms, 
expressed via the energy uncertainty Γ=ħ/τ. The Hamiltonian that describes the 
system is taken to have the simple form: 
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The matrix elements V(k,k’) describe the coupling between the conduction 
electrons and the core hole of energy εh. The core-hole spectral function for this 
Hamiltonian can be approximated as {Nozières ’69}: 
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In the last expression D is the bandwidth and α is the so-called asymmetry 
parameter, which for a generic scattering potential V is given by: 
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Here δl is the phase shift of the l-th partial wave. The photoemission cross 
section can then be shown {Doniach ’70} to be proportional to: 

2
)1(

22

1

)(

)]/(tan)1(2cos[
α

ε

εαπα
ε
σ

−

−

Γ+

Γ−+
∝

d
d

 
This type of PES lineshape, usually convoluted with a Gaussian function to 

account for the experimental resolution and the electron-phonon broadening, is 
called Doniach-Šunjić lineshape, and it is routinely used for the fit of high-
resolution core level spectra in metals. 
 
2.6.3.2 Energy level coupled to a phonon bath 
 

Another well known example of an exactly solvable model is that of an 
electronic level of energy Ξ coupled to Einstein phonons of frequency ω0. The 
Hamiltonian of this system is: 

H= Ξ c†c + ω0 a†a + M(a+a†)c†c 

which can be cast, by a suitable rotation in Hilbert space, in the diagonal form: 

HR= (Ξ–M2/ω0)c†c + ω0 a†a . 
It is seen that the electronic energy is renormalized by the electron-phonon 

interaction to a lower value Ξ–M2/ω0. The finite-temperature electron-removal 
spectral function can be shown {Mahan ’81} to be: 
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where Il  is the series which generates the Bessel function of complex argument 
and g=(M/ω0)2. 
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This spectral function is a series of δ-functions spaced by ω0, whose intensity 
is modulated by a function of temperature and of the electron-phonon coupling 
strength g. The δ-function centred at Ξ–M2/ω0 is called the zero-phonon line 
(labelled with 0-0 in figure 2.5), while the others are called phonon satellites. 
Note that both “phonon-loss” as well as “phonon-gain” satellites are present at 
finite temperatures, while only the former appear at T=0. 

Figure 2.5 shows the comparison between this spectral function, displayed for 
two values of the electron-phonon coupling strength at T=0, and the 
experimental PES spectrum of H2 in the gas phase. If the experimental and 
lifetime broadening are added to the theoretical spectrum, full agreement is 
found. 

Figure 2.6 depicts the theoretical spectral function {Manini ’03} and the PES 
spectrum of C60 in the gas phase {Brühwiler ’97, Canton ’02}. The Hamiltonian 
describing the interaction of electrons with phonons in the C60 molecule is 
obviously far more complicated than the simple Hamiltonian for the H2 molecule. 
In particular, the vibronic coupling between the fivefold degenerate HOMO hole 
and the 66 Jahn-Teller active modes must be included (the linear JT coupling is 
nonzero for two non-degenerate Ag, six fourfold-degenerate Gg and eight 
fivefold-degenerate Hg vibration modes). A nice agreement is found between 
theory and experiment if all these couplings are considered. For alkali fullerides, 
the effect of electron-phonon coupling on the spectral function is considered in 
{Wehrli ’04, Knupfer ’93}. 

 

  
Figure 2.5  Left: Gas-phase photoemission spectrum of the H2 molecule, after 
{Sawatzky ’89}. Right: Theoretical spectral function for an electronic level coupled to an 
Einstein phonon bath for different values of the electron-phonon coupling constant: a) 
g=0.5 ; b) g=5.5 {Mahan ’81}. 
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Figure 2.6  Gas-phase photoemission spectrum of C60 (left) {Brühwiler ’97,  Canton ’02} 
compared with the calculated spectral function (right) for the five-fold degenerate hole 
coupled to all molecular vibrations (the labels indicate the PES satellites due to the Jahn-
Teller-active Hg modes) {Manini ’03}. 
 

2.6.3.3 Impact of electron correlation 
 

After discussing the effect of electron-phonon interactions on the electronic 
structure and spectra, we should mention also the effects of electron-electron 
interactions. In general, electron correlation leads to the appearance of 
quasiparticle resonances and satellites structures. While in a correlated insulator 
the PES spectrum is characterized by a gap in the density of states above the 
filled lower Hubbard subband, in a correlated metal the Hubbard subbands 
overlap and a quasiparticle resonance appears in the spectral function near EF, 
whose presence is observed experimentally (see e.g. {Imada ’98}) and confirmed 
theoretically by calculation of the spectral function of Hubbard models 
{Georges ’96}. When the band in question is degenerate, the spectral function 
consists of different structures corresponding to the different possible (integer) 
occupancies of a site. 

As an example, Fig. 2.7 shows the theoretical spectral function for a threefold 
degenerate Hubbard model in the so-called localized limit where the tight binding 
amplitudes go to zero and the electrons are fully localized on one site, so that 
each satellite structure reduces to a single line. The calculations are done 
assuming U=0.7 eV {Meinders ’94a}. 

When both electron-phonon and correlation play an important role, or when 
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other degrees of freedom are a decisive factor, more sophisticated model 
Hamiltonians must be considered, which lead to more exotic ground states and 
to more sophisticated spectral functions, which are also harder to calculate. 

 

  
Figure 2.7  PES and IPES spectral function for the threefold degenerate LUMO band of 
C60, calculated in the localized limit with U=0.7 eV, as a function of the LUMO filling x. 
The poles are broadened with a Gaussian lineshape with full width at half maximum of 0.3 
eV {Meinders ’94a}. 
 

 



 

Chapter 3 
 
Electronic and vibrational properties of 
polymeric Li4C60

*
 

 
 
 

We demonstrate the growth of crystalline Li4C60 films. The LEED pattern of 
the films indicates the formation of polymer chains in the plane of the surface, 
consistent with the reported crystal structure. Electron energy loss and 
photoemission spectra identify the Li4C60 polymer as a low bandgap 
semiconductor. The coupling to the soft alkali and intermolecular vibrations is 
not effectively screened as in other fullerides, probably due to the presence of the 
gap. No evidence is found for hybridization between the Li- and fullerene-
derived electronic states. Instead, a partial charge transfer takes place, which is 
the same for different Li concentrations. This result rationalizes the stability of 
the polymer phase over a wide range of stoichiometries. 

                                                 
*  This chapter is partially based on: Roberto Macovez, Rebecca Savage, Luc Venema, Joachim 

Schiessling, Katalin Kamarás, and Petra Rudolf “Low bandgap and ionic bonding with charge transfer 

threshold in thin-film polymeric Li4C60”, submitted to Journal of Physical Chemistry C 
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3.1 Polymerization in fullerides 

 
In the solid state, C60 displays a remarkable tendency towards oligo- and 

polymerization, which is testified to by the number of phases characterized by 
covalent bonding between neighbouring molecules. As mentioned in Section 1.4, 
many types of inter-fullerene bonding and polymeric motifs are observed, such as 
singly or doubly bonded dimers {Oszlányi ’95, Zhu ’95, Thier ’97, Wang ’97} and 
polymer chains {Stephens ’94,  Chauvet ’94, Pekker ’94, Bendele ’98}, two-
dimensional {Nuñez-Regueiro ’95, Oszlányi ’97, Okotrub ’01} and even three-
dimensional {Blank ’98, Marques ’99, Yamanaka ’06} networks of molecules with 
different geometries. The free energy of different structures is often very similar, 
resulting in an abundance of phase transitions which can be induced by 
temperature or pressure variations, light irradiation, or chemical doping. 

In the case of two-dimensional (2D) polymerization different geometries and 
bonding motifs exist. The 2D polymer structure obtained from undoped C60 has 
either rhombohedral or tetragonal symmetry, with the molecules linked via [2+2] 
cycloaddition {Nuñez-Regueiro ’95, Xu ’95, Okada ’99}. Mg fullerides form a 2D 
rhombohedral polymer phase {Borondics ’03}, while the polymer phase of 
Na4C60 is based on planar rectangular networks where each molecule forms four 
single bonds within the plane {Oszlányi ’97}. The rectangular polymer phase of 
Li-doped C60 was initially thought to consist of planes bridged via cycloaddition 
{Yasukawa ’01, Wagberg ’04}. However, more recent studies have shown that 
the bonding motif is mixed, with [2+2] cycloaddition bonds in one direction and 
single bonds in the orthogonal direction {Margadonna ’04, Riccò ’05, 
Wagberg ’06}. This bonding motif is shown in figure 1.1(a). 

Among alkali fullerides, 2D polymerization is only observed for the smallest 
alkali metals, Li and Na. This is not the only peculiar feature of these compounds. 
While only few stable stoichiometries up to x=6 are formed with K, Rb and Cs, a 
plethora of higher stoichiometries can be obtained when C60 is intercalated with 
Na and Li. This is only partially due to the reduced radius of the dopant, which 
allows multiple-filling of the larger intercalation sites and diffusion into smaller 
interstices {Dresselhaus ’96}. Stoichiometries up to x=28 have been observed in 
Li-doped C60 with the formation of Li clusters in the interstices between the 
fullerene molecules {Cristofolini ’99}. Such high concentrations are clearly not 
compatible with a total charge transfer from the alkali species, and some authors 
also suggest a partial covalency between the Li and fullerene electronic levels 
{Hirosawa ’94, Yasukawa ’01, Hamamoto ’02}. 

For low Li concentrations (x~1) bulk studies point to a tendency to phase-
segregation with the formation of alkali-poor regions {Dilanyan ’01, Riccò ’05}, 
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also observed in Na fullerides {Klupp ’06}, with the formation of an 
orthorhombic polymer phase {Dilanyan ’01}. Photoemission studies on Li-
doped C60 films with concentrations x≤1 have suggested the coexistence of two 
phases {Gu ’92, Schnadt ’00}, of which one would be a dimer phase analogous 
to that observed at low temperatures in the stoichiometric AC60 fullerides (A = 
K, Rb, Cs). At intermediate Li concentrations the afore-mentioned 2D-polymer 
phase is present in the bulk {Riccò ’05}. In contrast with most alkali fullerides, 
where stable phases are obtained only for integer stoichiometry and the 
properties of e.g. x=3 or x=4 phases are completely different, the 2D-polymer 
phase reported in {Riccò ’05} is stable in the bulk over a broad range of (also 
non-integer) Li concentrations from x=3 to x=5. 
 
3.2 Experiments on Li4C60 films 

 
To investigate the phase diagram of Li fullerides in thin-film form, we have 

studied the intercalation of Li into C60 films by a combination of different 
electron spectroscopies. We demonstrate a simple protocol for the growth of 
polymeric Li4C60 thin films by vacuum deposition and annealing, and illustrate the 
fundamental properties of this phase. Experiments were conducted at the 
Zernike Institute for Advanced Materials of the University of Groningen, in an 
ultrahigh vacuum chamber equipped with LEED, X-ray photoemission and high 
resolution electron energy loss spectroscopy (HREELS), and at the surface 
branch of beamline I-511 {Denecke ’99} of the MAX-lab synchrotron facility at 
Lund University. In both cases the films were grown in situ in a base pressure 
lower than 4×10–10 mbar. Ordered C60 films were obtained by depositing C60 
onto a metallic substrate in two steps, each followed by annealing, to form first 
an ordered monolayer and subsequently a multilayer film. LixC60 films were 
obtained by evaporation of Li from a thoroughly degassed commercial source 
(SAES Getters) onto a C60 multilayer, followed by annealing at different 
temperatures to check for phase formation. 

In Groningen the films were grown on a Ag single crystal oriented to within 
0.5° of the (111) plane (Metal Crystals and Oxides), which was cleaned by cycles 
of argon ion bombardment (0.5kV, 15mA) and annealing to 500 K. The 
temperature was monitored with a thermocouple attached next to the sample on 
the Mo sample holder. The crystallinity and purity of the substrate, precursor C60 
film and LixC60 film were checked by LEED and X-ray photoemission, and each 
film was characterized by HREELS. By varying the primary energy of the 
electron beam and the resolution of the instrument, a DELTA 0.5 spectrometer 
(SPECS), we could investigate both the vibrational modes (in the meV energy 
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range) and the electronic transitions (eV range). The primary energy was set to 4 
and 21 eV in the two cases, and the resolution on the Li-doped films (defined by 
the full-width-at-half-maximum of the elastic peak) was 3 meV and 0.01 eV, 
respectively. The spectra were measured in specular reflection geometry at an 
incidence angle of 55°. All spectra are normalized to the intensity of the elastic 
peak. High resolution core level and valence band photoemission (PES) spectra 
were acquired at beamline I-511 of MAX-lab {Denecke ’99} on films grown on 
Au(110). The substrate had a hole on one side, in which a thermocouple was 
inserted to monitor the sample temperature. The beamline end station is 
equipped with a Scienta R4000 hemispherical electron energy analyzer, which can 
be rotated around the beam of the incoming linearly polarized light. This allows 
changing the angle of detection of the photoelectrons without modifying the 
geometry of the sample with respect to the photon beam, which impinges always 
at grazing incident (7o tilt angle) with respect to the substrate. The light 
polarization was parallel to the plane of the surface. PES spectra were acquired in 
two emission geometries, hereafter called “normal” (7° from the surface normal) 
and “grazing” (70°). Due to the finite electron mean free path in solids, a grazing 
emission spectrum is more surface-sensitive than a normal emission one, and the 
comparison between the two allows determining possible differences between 
the bulk and the surface of the film. The photon energy was 403 eV for the C 1s 
core level and 176 eV for the Li 1s and valence band spectra. The photon energy 
resolutions were 100 meV and 30 meV in the two cases. The analyzer resolution 
was set to 37.5 meV. The photon energies were chosen so that the photoelectron 
kinetic energies were the same for both core levels, and similar for the C 1s and 
the valence band, so that the analyzer sensitivity and the inelastic mean free path 
(and hence the surface sensitivity) were the same for all spectra. All binding 
energies were referenced to the Fermi level of the clean Au substrate. 
 
3.3 Results 

 
3.3.1 LEED and HREELS 
 

Prior to Li deposition, we verified by LEED that the surface of the C60(111) 
multilayer grown on Ag(111) was hexagonal and mono-domain. While right after 
Li deposition at room temperature the average hexagonal symmetry was retained, 
upon annealing of the Li-doped films to 400 K a new LEED pattern arose with 
triple spots appearing at the positions of the pristine hexagonal lattice points, 
displayed in figure 3.1(a). The absence of the pristine spots (which should appear 
in the middle of each triplet) shows that this LEED pattern is characteristic of a 
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wholly different phase and that there are no extended domains of unreacted C60 
in the film. 

Annealing to higher temperatures was found to sharpen the diffraction 
pattern. No further change was detected in subsequent anneals up to 575 K, the 
highest temperature reached during LEED experiments. The LEED pattern of 
the annealed LixC60 films consists of three distorted hexagonal patterns 
superposed upon one another, as visible in the scheme shown in figure 3.1(b). 
Such a LEED pattern indicates the presence of in-plane polymer chains in the 
surface layer of the Li-doped film. These results are consistent with the results of 
{Dilanyan ’01} on a Li-doped bulk C60 crystal, where the formation of a polymer 
phase was observed upon annealing a sample doped at low T to the 320-370 K 
temperature range. 

The LEED pattern of Fig. 3.1(a) is consistent with the 2D polymer structure 
reported in the bulk LixC60 phase (3<x<5) {Margadonna ’04, Riccò ’05}. The 2D 
polymeric networks in this phase form parallel to the (100) direction of the 
pristine fcc structure. Since the film termination of the pristine multilayer is (111), 
the 2D polymer networks are tilted with respect to the surface plane, with one 
bond direction parallel to the surface and the other lying at an angle of 
approximately 54.7°. Three equivalent domains arise, corresponding to the three 
possible polymerization directions in the hexagonal surface plane (once this 
direction is fixed, the other is also uniquely determined).  

 
 

(a)  (b)  
 

Figure 3.1  (a) LEED pattern of a Li4C60 film at primary electron energy of 35 eV, taken at 
RT after annealing to 370 K; note the grouping in triplets of spots. (b) Sketch of the pattern 
obtained by superposition of three distorted hexagonal patterns, each indicated with a 
different marker. 
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Since the shortest intermolecular distance along the two polymerization 
directions is very similar, we cannot conclude whether it is the [2+2]cycloaddition 
chains, or instead the singly-bonded chains, which lie in the surface plane. In 
terms of the polymer lattice vectors introduced in {Riccò ’05}, the Li4C60 film 
termination might then be either the (0,4,1) plane (which contains singly-bonded 
chains) or the (4,0,1) plane (which contain [2+2]cycloaddition chains). We cannot 
exclude the presence of both types of termination. 

In the surface plane, the inter-fullerene separation along the polymerization 
direction (regardless of which type of polymer chains lie in the surface plane) is 
shorter than that in the other two planar directions, leading to a distorted 
hexagonal (oblique) symmetry. The three possible linear polymerization 
directions lie at 60° from each other, and the three equivalent domains in the 
LEED pattern are rotated by the same angle. We note that the LEED pattern in 
Fig. 1a is inconsistent with a dimerization of the film, which would result in a 
doubling of the periodicity along one of the three surface directions, as will be 
shown in Section 4.3.8 (this occurs both if the dimers form parallel to the surface, 
and in the case that they are tilted with respect to the surface hexagonal layer). 

Figure 3.2 shows the comparison between the HREELS vibrational spectrum 
of the undoped C60 multilayer and that of a typical LixC60 film. The vibrational 
features of the pristine C60 film are well known (see {Lucas ’92} and references 
therein). The most striking difference between the two spectra is the 
enhancement of the loss intensity of the LixC60 spectrum in the frequency region 
corresponding to intermolecular vibrations and alkali modes (below 30 meV). 
The intensity in the high-frequency region where intramolecular vibrations occur 
is instead comparable in the two systems. 
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Figure 3.2  Comparison of the HREEL vibrational spectrum of polymeric Li4C60 (bold line) 
with the analogous spectrum for an ordered C60 multilayer film. 
 

Although the selection rules for HREELS in specular reflection geometry are 
the same as for IR spectroscopy, HREELS is a surface-sensitive technique and at 
a crystal’s surface inversion symmetry is broken and Raman modes may become 
IR active. Moreover, so-called impact scattering processes, for which basically no 
selection rules exist, also give a contribution (in principle weaker) to the HREEL 
signal in specular reflection. Hence (bulk) Raman modes in a compound may 
result in corresponding surface modes which are actually visible with HREELS. 

In the Raman spectrum of the bulk phase three low-energy modes are 
observed, respectively at 16.5, 20 and 24.5 meV {Riccò ’05}. The energies of the 
first and third bulk Raman modes correspond well to the two softest modes 
observed in the HREELS spectrum of figure 3.2 at 14 and 26 meV (the bulk 
Raman-active mode at 20 meV might give rise to a less intense surface mode 
buried in the asymmetric tail of the 14 meV feature). The modes visible in the 
HREELS spectrum of the Li-doped film at 38 and 48 meV correspond nicely to 
those observed in {Riccò ’05} at the energies of 35 and 45 meV. Small 
differences in the frequency of the various modes can be expected between the 
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bulk material and the film surface due to the different environment and 
properties in the two cases. 

The overall agreement in the low-frequency region between the HREELS 
spectrum of figure 3.2 and the Raman results on the 2D-polymer phase, and the 
LEED evidence for polymer chains in the surface plane of our films, are a clear 
indication that our growth method yields the same phase as reported in 
{Riccò ’05}. We have observed the same LEED pattern and phonon spectrum in 
films grown with the same method but with shorter or longer Li deposition times. 
This is in line with the finding of {Riccò ’05} that the 2D polymer phase is stable 
over a wide stoichiometry range. Following these authors, in the remainder of 
this Chapter we will refer to this phase, which we argue is the same as that of our 
films, for brevity as Li4C60. Stoichiometry estimates for the films characterized by 
synchrotron-based photoemission are given below. 

Since the formation of polymer bonds reduces the symmetry of the fcc phase, 
the modes can no longer be labelled with the representations derived from the 
icosahedral group. The precise frequencies of the HREELS modes of polymeric 
Li4C60 depend both on the bonding motif, on the degree of charge transfer to the 
fullerene network {Rao ’97, Davydov ’00}, and on the modification of the crystal 
structure at the film surface. The point-group symmetry for the Li4C60 polymer 
structure reported in {Riccò ’05} is C2h (C2×i). Group theory analysis shows that 
there are 174 distinct non-degenerate vibrational modes, all of which are either 
Raman or IR active in the bulk (Raman and IR modes are here mutually exclusive 
due to the presence of the inversion symmetry). All gerade modes (Ag and Bg) are 
Raman active and all ungerade modes (Au and Bu) are infrared active. The Li4C60 
modes are summarized in table 3.1, where a comparison with the modes of the 
isolated C60 molecules (symmetry Ih) is proposed. 

Due to the relatively low resolution of HREELS compared with Raman or IR 
and the high number of active modes, we do not attempt a rigorous assignment 
of the vibrational modes in the HREEL spectrum of figure 3.2. Interesting 
information may however be obtained by comparison with the bulk studies on 
Li4C60 and with other fullerides. The intense low-energy modes visible in the 
HREEL spectrum of Li4C60 are completely absent in the spectrum of the C60 
multilayer film (see Figure 2), which shows that these soft modes arise from 
optical phonon modes involving the alkali atoms {Silien ’00, ’04b} and from 
vibrations of the polymeric intermolecular bonds {Porezag ’95}. A Raman active 
mode related to a stretching vibration of the polymer bonds was observed at 14.6 
meV (118 cm–1) in photopolymerized C60 {Rao ’93}. This energy is close to that 
of the softest mode in the HREEL spectrum of Li4C60 (16.5 meV). 
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 Mode symmetry 
(Ih point-group) 

Mode symmetry 
(C2h point-group) 

Number of modes  
derived from each 
Ih mode (total) 

 Ag (2)  R Ag   R 1  (2) 
 T1g (4) Ag ⊕ 2 Bg   R 3  (12) 
 T2g (4) Ag ⊕ 2 Bg   R 3  (12) 
 Gg (6) 2Ag ⊕ 2 Bg   R 4  (24) 
 Hg (8)  R 3Ag ⊕ 2 Bg   R 5  (40) 
 Au (1) Au   IR 1  (1) 
 T1u (4)  IR Au ⊕ 2 Bu   IR 3  (12) 
 T2u(4) Au ⊕ 2 Bu   IR 3  (12) 
 Gu (6) 2Au ⊕ 2 Bu   IR 4  (24) 
 Hu (7) 3Au ⊕ 2 Bu   IR 5  (35) 
Raman 10  90 
IR 4  84 
Silent 32  0 
Total  46  174 

 
Table 3.1  Correlation table of phonon modes between the Ih and C2h point groups. The 
notation R (IR) indicates the Raman (infra-red) activity of a mode. The last line shows the 
number of distinct vibrational modes, excluding thus the six degrees of freedom 
corresponding to pure rotations and pure translations. 
  

Characteristic low-energy modes are also observed in the HREEL spectra of 
K3C60 films {Silien ’04a} and of K-doped C60 monolayers for various alkali 
coverages {Silien ’00, ’04b}. In such systems the softest HREEL modes occur at 
an energy between 9 and 11 meV and are assigned to an alkali phonon 
{Silien ’00, ’04a, ’04b}. Assuming that the energy of such alkali-related vibration 
scales with the inverse square root of the alkali mass (which is reasonable given 
the large mass of the fullerene molecule compared to that of the Li and K atoms), 
an analogous mode is expected in Li4C60 at approximately 24 meV. This energy is 
very close to that of the second feature (in the HREEL spectrum of Li4C60 (at 26 
meV), which suggests an identification of this mode as a Li-related phonon. 

The origin of the relatively high HREEL intensity of the softer modes and of 
the slow decaying slope of the elastic peak in the HREEL spectrum is unclear. 
The observation of a sharp LEED pattern indicates that the tailing of the elastic 
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peak is not due to disorder at the film surface. Also a metallic origin of the slowly 
decaying tail is excluded, since (as shown below) the film is insulating. The 
relatively high intensity of the loss signal at lower frequencies in Li4C60 might be 
related to a spectral enhancement due to the strong electron-phonon coupling 
between the soft phonons and electronic resonances induced at the film surface 
by the probing electron beam, similar to what observed in sum frequency 
generation and IR experiments on C60 films {Rudolf ’02, Humbert ’04}. While 
the electron coupling to alkali phonons was at first expected to be large in C60 
salts {Zhang ’91}, it was later shown that such coupling is effectively quenched 
in most monomer phases by the efficient screening due to the open-shell 
configuration {Koch ’99a}. Such screening is however unavailable in Li4C60, due 
to its insulating character, which implies a strong vibronic coupling to soft 
intermolecular (alkali-related) modes. 

Above 50 meV the Raman spectrum shows many closely-spaced peaks, which 
complicates the identification of the HREEL structures between 55 and 100 meV 
(figure 3.2). Similar closely-spaced lines are observed also in the IR {Zhu ’02} 
and Raman {Davydov ’98} spectra of a high-pressure high-temperature 
tetragonal C60 polymer, where intense modes are visible also at the frequencies 
corresponding to the 38 and 48 meV modes of Li4C60. 

Densely-spaced modes are also observed in the 50-100 meV energy range in 
the orthorhombic phase of pressure-polymerized C60, both in Raman 
{Persson ’96} and IR {Long ’00}, and in the 1D-polymer phase of AC60 (A = K, 
Rb, Cs) {Kamarás ’97b, ’98} (see Chapter 4). Above 110 meV, the HREELS 
profile of the Li4C60 film is very similar to that of the undoped multilayer (see 
Figure 3.2). The T1u modes visible in the spectrum of the pristine multilayer film 
at 65, 71, 146 and 177 meV seem to give rise to somewhat broader features at 
roughly the same energies in the spectrum of the polymerized sample. The large 
width of the loss feature visible around 178 meV in the spectrum of the Li4C60 
film suggests that it arises from a combination of modes, probably derived from 
both the T1u(4) and the Ag(2) modes. The latter cannot be resolved in our pristine 
spectrum but is reported at 178.4 meV in the HREEL spectrum of monolayer 
and multilayer (five molecular layers) C60 films {Silien ’00}. Several polymer 
modes of tetragonal C60 are indeed found to derive from linear combinations of 
two, three or more parent icosahedral modes {Zhu ’02}. 

The closely-related 2D-polymeric Na4C60 phase has a lower symmetry with 
respect to Li4C60 (Ci symmetry with space group I2/m {Oszlányi ’97}) while 
maintaining the inversion symmetry. In both Li4C60 and Na4C60 all vibrational 
modes are non-degenerate. The similar stoichiometry and structure of these two 
fulleride phases suggests that their phonon spectrum should also be rather similar. 
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Na4C60 displays a series of strong IR features between 63 and 71 meV, of which 
the most intense at 65 meV, and closely spaced peaks at 78.5, 83.2, 85.2, 88.5 and 
90 meV. At higher frequency two broad, intense features are visible at 98 and 146 
meV, followed by a sharp peak at 176.4 meV (see figure 3.3, after {Klupp ’03}). 
The HREEL peaks visible at 66 and 71 meV in Li4C60 have similar relative 
intensity and energy as the IR features of Na4C60 in the range between 63 and 71 
meV. The HREEL lineshape between 79 and 90 meV in Li4C60 is reminiscent of 
the IR features between 78.5 and 90 meV in Na4C60. The energy of the Li4C60 
peaks at 147 and 178 meV also fits nicely with that of the highest-frequency 
modes in Na4C60. 
The mode at 98 meV in Na4C60 corresponds to the Li4C60 mode at 100 meV, both 
energies being very close to that of a characteristic mode in phases containing 
sigma-bonded dimers {Kamarás ’97a, Kürti ’01}, which is usually taken as the 
signature of intermolecular bridging via single bonds. This further confirms our 
identification of the phase of our films as the same tetragonal phase identified in 
{Riccò ’05}, rather than a 1D-polymer phase, and might moreover indicate that 
the surface layer of the film probably contains in-plane single bonds. 
 

  
Figure 3.3  Room temperature IR spectra of C60, K4C60, Rb4C60, Cs4C60 and Na4C60. The 
arrows indicate the splitting of the high-frequency T1u(4) mode (after {Klupp ’03}). 
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Using diffraction theory, the average domain size of the films may be 
determined from the angular spread of the elastically scattered electron beam in 
the HREELS experiment. Assuming that the (surface) domains have the shape of 
round disks of typical diameter D, the full-width at half maximum angular spread 
∆θ of the elastically scattered electrons in the (0,0) direction in reciprocal space is 
given by the expression {Ertl ’74}: 

2∆θ cos(α) = λ/D, 

where λ is the de Broglie wavelength of the incoming electrons and α is the 
incidence angle with respect to the surface normal. Using the highly 
monochromatic electron beam at 4 eV, we found experimentally ∆θ~2° on the 
pristine C60 multilayer and ∆θ~3° for the Li4C60 film. From these values a typical 
domain size of 15 and 10 nm can be estimated for the pristine and Li-doped film, 
respectively. 

Figure 3.4 shows the high-energy (eV) losses of the same Li4C60 film, together 
with the analogous spectrum of the pristine multilayer. The losses in this energy 
range arise from electronic excitations and transitions. The loss features at 
highest energy in the Li4C60 film (solid line) appear at the same energy {Lucas ’92} 
as those in the pristine C60 film (dashed line), while they are much broader in 
Li4C60. A similar broadening without significant shift in the energy of the loss 
features was also observed in the orthorhombic (1D) polymer phase of AC60 
{Rudolf ’99}, which indicates that the higher energy features have a similar origin 
in all three systems. These higher energy loss features have been assigned to 
excitons, interband transitions, and a π plasmon at about 6.3 eV {Lucas ’92}. The 
similarity in the high-energy lineshape between the HREEL spectra of AC60 and 
Li4C60 and that of pristine C60 suggests that the electronic levels away from the 
Fermi energy EF are not fundamentally altered by polymerization, as also visible 
in our PES spectra (see discussion in Section 3.3.2). 

A strong, broad peak is visible at 1.1 eV in the Li4C60 spectrum. This peak, 
which lies in the fundamental gap of the undoped system, signals a strong 
reduction of the band gap in polymeric Li4C60 with respect to pure C60. We can 
compare our results with those on monomeric A4C60 (A = K, Rb, Cs). The gap 
in these compounds is of the order of 0.5-0.6 eV {Knupfer ’97, Chibotaru ’99}, 
which is lower than the onset of the first loss feature in Li4C60. In the reflection 
HREEL spectrum of K4C60 {Lopinski ’95} and Cs4C60 {Hunt ’97}, however, the 
most intense feature occurs at 1.1 eV, while only a broad bump of minor 
intensity is observed at 0.6 eV. It may be argued that the spectral intensity in 
HREELS is dominated by on-ball transitions which have an onset around 1.1 eV 
{Lopinski ’95, Knupfer ’97, Hunt ’97} (the precise assignment of all intra-
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molecular excitations is not yet known {Hunt ’97}), while low-energy excitations 
corresponding to the true gap (such as the excitation, suggested in {Knupfer ’97}, 
from a Jahn-Teller split t1u sublevel on one molecule to a higher-lying one on a 
neighboring fullerene ball) are only partially visible. The gap in polymeric Li4C60 
might similarly be less visible in HREELS and smaller than the energy of the 
most intense HREEL peak at 1.1 eV. 

Two intense features are further visible in the Li4C60 around 2 and 2.4 eV. 
These energies do not match those of higher intra-molecular transitions in A4C60 
(observed in Cs4C60 at 1.36 and 1.65 eV {Hunt ’97}), which reflects the 
difference between the monomer and polymer density of states. No clear feature 
is observed at 2.2 eV where the first intense loss is observed for pure C60. As can 
be seen from the normalization of the spectra, the lowest loss feature in C60 is 
much more intense than those observed in Li4C60. The absence of a 
corresponding feature in the Li4C60 spectrum hence indicates that the percentage 
of unreacted C60 in the sample is small, in line with our LEED results. The first 
three loss features in the Li4C60 spectrum displayed in figure 3.4 are therefore the 
signatures of the lowest energy electronic excitations in the frontier states of the 
2D polymer phase (see also the discussion in the next Section). 

 
 

  
Figure 3.4  HREELS spectrum of the electronic excitations of a Li4C60 film (solid line), 
compared to that of the undoped C60 multilayer (dotted line). 
 

 

 

 



Chapter 3 46 

3.3.2 Characterization by synchrotron-based photoemission  
 

A rough stoichiometry estimate may be obtained for the films grown at 
MAX-lab from the ratio of the Li 1s to C 1s signal, normalized to photon flux 
and cross-section for photon absorption. Since the photoelectron kinetic energy 
was the same for both core levels, it was not necessary to correct the signal for 
the inelastic electron mean free path or analyzer throughput. For the 
stoichiometry determination the intensity of the C 1s peak was divided by the 
number of carbon atoms in the fullerene molecule (60). This procedure is 
expected to yield an over-estimate of the true stoichiometry, as not all C atoms 
contribute the same intensity to the spectrum due to the attenuation of the 
photoemission signal across electron-rich regions.  

In particular, the C 1s signal stemming from the half-cage lying below the 
intermolecular bonds (with respect to the surface plane) is lower than that arising 
in the upper half-cage. To confirm this, we found that the nominal stoichiometry 
of all films grown at MAX-lab was above 4. 
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Figure 3.5  C 1s photoemission spectrum of a typical Li4C60 film (taken at 403 eV photon 
energy). The shake-up region is also shown, multiplied by a factor of ten for better 
visualization of the spectral features. The arrow highlights the asymmetry of the main C 1s 
peak towards low binding energy. 
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Figure 3.5 shows the C 1s core level spectrum of a typical film. The main 
photoemission line in the C 1s spectrum is accompanied by an evident shake-up 
structure similar to that observed in pristine C60 (see {Enkvist ’93} and 
references therein), with a first feature at 2 eV higher binding energy than the 
peak maximum. This energy separation is close to the energy loss of the second 
and third features in HREELS. A direct comparison is however hindered by the 
intrinsic broadness of the spectral features in the shake-up spectrum, and also 
because the presence of the core hole, as opposed to a valence hole, affects the 
symmetry and energy of the shake-up states {Schnadt ’05}. The observation of 
intense shake-up features confirms the non-metallic nature of our films, which 
will be addressed below in the discussion of the valence band PES. 

The most interesting feature of the C 1s line is its asymmetry toward low 
binding energy (indicated by an arrow in figure 3.5). Upon polymerization the C60 
cages are distorted and charge density accumulates in the bond regions, leading to 
a non-equivalence of C sites near or far from the intermolecular bonds. The 
photoemission tail at low binding energy might then arise from the sp3 orbitals of 
the C atoms directly involved in the intermolecular bonds. Density functional 
calculations on isolated C60 dimers bridged by a four-member ring 
([2+2]cycloaddition) predict a chemical shift of the C 1s level of the ring atoms of 
0.54±0.25 eV towards higher binding energy {Itchkawitz ’95}. Photoemission 
experiments on photopolymerized C60 {Itchkawitz ’95, Onoe ’97} found only a 
slight increase of the full width at half maximum of the C 1s core peak (less than 
0.1 eV with respect to pristine C60 {Onoe ’97}), but no clear signature of two 
distinct lines. Also in covalently bound C60 monolayers on metals, where in 
principle different chemical environments could arise due to covalent extra-
molecular bonding, the linewidth was always found to be smaller than in metallic 
systems {Rudolf ’96, ’99}. The clear observation of distinct C 1s components in 
the Li4C60 case is therefore particularly interesting, all the more so because the 
less intense component which supposedly derives from atoms involved in 
intermolecular bonding appears at lower binding energy. This might be related to 
the presence of the (relatively mobile) Li counter-ions, which may be displaced 
towards the intermolecular-bonding regions of the polymeric network (see 
discussion below). 

The valence band PES spectrum of the same Li4C60 film is shown in figure 
3.6(a). This spectrum is very similar to that of pristine C60, though the peaks are 
broader and the valleys are less marked. For convenience, we will refer to the 
peaks in the valence spectrum using the names of the C60 molecular orbitals, even 
though the electronic density of states of the polymer cannot be described in 
terms of the orbitals of the isolated C60 monomer, similarly to the case of the 
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vibrational modes. 
The most evident change with respect to pristine C60 is the appearance of two 

frontier spectral features at lower binding energy than the HOMO-derived band. 
The new states are visible as two wide bumps of relatively low intensity centred at 
1.2 and 0.5 eV binding energy (see inset of fig. 3.6(a)), and are already observed 
directly after Li deposition near room temperature. Upon annealing to 450 K 
these two features became sharper and more pronounced, but otherwise no 
further changes occurred. Further annealing in the range between 450 and 550 K 
did not modify the lineshape, indicating that a new stable phase of Li-doped C60 
forms already just above room temperature, in agreement with our LEED study 
and in line with the results of {Dilanyan ’01}. 

The photoemission intensity of the lowest binding energy feature decays 
smoothly towards the Fermi energy (EF) where the spectral weight vanishes. The 
absence of intensity at EF and the small binding energy (0.5 eV) of the frontier 
feature demonstrates the non-conducting nature of the Li-doped film, while at 
the same time confirming the expectation for a small-gap semiconductor. It is 
interesting to note that apart from the new feature above the HOMO-derived 
states the PES spectrum of the polymerized sample maintains a strong imprint of 
the molecular levels of the isolated C60 molecules. Also in polymeric structures 
derived from undoped C60 the PES spectrum is found to resemble that of the 
pristine monomer phase, especially when [2+2]cycloaddition is involved 
{Itchkawitz ’95, Onoe ’97}, contrary to phases containing singly-bonded C60 
dimers where the modified symmetry of the molecular building unit determines a 
completely different density of states {Pichler ’97} (see Chapter 4). This 
similarity in the electronic structure far from EF between monomer and polymer 
phases is consistent with the observed persistence of monomer features in the 
HREEL and C 1s shake-up spectra of Li4C60 at high loss energies. 

The two frontier states arise from the charge transfer from the Li atoms to 
the fullerene species. In monomer phases the LUMO-derived band lies, 
depending on the stoichiometry, at 1.6-1.8 eV lower binding energy than the 
HOMO-derived band (measured centroid-to-centroid) (Chapter 4). This is also 
directly visible in the (synchrotron-based) valence band PES spectrum of K4C60 
(own data), displayed in figure 3.6(b). A smaller separation, of slightly more than 
1 eV, is instead observed in the Li4C60 between the HOMO-derived states and 
the higher binding energy frontier state. This non-rigid band filling is another 
indication of the formation of the polymer network, which results in the 
distortion of the pristine fcc crystal structure. 
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Figure 3.6  (a) Valence band photoemission spectrum of the same Li4C60 film 
corresponding to figure 3.5,  taken with 176 eV photon energy. The frontier Li4C60 polymer 
states are shown in more detail in the inset. (b) Comparison between the HOMO-1, HOMO 
and LUMO region in K4C60 (90 eV photon energy) and Li4C60. The inset shows the fit of the 
HOMO and LUMO region used for the estimation of charge transfer in Li4C60. 
 

The amount of charge transfer cannot be estimated with precision from the 
relative intensity of the valence band features close to EF, as such intensity is 
found experimentally to vary with the photon energy, due to interference effects 
({Hunt ’02} and references therein). The relatively low spectral intensity of the 
frontier states strongly suggests, however, that charge transfer in Li4C60 is only 
partial. To further prove this, in figure 3.6(b) we compare directly the Li4C60 
spectrum with that of a K4C60 film acquired in normal emission with 90 eV 
photon energy. The spectra are normalized to the intensity of the HOMO-
derived feature. We did not observe any strong dependence of the relative 
LUMO-to-HOMO intensity or of the lineshape on the emission angle of the 
photoelectrons, which suggests that the states concerned have a similar space-
distribution. We therefore assume in the following analysis that the polarization 
of the incoming light does not strongly influence the LUMO-to-HOMO ratio, 
although a more thorough study as a function of light polarization would be 
necessary to confirm this assumption. 

The inset of Fig. 3.6(b) shows a fit of the lowest binding energy features in 
both compounds using Gaussian functions. The LUMO-to-HOMO intensity 
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ratio in K4C60, calculated as the ratio of the areas of the corresponding Gaussian 
components, is found to be 0.3. Since the fullerene HOMO is fivefold 
degenerate, the expected ratio as determined by the relative electron occupancies 
of the two orbitals in K4C60 is 4:10 or 0.4 (complete charge transfer occurs in 
potassium fullerides {Benning ’91, Huang ’92, Molodtsov ’93}). The small 
deviation from the nominal ratio in K4C60 can be ascribed to the afore-mentioned 
fluctuations of the relative intensities of the PES features. In Li4C60 the 
corresponding ratio is only 0.2, which would correspond to a charge transfer of 
only 2 electrons per cage to the fullerene network. Even taking K4C60 as our 
reference for a charge transfer of 4 electrons per cage, the charge transfer in 
Li4C60 would still be at the most 2/3 of this value, namely 2.67 electrons per cage. 
This last value can be taken as an upper limit for the actual amount of charge 
transfer in Li4C60, as the charge-transfer estimate obtained from the relative 
intensity of, e.g., the LUMO and HOMO-1 features of Li4C60 is even lower than 2, 
as can be seen directly from the comparison with K4C60 in Fig. 3.6(b) (and the 
same holds true also if another higher energy orbital is taken for the comparison). 

We note that while the LUMO and HOMO features arise each from a single 
molecular orbital of the isolated molecule, the “HOMO–1” PES feature stems 
from two molecular orbitals of different symmetry (hg and gg), which are quasi-
degenerate in the isolated molecule but may appear at different energies in 
condensed phases. Indeed, the feature labelled “HOMO–1” in the spectrum of 
K4C60 appears broad and structured with respect to the “HOMO” feature. The 
relative height of the HOMO and HOMO–1 states in K4C60 and Li4C60 is 
consistent with the expectation from calculations of the density of states for the 
neutral monomer and for neutral 2D polymeric networks {Belavin ’00}. The 
different effective degeneracy in the two compounds and the different 
background of inelastically scattered electrons (which appears more pronounced 
in the Li4C60 spectrum) complicates a quantitative comparison of the spectral 
intensity of features at higher binding energy. 

Our comparison between the intensity of the various spectral features in the 
two compounds (and especially the relative intensities of the frontier states) 
should yield a reasonable upper limit for the amount of electron transfer to the 
fullerene networks. A partial charge transfer of only 2 or 2.5 electrons per cage 
can actually be expected for the present system. In the LixCsC60 family and in 
Li2RbC60, for example, the Li atoms transfer only a fraction equal to roughly 70% 
of their Li 2s electron to the fullerene species {Kosaka ’99}. Unlike the case of 
Na fullerides where charge transfer is believed to be complete up to a doping 
level x≤6 {Andreoni ’96}, partial electron transfer occurs already at low doping 
in Li fullerides. The neutral atomic radius of Li is comparable to the ionic radius 
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of K and Rb and smaller than the ionic radius of Cs. Hence non-ionized or 
partially ionized Li atoms can intercalate not only into the large octahedral sites 
of the pristine fcc structure, but also in the smaller tetrahedral ones. Moreover, a 
charge transfer of 2 or 2.5 electrons is consistent with the observation of the 
polymer phase already at a doping level x=3 in the bulk, and we can argue that it 
is sufficient for the formation of the tetragonal polymer networks. In fact, while a 
charge transfer is usually necessary to stabilize the bridging of two adjacent 
molecules via a single bond, which uses up one electron per participating cage 
{Pekker ’98}, [2+2]cycloaddition bonding between neighbouring C60 molecules is 
observed in all polymer phases derived from undoped C60 (where no charge 
transfer is present) {Rao ’93, Nuñez-Regueiro ’95}. Since each cage is linked by 
two [2+2]cycloaddition bonds and two single bonds, the above discussion 
indicates that a doping level of two electrons per cage is sufficient for the 
stabilization of the network structure. 

Since no hybridization is present between the Li- and C60-derived levels 
{Riccò ’05, Schnadt ’00}, a partial electron transfer entails that some charge 
density remains in the Li 2s orbitals, either at Li atoms located close to the 
fullerene network, or inside Li cluster occupying pseudo-octahedral sites as 
observed for higher Li stoichiometries such as Li12C60 and Li15C60, or both (see 
discussion of the Li 1s spectrum). The possible contribution of Li 2s states in the 
valence band, which would provide a direct proof of partial charge transfer, 
cannot be detected due to the much lower photoionization cross section of the 
Li 2s orbital (by at least a factor of 10 {Yeh ’85, ’93}) with respect to carbon 
valence states over the whole photon energy range available on beamline I5-11 
{Denecke ’99}. 

The valence band spectrum of our Li4C60 films is very similar to that obtained 
on Li-doped films of average stoichiometry x≤1 {Schnadt ’00}, shown in figure 
3.7(a). In particular the shape, relative intensity and binding energy of the two 
frontier features in {Schnadt ’00} are practically identical to those found on our 
films (figure 3.6). The spectrum reproduced in figure 3.7(a) was measured 
immediately after Li intercalation near room temperature, but annealing to 375 K 
did not significantly alter it. The close resemblance of the spectra, the identical 
sample preparation and the fact that we also observe the formation of a stable 
phase just above room temperature upon Li deposition, show that the phase 
observed in {Schnadt ’00} is in fact the Li4C60 polymer phase. While Schnadt and 
coworkers tentatively assign the double feature above the HOMO to the 
existence of a mixed phase containing C60 dimers as in the metastable phase of 
AC60 compounds (A = K, Rb, Cs), there is no evidence in bulk studies on LixC60 
samples for the existence of a dimer structure at low Li stoichiometry 
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{Dilanyan ’01, Riccò ’05}, and we did not observe any signature of a dimer phase 
in our LEED and HREELS studies. 

We argue instead that the states below 2 eV binding energy in the valence 
band spectra of our film and of {Schnadt ’00} are characteristic of the Li4C60 
polymer phase. No theoretical density of states has appeared for this phase, but 
calculations exist for undoped 2D-tetragonal networks with the same bonding 
motif and stacking as in Li4C60 {Okada ’99}. As visible in figure 3.7(b) 
(reproduced from {Okada ’99}), the undoped tetragonal polymer is insulating 
with a fundamental gap of the order of 1.2 eV, and a second gap in the density of 
states 2 eV above the HOMO-“like” band. The energy separation between the 
HOMO-derived band and the two frontier features in Li4C60 (figure 3.5) compare 
rather well to these values, which suggests that the electronic DOS in Li4C60 can 
be thought of as a rigid filling of the states of the neutral tetragonal polymer. This 
observation explains the observed two-peak structure below EF in the PES 
spectrum of Li4C60, and helps rationalizing also the presence in the HREELS 
spectrum of the features at 2 and 2.4 eV. 

 
 

(a) (b)  
 
Figure 3.7  (a) Valence band photoemission spectrum of a LixC60 film with x≤1 (after 
{Schnadt ’00}). (b) Theoretical density of states for undoped 2D-tetragonal networks with 
the same bonding motif and stacking as in Li4C60 (after {Okada ’99}). 
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Figure 3.8  (a) Dependence of the Li 1s photoemission spectrum (176 eV photon energy) 
upon annealing at 450 K, for different anneal times. (b) Angular dependence of the Li 1s 
photoemission spectrum of a Li4C60 film in its most stable configuration (see text). All 
spectra are normalized to the intensity maximum. 
 

Figure 3.8(a) displays the variation of the normal emission Li 1s signal as a 
function of anneal time at 450 K. The Li 1s peak is the only spectroscopic feature 
that exhibits a clear dependence on thermal treatment. The spectrum taken right 
after Li intercalation (t=0’) consists of a broad, structureless feature. After the 
first anneal (t=10’), the Li 1s peak became sharper, indicating that order in the 
film had improved. This spectrum looks identical to that measured in 
{Schnadt ’00}. Upon further annealing a second less intense Li 1s component 
appeared at lower binding energy. As seen in Fig. 3.8(a), the intensity of this 
component increased upon annealing until it saturated at approximately half the 
intensity of the higher binding energy component. The Li 1s spectrum did not 
display any further change upon annealing to higher temperature (up to 550 K, 
not shown). 

Especially in films annealed to below 475 K, the Li atoms displayed a 
tendency to slowly migrate to the film surface, as testified to by an increase and 
broadening of the Li 1s signal over a time of several hours. Upon subsequent 
annealing, the initial surface stoichiometry could be recovered and the Li 1s 
feature assumed the lineshape corresponding to the spectrum taken after the first 
100 minutes of annealing after Li deposition (figure 3.8(a)). The resulting 
spectrum, which therefore corresponds to the most stable configuration of the 
film, is shown in figure 3.8(b) together with the grazing emission Li 1s spectrum 
of the same sample. In both emission geometries two components are visible, 
approximately 0.8 eV apart. While in normal emission the component at higher 
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binding energy is more intense, the two components have comparable intensity 
in grazing emission. 

Two types of Li intercalation sites exist in the 2D polymeric structure of 
Li4C60, which can be thought to derive from the interstitial sites of the fcc 
structure via the polymerization-induced distortion of the lattice. There are two 
pseudo-tetrahedral sites and one pseudo-octahedral site per fullerene cage, for a 
total of three sites. In their bulk study Riccò and co-workers {Riccò ’05} argue 
that of the four Li atoms per cage in stoichiometric Li4C60, two share the largest 
pseudo-octahedral void, and the other two occupy each a pseudo-tetrahedral void. 
The binding energy difference observed in the Li 1s spectra of fig. 3.8 is close to 
that expected between octahedral and tetrahedral intercalants in monomer phases 
{Schnadt ’00}, with the higher binding energy component corresponding to 
tetrahedral sites. The initial presence of only the higher binding energy 
component would then indicate that only pseudo-tetrahedral sites are occupied 
and all Li ions have the same (non-integer) charge state. A single Li 1s line is also 
observed for low Li concentration in {Schnadt ’00}, in line with the expectation 
that small alkali dopants occupy preferentially tetrahedral-like voids 
{Rosseinsky ’92, Kosaka ’99}. The presence of two non-equivalent Li 
components might in principle also reflect the existence of different oxidation 
states of Li in the film. However, the observed changes in the relative intensity of 
the two Li components upon annealing are not accompanied by changes in the 
valence band reflecting a lower or higher amount of charge transfer. This 
confirms that the two Li 1s components mirror the occupancy of pseudo-
octahedral and pseudo-tetrahedral sites in the outermost layers of the film, with a 
partial charge transfer from both types of sites. The partial charge transfer is 
possibly accompanied by a displacement of Li ions towards electron-rich sites in 
the fullerene polymer network. Such a displacement and the resulting non-
equivalence of the Madelung potential at different C sites might be responsible 
for the observation of distinct lines in the C 1s spectrum. 

The nominal stoichiometry of the films was higher at grazing emission than at 
normal emission, which indicates either a Li-termination of the films (which 
could explain the relative instability of the films over time) or a higher Li content 
at the film surface. The variation in shape and intensity of the Li 1s signal upon 
annealing and the comparison between the two emission geometries (figure 
3.8(b)) suggest that during the anneal displayed in fig. 3.8(a) the Li atoms 
gradually diffuse towards the surface of the film where they fill both intercalation 
sites. 
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Figure 3.9  Variation of the valence band and Li 1s PES features of a Li4C60 film over a 
period of twelve hours in ultra-high vacuum at room temperature. The spectra are 
normalized to the overall intensity in the valence band region. In the spectrum taken after 
12 hours, the nominal Li concentration at the surface is more than double what it was right 
after growth. The inset shows a close-up of the frontier states, normalized to the “LUMO”-
like intensity. 
 

Indeed, we have observed a dramatic increase in the relative Li/C PES signal 
in films left for several hours at room temperature, as shown in figure 3.9. After 
twelve hours at room temperature, the relative Li concentration at the surface 
was more than double compared to right after film growth. At the same time, 
only a minor change was observed in the relative intensity of the frontier states 
(shown in the inset). Some oxygen contamination was present at the surface of 
the sample, as visible both from the detection of a O 1s signal and from the 
enhancement of the PES intensity around 20 eV binding energy in the valence 
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band spectrum (figure 3.9), corresponding to O 2s states. Upon subsequent 
annealing the initial lineshape and relative Li concentration were recovered in the 
film and the oxygen signal disappeared. 

Similar to what is observed in figure 3.9, also during the annealing procedure 
reported in figure 3.8(a) no change was observed in the frontier states, 
notwithstanding the variations in shape and intensity of the Li 1s signal. These 
data clearly point to the existence of a charge transfer threshold above which no 
further electron transfer from Li occurs, and show that Li has a relatively high 
mobility in this system (at room temperature and above). This confirms that 
charge transfer is incomplete in the polymeric fulleride phase at least above a 
certain Li stoichiometry. The existence of a charge transfer threshold in LixC60 
rationalizes the observed stability {Riccò ’05} of the same bulk 2D-polymeric 
phase over a wide range of Li stoichiometries. 

The spectra of figure 3.9 point to a diffusion of Li atoms towards the surface 
of the solid, where they partially oxidize instead of transferring more charge to 
the fullerene network. This suggests an immiscibility of Li and C60 above a certain 
concentration (probably related to the charge transfer threshold), leading perhaps 
to a (reversible) tendency of Li to form small clusters at the surface. As already 
pointed out in {Riccò ’05}, the observation of Li diffusion in the polymer matrix 
is inconsistent with a hybridization between Li- and C- derived levels. Such lack 
of hybridization is in line with the largely ionic bonding reported in films with 
nominal stoichiometry x≤1 {Schnadt ’00}.  
 
3.4 Conclusions 

 
We have demonstrated the growth of polymeric Li4C60 in thin film form. The 

Li4C60 phase is formed already by Li deposition on a C60 multilayer at room 
temperature, while annealing to above 400 K is found to enhance ordering in the 
film. The LEED pattern indicates the presence of polymer chains in the surface 
layer. The film termination is either (4,0,1) or (0,4,1) depending on whether such 
chains are the [2+2] cycloaddition-bonded or the single-bonded chains in the 
mixed motif of the Li4C60 network. Electron-energy loss and photoemission 
provide evidence that this phase is a low band-gap semiconducting polymer with 
a relatively strong electron-phonon coupling to the soft alkali and intermolecular 
modes. A mode is visible at 100 meV, characteristic of intermolecular bonding 
via a single σ-bond. 

Two spectral features, characteristic of the polymer phase, are present at 1.2 
and 0.5 eV just above the HOMO-derived peak in the valence band PES 
spectrum. These features did not show any dependence on Li concentration, 
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implying the lack of Li-C hybridization and the existence of an ionic charge 
transfer threshold from the Li atoms to the fullerene network. The existence of a 
threshold charge transfer, corresponding to a partial electron transfer of 2-2.5 
electrons per cage, rationalizes the reported stability of the polymer phase over a 
wide stoichiometry range. 

 





 

Chapter 4 
 
Electronic structure and phase transitions 
in RbC60

* 
 
 
 

We present a combined core-level and valence-band photoemission and X-ray 
absorption study of the four phases – face-centred cubic (fcc), polymer, dimer, 
simple cubic (sc) – of a C60-terminated RbC60 crystalline film. The sc-to-dimer 
transition is found to be reversible at the surface of the film, in contrast to bulk 
results. We find evidence for an electronic charge reconstruction at the film 
surface in all phases, in which the electron density in the surface molecular layer 
is reduced to –0.5e per cage, i.e., half that of corresponding bulk layers. This 
interpretation rationalizes the discrepancy between the theoretical DOS for 
RbC60 and the experimental photoemission spectra. In the fcc phase the C60(111) 
surface plane consists, on the photoemission timescale, for 50% of singly-
charged monomers and for the remaining 50% of neutral molecules. These 
surface neutral monomers coexist with charged dimers and polymer chains in the 
corresponding phases. The X-ray absorption spectra of these phases are 
consistent with this interpretation. 

The surface of the fcc phase appears weakly metallic, as has been found for 
the bulk. We confirm the previous conclusion on less crystalline films that the 
dimer phase is insulating. A metal-to-insulator transition is observed by electron 
energy loss spectroscopy at the surface of the polymer phase between 85 and 110 
K, also confirmed by photoemission. A sharp Fermi edge is observed in the 
simple cubic phase, demonstrating the metallicity of this phase also in thin-film 
form. A lower limit of 0.5 eV (0.65 eV) is found for the surface Hubbard U in 

                                                 
* This chapter is based on results published or in preparation as follows: Roberto Macovez, Petra 
Rudolf, Ingrid Marenne, Lisbeth Kjeldgaard, Paul A. Brühwiler, Thomas Pichler,  Paolo 
Vilmercati,  Rosanna Larciprete,  Luca Petaccia,  Giovanni Bertoni,  Andrea Goldoni, “Electronic 
surface reconstruction and correlation in the fcc and dimer phases of RbC60”, Physical Review B 75, 
195424 (2007) (9 pages); Roberto Macovez, Claudia Castellarin-Cudia, Joachim Schiessling, J.J. Shan, 
Luc Venema, Paolo Vilmercati, Giovanni Bertoni, Luca Petaccia, Andrea Goldoni, Petra Rudolf, 
“Metal-to-insulator transition in thin-film polymeric RbC60”, in preparation; Roberto Macovez, Andrea 
Goldoni, Luca Petaccia, Paul A. Brühwiler and Petra Rudolf, “Reversible simple cubic-to-dimer 
transition and doubly-charged molecular anions at the RbC60 surface”, to be submitted to Physical 
Review Letters 
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the sc (fcc) phase, which shows that the surface of cubic RbC60 is a strongly 
correlated system. 

Three molecular charge states are identified in the valence and core 
photoemission spectra of the sc phase, two of which correspond to C60 and C60

1- 
monomers as in the fcc phase, while the third arises from a minority of C60

2- 
anions, similarly to what observed by NMR in the sc phase of bulk CsC60. The 
strongly correlated surface character and the fact that the doubly-charged 
monomers directly contribute to the spectral intensity at the Fermi level in the 
photoemission spectrum of the sc phase, indicate that the (2–) anionic states 
occur only as short-lived charge fluctuations, and that the surface conductivity is 
hopping mediated in sc RbC60, as also suggested from the X-ray absorption 
spectrum of the same phase. The hopping time of charge carriers is longer than 
the photoemission timescale, being probably of the order of a few femtoseconds. 
Molecular charge fluctuations appear to be a fundamental ingredient of 
metallicity in fullerides. 
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4.1 AC60 Phase Diagram 
 

Alkali fullerides with stoichiometry AC60 (A = K, Rb, Cs), among the last 
ones to be investigated {Winter ’92, Poirier ’94, Kosaka ’95, Zhu ’95}, are 
fascinating fullerene-derived salts displaying a variety of different structural 
phases as a function of temperature treatment (figure 4.1). 

Four phases exist, two of which are thermodynamically stable while the other 
two are only metastable. Above 400K the stable form of AC60 is a fcc lattice of 
rapidly spinning monomers with weak exchange interactions between them 
{Tycko ’93}. At room temperature a conducting phase of polymer chains sets in 
{Stephens ’94, Chauvet ’94, Pekker ’94}, which undergoes a magnetic ordering 
transition at lower temperature {Chauvet ’94}. The two metastable phases are 
obtained by fast-cooling (“quenching”) from the fcc phase: fast-cooling to about 
50K results in an orientationally ordered simple cubic monomer phase 
{Kosaka ’95} with rather unusual metallic properties {Brouet ’99, ’02b}; 
quenching to 200K leads to the formation of singly-bonded (C60)2

2– dimers 
{Oszlányi ’95, Zhu ’95, Thier ’97} which are isostructural and isoelectronic to the 
azafullerene molecule (C59N)2 {Pichler ’97}.  
 

  
Figure 4.1  The bulk phase diagram of AC60 (after {Mehring ’00}). 

 



Chapter 4 62 

Upon annealing the sc phase, an irreversible phase transformation occurs in 
the bulk to the dimer phase. If the temperature is raised to slightly below room 
temperature, the dimer bonds are broken, after which the thermodynamically 
stable polymer chains form. 

Each phase has characteristic electronic properties. NMR {Tycko ’93} and 
ESR {Chauvet ’94} investigations on the fcc phase revealed a high degree of 
localization of the unpaired electrons on individual C60 molecules. Optical 
conductivity measurements {Martin ’94} found a metallic character, which 
suggests that the bulk fcc phase is a strongly correlated metal. Like solid (C59N)2, 
the metastable dimer phase is insulating and diamagnetic, which derives from the 
fact that one electron per cage participates in the dimer bond and the non-
degenerate frontier orbital of the charged (C60)2

2– dimer is totally filled 
{Pichler ’97}. 

The sc phase differs from the fcc phase in that the molecular librations are 
frozen, and the orientation of the C60 monomers is fixed with respect to the 
cubic axes {Kosaka ’95}. Though the sc phase was initially described as a simple 
metal {Kosaka ’95}, a recent NMR study has shown that sc CsC60 is, in fact, 
characterized by a partial spin gap which is ascribed to the presence of a minority 
of stable doubly-charged molecules in spin-singlet state {Brouet ’99, ’02b}. The 
same authors suggest that spin-singlets might occur as short-lived charge 
fluctuations in the fcc phase of the same compound {Brouet ’02c}. A number of 
NMR studies have in fact suggested the existence of charge fluctuations on 
different timescales in various fullerene compounds {Brouet ’01, ’02a, ’02c}, but 
these were never yet observed directly, despite the fact that the fluctuations times 
conjectured by NMR are longer than the characteristic time of the PES process. 
The NMR results on sc CsC60 are peculiar because they point to an extremely 
long localization time of the spin singlets (up to few seconds), which is not 
expected in a strongly correlated system and has been partially ascribed 
{Brouet ’02b} to the energy gain associated with the Jahn-Teller distortion of the 
C60

2– anions {Auerbach ’94, Manini ’94}. The splitting of t1u states due to the 
Jahn-Teller distortion also explains the non-magnetic (spin-singlet) nature of the 
C60

2– anions (see section 1.4). 
Few photoemission studies have appeared in the past years, limited to the 

investigation of the valence band. The valence band features of fcc AC60 were 
found to be much broader {Lopinski ’94, De Seta ’96} than those of solid C60 
{Hunt ’97}. The LUMO-derived band in particular was found to be much wider 
than predicted by band structure calculations for a partially filled t1u-derived band 
(the full LUMO bandwidth is calculated to be 0.5 eV {Erwin ’91}), a situation 
encountered also in other alkali fullerides such as Rb3C60 and K3C60. As in A3C60 
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at high temperature {Knupfer ’93, Golden ’95, Goldoni ’98, ’00, ’01b}, the 
photoemission spectrum of the high temperature fcc phase of AC60 does not 
display a clear signature of a Fermi edge {Lopinski ’94, De Seta ’96}, contrary to 
the expectation for a simple metal. For the dimer phase as well, the disagreement 
between the calculated occupied density of states (DOS) and photoemission data 
for the valence band is marked. While the photoemission spectrum of solid 
(C59N)2 is identical to the theoretical DOS of the isolated azafullerene dimer 
{Pichler ’97}, a much worse agreement is found in the case of dimerized RbC60 
(see figure 4.2). 

Photoemission spectroscopy is particularly sensitive to the surface region of a 
probed sample, and modifications of the crystal and electronic structure are well 
known to occur at the surface of ionic compounds. As both pristine C60 and 
(C59N)2 are van der Waals solids while RbC60 is an ionic salt, it seems plausible 
that surface effects might be at least partially responsible for the discrepancy 
between calculation and experiment in RbC60. The dimer and fcc phases of RbC60 
are simple systems on which to test the importance of surface effects on the 
electronic structure of molecular solids. 
 

  
Figure 4.2  Left: valence band photoemission spectrum of solid (C59N)2 (dots) compared 
with the calculated DOS of the azafullerene dimer (solid line), after {Pichler ’97}. Right: 
valence band photoemission spectrum of RbC60 (circles) from {Poirier ’95a}, compared 
with the theoretical DOS for the isolated (C60)2

2– dimer (solid line) {Pichler ’97}. 
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4.2 RbC60 Experiments 
 

The experiments were performed in the ultra high vacuum experimental 
chamber of the SuperESCA beamline {Abrami ’95} at the ELETTRA 
synchrotron radiation facility (base pressure < 5×10–11 mbar). A Ag(100) single 
crystal was mounted on a He-cooled manipulator and heated with a filament 
placed behind it. The temperature was monitored via a thermocouple inserted in 
a hole on the side of the sample. A phase pure RbC60(111) thin film was grown 
by intercalating a C60(111) film grown by physical vapour deposition with an 
understoichiometric amount of Rb, followed by a vacuum “distillation” at 525K 
to yield the fcc phase {Poirier ’94}. The fcc phase was characterized by a faint 
(1×1) hexagonal LEED pattern, in agreement with earlier studies {Lopinski ’94}. 
The polymer phase was obtained by slow cooling from the fcc to room 
temperature. The same growth procedure was repeated in the ultra-high vacuum 
chamber devoted to electron energy loss spectroscopy of the Zernike Institute 
for Advanced Materials, which is equipped with a DELTA 0.5 spectrometer 
(SPECS) to characterize the polymer phase by HREELS. The primary electron 
energy was 4 eV, and the resolution (defined by the full-width-at-half-maximum 
of the elastic peak) was better than 3 meV. The spectra were measured in 
specular reflection geometry at an incidence angle of 55°. 

At Elettra, the dimer and sc phases were obtained by fast-cooling at a rate of 
50 K/min (see below). Each phase was probed by PES and XAS at a 
temperature at which it is known to be stable in the bulk: 175 K for the dimer 
phase, room temperature and below for the polymer, 525 K for the fcc phase, 
and 50 K for the sc phase. 

The photoemission spectra were acquired in two emission geometries to study 
the difference between the surface and bulk features of the film. In normal 
emission (NE) geometry photons impinge on the sample at 70˚ from the normal. 
In grazing emission (GE) the photon flux is normal to the surface and 
photoelectrons are analyzed at an angle of 70˚. Due to the finite inelastic mean 
free path of electrons in a solid, the probed depth is lower in grazing than in 
normal emission. The binding energy was calibrated by recording the Fermi edge 
of the clean silver substrate. The Rb 3d and C 1s PES spectra were measured at a 
photon energy of 400 eV with a resolution of 0.15 eV, while for the valence band 
(VB) spectra the photon energy was 129 eV and the resolution 0.036 eV. The 
photon energies were chosen in order to assure that the photoelectron kinetic 
energy and hence the electronic mean free path were roughly the same for 
valence band and C 1s photoelectrons, and large enough so that the 
photoemission spectra were not sensitive to modulations in the empty density of 
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states. 
The XA spectra were acquired by measuring the carbon KVV Auger yield at 

250 eV kinetic energy as the photon energy was varied across the C 1s absorption 
edge, and corrected for beamline throughput by dividing by the current on a 
clean gold mesh. The photon energy calibration was obtained by comparing first- 
and second-order photoemission signals from suitable core levels. 
 
4.3 Results 
 
4.3.1 Sample quality, phase identification and termination of the 

film 
 

Figure 4.3(a) shows the Rb 3d NE spectrum of all four phases (unless 
otherwise stated, in figures showing the comparison of spectra taken in different 
phases, each spectrum is normalized to the maximum of spectral intensity). In 
both cubic phases the spectrum consists of a single spin-orbit doublet with the 
expected intensity ratio (2:3) and an energy separation of 1.5 eV. This shows that 
only octahedral sites are occupied in the film. In fact, for higher Rb 
concentrations we observed a partial filling of tetrahedral sites, corresponding to 
the formation of a minority Rb3C60 phase. The tetrahedral sites give rise to a 
second Rb 3d  doublet in the photoemission spectrum whose j=5/2 feature is 
indicated by an arrow in fig. 4.3(b). 

The spectra of figure 4.3(a) indicate instead that in this film the tetrahedral 
sites are empty thereby ruling out the presence of minority Rb3C60 domains in the 
film. The spectrum of the sc phase is narrower than that of the fcc phase, and is 
asymmetric towards high binding energy, indicative of a metallic character (see 
Section 4.3.2 below). 

The Rb 3d spectrum of the dimer phase is structured, revealing the presence 
of two non-equivalent Rb contributions of similar intensity, as expected since the 
dimerization requires the existence of two non-equivalent Rb sites ({Zhu ’95}, 
see also Section 4.3.8). As shown in Fig. 4.3(c), the dimer phase spectrum could 
be reproduced with two doublets of the same intensity ratio and energy splitting 
as observed in the fcc phase. In the fit, each component is taken to have a Voigt 
profile with a Lorentzian width of 80 meV {Coville ’91, Brühwiler ’02} and a 
Gaussian width of 0.22 eV. Negligible angle dependence is observed in all phases 
(not shown). 
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Figure 4.3  (a) Rb 3d core level spectra of the four phases of RbC60, taken at normal 
emission with hν=400eV. (b) Rb 3d spectrum of an overdoped film, where the signal 
corresponding to tetrahedral (T) sites is visible (the arrow indicates the position of the 
j=5/2 feature of the spin-orbit doublet arising from Rb ions sitting in such sites). (c) Fit of 
the dimer phase Rb 3d spectrum with two spin-orbit doublets (each component is 
reproduced by a Voigt function); in each doublet the intensity ratio and energy separation 
are the same as in the cubic phases. 
 

 

 



Electronic structure and phase transitions in RbC60 67

1.5 1 0.5 0
Binding Energy (eV)

5 4 3 2 1 0
Binding Energy (eV)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

    RbC60 PES
Valence Band

 fcc
525K

 sc
50K

dimer
175K

polymer
   290K

PES Frontier states

fcc

polymer

dimer

sc

  
Figure 4.4  Left: valence band spectra of all four phases. Right: detail of the frontier states 
next to EF. The temperatures at which the corresponding spectra were taken are also 
indicated. 
 

Figure 4.4 shows the normal emission valence band spectra of all four phases 
(left), and a close-up on the frontier states (right). It can be seen that the 
lineshape of the frontier states is characteristic for each phase. The valence band 
spectra measured on the fcc, polymer and dimer phases look virtually identical to 
those available in literature {Lopinski ’94, De Seta ’96, Pichler ’97}, which shows 
that the desired stoichiometry is obtained and confirms the quality of our film. 
Since the highest occupied Rb core level (Rb 4p) lies around 17 eV binding 
energy, the valence band photoemission features in all four phases originate 
almost entirely from fullerene orbitals (though it should be noted that in the case 
of KxC60, some K p-d intensity contributes to the valence band DOS below 1.5 
eV {Molodtsov ’93}. In potassium fullerides charge transfer is complete 
{Benning ’91, Huang ’92, Molodtsov ’93}, and complete charge transfer occurs 
also for Rb {Satpathy ’92}, as expected since the first ionization potential of Rb 
is smaller than that of K. 

As mentioned in section 4.2, the LEED pattern of the fcc phase of RbC60 is 
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hexagonal, which indicates that the film termination is the same as that of the 
precursor C60 film, namely a (111) plane. The RbC60(111) film was observed to 
remain stable for several days in vacuum. The good stability of the surface 
implies that the film cannot be Rb-terminated, for surface Rb would react with 
gaseous species. Moreover, the ratio of the Rb 3d and C 1s photoemission 
intensities is less than expected for the RbC60 stoichiometry, indicating that the 
Rb signal is attenuated by a C60 surface layer. Hence the distillation procedure 
yields a C60-terminated fcc RbC60(111) film. 
 
4.3.2 Reversible sc-to-dimer transition in the thin film 
 
Figure 4.5 displays the temperature evolution of the frontier electronic states 
during the quench from the fcc to the dimer phase and as the temperature is 
further lowered. 
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Figure 4.5  Temperature dependence of the states closest to EF during fast-cooling from the 
fcc to the sc phase at an average rate of 50 K/min. The temperature to which each spectrum 
corresponds is not known with precision except for the first and last spectrum. 
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The feature closest to the Fermi level (EF) in the spectrum of the fcc phase 
arises from the partial filling of the C60 LUMO-derived band due to the complete 
charge transfer from Rb. The transition to the insulating dimer phase is visible as 
the opening of a gap at EF in the density of states. The features around 1 eV in 
the three middle spectra arise from the highest filled molecular orbitals of the 
charged (C60)2

2- dimer {Poirier ’95a, Pichler ’97}, and could be observed in the 
temperature range between 250 and 140 K. As reported in previous studies 
{Poirier ’95a, Pichler ’97}, there is a small spectral intensity between the dimer 
states and EF, which is indicative of a small percentage of charged monomers at 
the surface of the dimer phase. 

As the temperature is lowered below 135 K the dimerized film undergoes a 
transition to a conducting phase characterised by a sharp Fermi edge. The sample 
could be annealed and cooled several times through this transition, which shows 
its reversible character. The reversible transformation undergone by the dimer 
phase cannot be a transition to the polymer phase, as once formed, the polymer 
chains are stable up to temperatures high enough to recover the fcc phase. 
Moreover, the RbC60 polymer phase undergoes a magnetic ordering transition at 
50 K {Chauvet ’94}, which is presumably preceded by a metal-to-insulator 
transition at higher temperature (see paragraph 4.3.7), while our spectra clearly 
point to a strongly metallic character of the low temperature phase (figure 4.4). 
The sc phase is instead reported to be metallic {Kosaka ’95}, which agrees with 
the observed Fermi edge in the low temperature spectra. Moreover, the transition 
temperature from the dimer to the low-temperature phase in the film 
corresponds to the temperature at which the sc phase transforms irreversibly into 
the dimer phase in bulk RbC60 (125 K) {Kosaka ’95}. These observations in 
concert demonstrate the reversibility of the sc-dimer transition at the surface, in 
contrast to the bulk case {Oszlány ’95, Zhu ’95}, and directly confirm the 
metallic character of the sc phase. 

It may seem surprising that the dimer bonds can be cleaved as the 
temperature is lowered but one should note, however, that the formation of 
dimers costs elastic energy due to the ensuing structural distortion, and that this 
energy term plays a role in the free energy balance between the various phases. 
The reduced dimensionality and mechanical strain in the film, and electrostatic 
compensation issues at the film surface (see paragraph 4.3.3), presumably 
contribute to the different character of the phase transformation at the surface. 
In bulk RbC60, in fact, the sc phase is obtained by quenching from the fcc phase 
so as to avoid the formation of the dimers (although in one case the sc to dimer 
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transformation appeared to be reversible also in a bulk RbC60 sample * ). All 
quench attempts in our setup resembled the one displayed in Fig. 4.5, indicating 
that our cooling rate is too slow to avoid the formation of the dimer bonds. 
 
4.3.3 Surface charge reconstruction 
 
4.3.3.1 Charge states at the film surface 
 

The C 1s spectra of all four RbC60 phases, shown in figure 4.6 for both 
emission geometries, are seen to contain (at least) two components, 
approximately half eV apart. The intensity of the two C 1s components varies 
with the emission angle in the same fashion in all phases, with the component at 
higher binding energy being more intense in grazing than in normal emission. 
Spectra from similar samples collected in normal emission and 80o grazing 
emission with a photon incidence angle of 40o in both cases, showed the same 
changes in the C 1s intensities (not shown). This implies that this intensity 
variation cannot be due to a polarization dependence. 

The observation of the two-component feature in all four phases means that 
it is not due to a final state photoemission effect, but has instead a common 
origin in all phases. The C 1s binding energy of individual C atoms on a 
monomer or a dimer can in principle be slightly dependent on their position in 
the molecule, due to different values of the Madelung potential closer or farther 
from surrounding ions or intermolecular bonds. However, as discussed in detail 
in {Schiessling ’05}, studies of chemisorbed C60 suggest that intramolecular 
Madelung potential-like effects are quite small for C60, presumably due to the 
excellent internal polarization of the molecule upon charging {Rotenberg ’96, 
Shirley ’96}. Therefore, we attribute the observation of distinct components in 
the C 1s spectrum to the existence of different molecular sites, rather than to 
different atomic sites on the same molecule. 
 

                                                 
* V. Brouet, private communication. 
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Figure 4.6  Normal (empty circles) and grazing (filled circles) emission C 1s spectra of the 
four phases of RbC60. The normal emission spectra are normalized to the intensity 
maximum, while the grazing emission ones are normalized so that the lineshape at lower 
binding energy matches that of the normal emission spectrum of the same phase. In all 
phases at least two components are present, and the highest binding energy component (see 
arrow) has a higher relative intensity in grazing than in normal emission. 
 

From the relatively high interlayer separation (d≈9Å) and the low electronic 
mean free path in C60 compounds (λ=5-6Å, see {Schiessling ’05} and 
{Goldoni ’01a}) at the kinetic energies of the photoelectrons in the present 
experiment, the expected contribution of the surface C60 layer to the normal 
emission signal is 1–exp(–d/λ) ≈ 75-80% of the total intensity. Hence only the 
first two or three C60 layers give a detectable contribution to the normal emission 
PES spectra, and these predominantly reflect the emission from the C60 surface 
layer. The grazing emission spectra are practically sensitive only to the topmost 
layer, due to an increase of the exponent by a factor 1/cos(70˚). The fact that the 
two C 1s components are present in the GE spectra (with only small intensity 
changes compared to the NE spectra), clearly indicates that the two non-
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equivalent C60 molecular sites are present at the film surface. Hence the origin of 
the two molecular components in the C 1s spectra cannot be a surface relaxation 
or a surface core level shift {Rotenberg ’96, Shirley ’96}. 

The comparison between the calculated DOS for the isolated (C60)2
2– dimer 

and the valence band spectrum of the dimer phase of RbC60 brings further 
insight. It is seen that if the frontier states in the theoretical and experimental 
DOS are aligned, as shown in the left panel of figure 4.7, the shoulders to the low 
binding energy side of the main photoemission peaks are reproduced, but not the 
main peaks themselves. The energy separation between the main peaks is the 
same as that found in the C60 monomer phases. In the right panel of figure 4.7 
we have reproduced the valence band spectrum of the dimer phase of RbC60 as 
the sum of the valence band lineshape of pristine C60 and the theoretical (C60)2

2– 
DOS (the pristine C60 spectrum was acquired on the multilayer film before Rb 
doping, in the same experimental conditions as the RbC60 spectra). The two 
curves were broadened to mimic the effect of the crystal field and of inelastic 
electron scattering, shifted so that the energy separation between the leading 
features was similar to that in the C 1s core level, and adjusted in intensity to best 
reproduce the dimer phase lineshape. 

This analysis of the valence band spectrum of the dimer phase demonstrates 
that both charged dimers and neutral monomers are present at the film surface in 
this phase. The two components in the C 1s spectrum of the same phase hence 
correspond to these two molecular species. 
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Figure 4.7  Left: comparison of the theoretical density of states (DOS) of the isolated 
(C60)2

2– dimer {Pichler ’97} and the valence band spectrum of pristine C60 and that of the 
RbC60 dimer phase. Right: model of the dimer phase spectrum as the sum of the C60 valence 
band lineshape and the theoretical (C60)2

2– DOS. 
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The same considerations hold for the other phases as well. The valence band 
spectrum of the sc phase clearly shows the presence of at least two molecular 
components (see arrows in figure 4.4), and the same is true for the polymer phase 
(see figure 4.4 and paragraph 4.3.7). The spectrum of the fcc phase is also 
anomalously broad. In both cubic phases the relative intensity of the LUMO- and 
HOMO- derived states is much lower than the value 1:10 expected for a 
homogeneous matrix of C60

1– anions {Satpathy ’92} (1:10 is the ratio between the 
number of LUMO to HOMO electrons in the C60

1– anion), which again indicates 
the presence of non-charged molecules in the film. The spectra of the cubic 
phases will be discussed in more detail in paragraph 4.3.4. 

The arguments presented in this section therefore establish that the two-
component feature of the C 1s spectra of the four phases of RbC60 is related to 
the presence of two distinct molecular charge states (neutral and charged) on the 
photoemission timescale at the film surface. We will now discuss the origin of 
such charge states. 
 
4.3.3.2 Origin of the two molecular charge states 
 

The simplest explanation for the presence of both charged and neutral 
fullerenes in the film is that they arise from domains of RbC60 and pristine C60, or 
from a nano-phase segregation as suggested in Na fullerides {Klupp ’06}. This, 
however, can be ruled out based on several reasons. The observed relative 
intensities of the two peaks are found to be the same regardless of the initial 
stoichiometry of the precursor film. The valence band spectrum of the polymer, 
dimer and fcc phases are indeed identical to those of previous studies, which 
shows that the double-component structure is an intrinsic feature of RbC60 films, 
and can hardly be attributed to the presence of large domains of unreacted C60 
(different studies should otherwise find different valence band lineshapes due to 
the different average stoichiometry). Most importantly, however, pure C60 
sublimes at 455 K, i.e., much below the distillation and measurement temperature 
(525 K) of the fcc phase {Poirier ’94}, hence domains of unreacted C60 would 
sublimate during the vacuum distillation procedure (see section 4.2). 

The presence of a nano-segregated phase was suggested in Na fullerides. 
However, this hypothesis cannot explain the angle dependence of the C 1s 
spectra. Moreover, a high mobility can be expected for the smaller Na and Li 
ions (as we showed in Chapter 3 for the case of Li), but it can hardly characterize 
the heavy Rb ions. Moreover, the chemical composition in bulk Na fullerides 
becomes homogeneous above 460 K {Klupp ’06}, which again is lower than the 
measurement temperature of fcc RbC60. Hence an alternative explanation must 
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be sought for the occurrence of neutral charge states at the RbC60 film surface. 
The (111) surface of fcc RbC60 is an example of a termination of an ionic 

compound with a maximum polarity plane. If the surface C60 layer were fully 
charged, there would be an uncompensated negative charge at the film surface, 
leading to a net dipole moment perpendicular to the surface and such 
termination would be electrostatically unstable {Fripiat ’77}. In fact, polar 
terminations with uncompensated dipoles are never observed in nature. There 
are various ways in which the instability of a fully polar surface of an ionic solid is 
avoided, the most common being relaxation and buckling reconstruction. A 
surface relaxation can be excluded for RbC60, as it does not introduce the non-
equivalence between surface sites required to explain our C 1s core level data. On 
the other hand, a buckling reconstruction would appear with a characteristic 
surface diffraction pattern, while the low energy electron diffraction (LEED) of 
the film showed simply a (1x1) hexagonal pattern, in agreement with previous 
studies {Lopinski ’94}. Also, the size and mass of the C60 molecule suggest that a 
structural surface reconstruction might not be as energetically favourable as in 
conventional solids where the ionic masses involved are much smaller. 

A less common mechanism which can resolve the electrostatic instability of 
the RbC60(111) surface, and at the same time explain the observation of two non-
equivalent surface sites, is an electronic reconstruction in which the surface C60 
layer carries a lower net charge than the corresponding bulk layers {Hesper ’00}. 

This phenomenon has been observed on ultra-thin films of ionic compounds 
{Hebenstreit ’00}, at the interfaces between transition metal oxides 
{Nakagawa ’06}, and it was also recently proposed for fcc K3C60(111) 
{Schiessling ’04, ’05; Hesper ’00}. 

To obtain a plausible value for the surface charge density, we follow 
{Fripiat ’77}. If one considers a thin slab or a semi-infinite crystal of a fcc ionic 
solid with (111) surface(s), the electrostatically-stable termination must carry a 
surface charge density reduced to half its value inside the solid in order for the 
total dipole moment perpendicular to the surface to vanish. This is shown in 
figure 4.8(a) and (b) for the A3C60 case {Hesper ’00}.  
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   (c)   
Figure 4.8  (a),(b) Schematic view of a finite charge-neutral slab of A3C60 in vacuum with 
(111) termination planes, and corresponding electrostatic potential (after {Hesper ’00}). 
The termination planes are: (a) a fully charged C60 plane on one side and a fully charged K 
plane on the other, which leads to a divergence of the potential; (b) half-charge C60 plane 
(–1.5e per molecule) on both sides. (c) Schematic view of a finite, charge neutral slab of 
RbC60 with (111) termination planes with the proposed charge reconstruction. 
 

In the case of C60-terminated RbC60(111) the average charge in the surface 
layer is thus –0.5e per molecule, as depicted in figure 4.8(c).* Half-integer ionic 
charges are indeed observed in other examples of surface and interface electronic 
reconstructions, in particular in Na-terminated ultrathin NaCl films where the 
formal charge of the cations was reported to be +0.5e, implying a half-filled Na 
3s band {Hebenstreit ’00}. In RbC60 the difference in energy between the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecular 
orbital (LUMO) is much less than that between the Na 2p and 3s states in NaCl, 
so that an electronic reconstruction is energetically more favourable. 

                                                 
* In our films as in the other examples of interfacial charge reconstruction one of the two surfaces is 

replaced by the interface between the film and the substrate, where interfacial dipoles and built-in 

electric fields may complicate the situation depicted in figure 4.8. The problem of electrostatic stability 

may however be considered a “local” issue at each interface: indeed structural reconstructions originate 

from electrostatic instabilities and are observed at the surface of a crystal regardless of its thickness or 

possible interfaces with other materials far away from its free surface. 
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Since in organic molecular solids in general, and in RbC60 in particular, the 
electrons are mostly localized on single molecules {Chauvet ’94, Tycko ’93}, a 
surface charge of –0.5e per C60 actually corresponds to a situation in which half 
the molecules are neutral and half carry a –1e charge (at least on short time scales 
such as that of the photoemission process, which is of the order of 10 as). Similar 
arguments should apply for the other phases, as it is likely that the local charge 
density at the surface is unchanged in a phase transition (the issue of electrostatic 
stability of the surface is always present for all phases). As the singly-bonded 
dimer is stable only when it carries a net charge, in the transition to this 
metastable phase only the charged C60

1-
 monomers take part in the dimerization, 

while the neutral monomers at the surface remain so also at low temperature, and 
similarly for the polymer phase. 
 
4.3.3.3 Model for the binding energy difference 
 

Within the present model, therefore, the two components visible in the C 1s 
spectra reflect the presence of 50% neutral and 50% charged fullerene molecules 
in the surface layer. We assign the component at lower binding energy to the 
charged C60 species and the one at higher energy to neutral C60, based on the 
relative intensity and angular dependence of the two C 1s components in both 
phases. This consideration is also true for the other molecular levels, for example 
the HOMO. 

To support this assignment we can roughly estimate the C 1s or HOMO 
photoemission binding energy difference (ΔBE) between the charged and neutral 
molecules, following the ideas of {Schiessling ’05}. We take as an Ansatz a model 
in which the surface consists of alternate arrays of charged and neutral molecules 
(see figure 4.9(a)). The binding energy difference ΔBE is approximately the 
difference in ionization potential between the two charge states. We start the 
calculation with the ionization of a neutral molecule by expelling an electron 
from the HOMO orbital.  The difference in ionization potential is evaluated as 
the cost of transferring the resulting hole to a distant negatively-charged molecule. 
Such cost is in general the sum of an intra-molecular Coulomb energy term plus 
an inter-molecular Coulomb energy term (Madelung potential); the latter can be 
estimated in a simple way considering the contribution of nearest neighbours 
(n.n.) only {Schiessling ’05}. A charged surface molecule has two charged n.n. in 
the surface plane and three in the subsurface layer, for a total of five, while a 
neutral molecule has four plus three, all other n.n. being neutral (see figure 4.9(a)). 
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(a) (b)  
 
Figure 4.9  (a) Top view of the first (outermost) and second molecular layers of the fcc 
RbC60(111) surface. The dark circles are charged molecules, the bright ones correspond 
instead to the neutral surface monomers. The nearest neighbours of a charged and neutral 
surface molecule are indicated with arrows. (b) Top view of the same surface, after an 
electron has been extracted from the two molecules considered in (a): the previously 
charged molecule is now neutral but in an excited state (indicated by an asterisk); the 
previously neutral one is now positively charged and in an excited state (white circle with 
an asterisk). 
 

The photoemission process from a neutral molecule leaves behind a C60
1+ ion 

in an excited state (see figure 4.9(b), lower right corner). To move the hole in the 
HOMO of a C60

1+ molecule to the HOMO of a distant C60
1– ion, we have to 

consider that there is an initial configuration Madelung contribution from the 
C60

1+ of –7V and from the C60
1– of +5V, for a total of –2V, where V is the 

screened Coulomb potential energy between singly charged n.n. ions. In the final 
state configuration both molecules are neutral, giving no terms in V, but the 
formerly negatively-charged molecule now contains an exciton (figure 4.9(b), 
upper left corner). The change in internal energy between the initial and final 
configuration of such a molecule is simply the exciton binding energy, or Uex. If 
there is a difference in the ground state energy of the HOMO levels of the 
neutral and charged molecules due to solid-state effects, we postulate that to a 
large extent such difference is maintained in the final state of the PES process, as 
this occurs on fast timescales. Hence the binding energy difference is simply the 
ionization potential difference or ΔBE=2V–Uex, placing the spectrum from the 
negatively-charged molecules at higher energy (or lower BE). Using the values 
found for solid C60, namely Uex=1.5 eV for surface excitons {Goldoni ’96a, ’96b; 
Schwedhelm ’98} and V=0.3 eV {Antropov ’92}, we find a binding energy 
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difference of 0.9 eV, in reasonable agreement with our experimental value of 0.65 
eV (see next paragraph). As the exciton binding energy is roughly the same for 
core and valence excitons {Schnadt ’05}, our estimate is valid for the C 1s level 
as well as for higher-lying molecular orbitals. The slight overestimation of the 
binding energy separation is most probably related to the fact that the value of U 
(and presumably also of V) is lower in fcc RbC60 than in pristine fullerite, as will 
be shown in Chapter 5, due to a more efficient screening of Coulomb 
interactions. 
 
4.3.4 Charge states in the surface and subsurface layers in the 

cubic phases 
 

In figure 4.10(a) a fit of the C 1s spectrum of the fcc phase is presented, using 
two Doniach-Šunjić {Doniach ’70} components separated by 0.65 eV, to which a 
Shirley background {Shirley ’72} is added to account for inelastically scattered 
electrons (for the Doniach-Šunjić components a Lorentzian width of 0.1eV and 
Gaussian FWHM of 0.68 eV was used, and the asymmetry parameter was 
α=0.035). The spectral weight of the C60

1–  component is about 62%, implying 
that at normal emission only ~25% of the total spectral weight comes from the 
subsurface layers, in agreement with the low inelastic mean free path 
{Schiessling ’05; Goldoni ’01a}. 

The RbC60 fcc valence band spectrum was modelled (figure 4.10(b)) using two 
C60 lineshapes, corresponding to the neutral and charged monomers, with 
approximately the same relative intensity and energy separation observed in the 
core level spectra, as expected from our previous discussion of the binding 
energy difference between the two charge states. The energy separation between 
the HOMO of the negatively charged component and the LUMO-derived 
feature, which represents the band gap of the charged molecules in this phase, is 
found to be 1.7-1.8 eV (centroid to centroid). This value is intermediate between 
the gap found for the neutral molecules in pristine fullerite (2.15 eV, see Chapter 
5) and that observed in A6C60 compounds {Rudolf ’99}. This could be 
anticipated, as the lower filling of the LUMO entails a reduced relaxation of the 
molecular orbitals, and provides further support to our interpretation. 

As visible in Fig. 4.6, the relative height of the two C 1s features in the sc 
phase is reversed compared to the fcc phase, which would seem to indicate that 
the percentage of neutral fullerenes in the film has increased and that the amount 
of C60

1– ions decreased (this cannot be due to a higher surface sensitivity in the sc 
phase: as the two cubic phases are structurally very similar, the electronic mean 
free path should be the same in both, and the lower temperature of the sc phase 
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should, if anything, lead to higher mean free path than in the fcc phase). The 
lower energy component has a pronounced tail towards low binding energy, 
which cannot be due to metallic screening of the core hole nor to inelastically-
scattered electrons, as both effects only contribute to the asymmetry towards 
high binding energy. Also, we do not expect an anomalous broadness of the 
charged component with respect to the neutral one in a cubic phase; this is 
indeed testified for by the Rb 3d spectrum of the sc phase. 

While it is possible to reproduce the core level and valence band spectra of 
the fcc phase with two components of the same broadness, a third less intense 
component must be introduced at low binding energy in the sc phase spectra (see 
figure 4.10). The relative intensity and energy position of the three components 
are consistent between the core and valence spectra, with an energy separation 
between adjacent components of approximately 0.5 eV, slightly smaller than that 
found in the fcc phase (0.65 eV). 

The similar energy separation between the components, the shift of the 
minority component to lower binding energy, and the relative enhancement of 
the high binding energy component (neutral C60) allow us to conclude that the 
new component arises from doubly-charged fullerene molecules present in the sc 
phase. The relative intensity predominantly reflects the abundance of each charge 
state in the first layers of the film, and it can be accounted for if, starting from 
the composition of the fcc phase, with the bulk consisting of C60

1– anions and the 
surface composed of 50% C60

1– and 50% neutral C60, approximately 10-15% of 
the molecules in the surface and subsurface layers assume a double-charge state. 
This must occur at the expense of singly-charged species, rationalizing the 
observed increase in neutral molecules to preserve charge balance. Thus, all our 
observations are consistent with the presence of doubly-charged molecules at the 
surface of the sample in the sc phase. This conclusion strongly supports the 
proposal based on NMR data of a minority of doubly-charged molecules in the 
spin-singlet state in the sc phase of CsC60 {Brouet ’99, ’02b}. The percentage of 
doubly-charged anions is the same in the two systems, which lends support to the 
idea brought forth in {Brouet ’02b} that the number of C60

2– anions is limited by 
their mutual Coulomb repulsion. 
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Figure 4.10  Model of the NE C 1s (left) and HOMO- and HOMO–1-derived region of the 
valence band (right) spectra of the fcc and sc phases, in terms of different molecular charge 
states (the valence band spectra are plotted with a vertical offset). (a),(b) model of the fcc 
spectra with two components; (c),(d) model of the sc spectra with two components; (e),(f) 
model of the sc spectra with three components. In the fit of the sc spectra with two 
components ((c),(d)), the arrows indicate the largest discrepancies between data and model. 
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4.3.5 LUMO-derived states in the fcc and sc phases 
 

The spectra of the LUMO-derived states are compared in detail in Fig. 4.11 
for both cubic phases. These states are interesting at least in two respects: while 
the spectra of C 1s and the higher lying C60 molecular orbitals carry information 
on neutral and charged molecules, only charged species contribute to this part of 
the spectrum; moreover, the t1u states cross the Fermi level and thus convey 
information about the metallicity of each phase. 

In the lower part of figure 4.11 we compare the grazing and normal emission 
PES spectra of the C60 LUMO-derived feature in the fcc phase of RbC60. The 
LUMO-derived spectrum looks practically identical in the two geometries, with a 
single broad feature centered at 0.5 eV binding energy and a very low but non-
zero spectral density at and above the Fermi level as previously observed in both 
fcc RbC60 and CsC60 {Lopinski ’94, De Seta ’96, Poirier ’95a}. As mentioned 
previously, the width of the fcc LUMO feature is much larger than ~0.1 eV 
predicted by band theory for the singly occupied t1u band, which points to an 
important role played by electron-electron and electron-phonon interactions. 
While both the electron-electron and the electron-phonon coupling in general 
lead to a narrowing of the electronic bandwidth, they also give rise to satellites in 
the photoemission spectra, as exemplified in section 2.6.3 of this thesis. 

The LUMO spectrum of the sc phase displays a sharp Fermi edge followed by 
a maximum at 0.4 eV, which decays with a linear slope at higher energy. The 
observation of the Fermi edge clearly shows that the sc phase of RbC60 is metallic 
also in thin-film form. 

The spectral weight of the LUMO-derived states in the fcc phase extends well 
above EF and decays more slowly than the profile of the Fermi-Dirac distribution 
at the measuring temperature of 525 K. This is not expected for a Fermi liquid, 
where the photoemission profile is given by the density of states multiplied by 
the occupation factor at the measuring temperature (i.e. the Fermi-Dirac 
function), and signals an unconventional electronic behaviour. The same 
phenomenon was observed in previous studies of the fcc phase of RbC60 and 
CsC60, and in K3C60 and Rb3C60 at high temperature {Knupfer ’93, Lopinski ’94, 
De Seta ’96, Poirier ’95a, Goldoni ’00}. The similarity between the high-
temperature LUMO profile in A3C60 and AC60 compounds shows that this 
phenomenon does not depend on the details of the band structure, but is instead 
related to electron-electron or electron-phonon interactions. 
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Figure 4.11  (a) Comparison between the LUMO-derived band of the sc (top spectrum) and 
fcc phases. For the fcc phase the comparison between the grazing (filled circles) and 
normal (empty circles) emission spectrum is also shown. The spectra are normalized to the 
area under the curve between 0 and 1.3 eV binding energy. In the fcc case, the comparison 
with the Fermi-Dirac distribution (FDD) at the measurement temperature (525 K) is also 
shown. For the comparison the FDD and fcc LUMO-derived spectra are plotted so that 
they have the same intensity at EF. (b) Temperature dependence of the LUMO spectrum of 
K3C60 (after {Goldoni ’00}). 
 

Electron correlation can give rise to quasiparticle satellites above EF, which 
can determine a tailing of the spectral intensity as observed in some strongly 
orrelated and Kondo systems {R inert ’01}. From our discussion of the binding 

ed at the film surface (x=0.5). Interestingly, also for 
≈1.5 the spectral function has a pole right above EF. Hence correlation satellites 

mig

 

ec
energy difference in section 4.3.3 it is clear that correlation effects are important 
at the surface of RbC60, as also found at the K3C60 surface {Schiessling ’04, ’05}. 
As reported in paragraph 2.6.3.3, calculations {Meinders ’94a} of the spectral 
function for the three-fold degenerate Mott-Hubbard model in the localized limit 
with U=0.7 eV show that at low doping the spectral function has a pole near EF 
whose energy position depends on the number of electrons per site, being below 
the Fermi energy for x=1, at EF for x=0.8 and slightly above EF for lower filling 
levels such as that observ
x

ht be partially responsible for the spectral tail above EF in the photoemission 
spectrum of odd-stoichiometry fullerides. 

On the other hand, the broadness of the spectral features of the dimer phase, 
where no band- or correlation-effects are present, indicates that electron-phonon 
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broadening plays a dominant role in the photoemission spectra of RbC60. 
Electron-phonon broadening is a well-known feature of organic solids and 
fullerides in particular. Franck-Condon broadening has been extensively observed 
in C60, for example in PES experiments on C60 and C60

1– in the gas phase 
{Gunnarsson ’95a}, on C60 films on graphite {Brühwiler ’97, Manini ’03} and on 
K3C60 and Rb3C60 films {Goldoni ’98, ’00, ’01b; Knupfer ’93}. The difference in 
lineshape between the spectrum of the high-temperature fcc phase and that of 
the sc phase in figure 4.11(a) is reminiscent of the temperature dependence of the 
LUMO-derived states in K3C60 and Rb3C60 {Knupfer ’93, Goldoni ’00}, shown in 
figure 4.11(b) for the K3C60 case. Also in the higher stoichiometries a sharp Fermi 
edg

ttering 
me

e is visible at low temperature, which is smeared out with increasing 
temperature. A smooth evolution between the low- and high-temperature 
LUMO profiles is observed in A3C60, accompanied by a corresponding 
broadening of the other valence band features and the appearance of the 
intensity tail above EF {Knupfer ’93, Goldoni ’00}. The similarity to our spectra 
strongly suggests that the non-Fermi liquid profile in odd stoichiometries is due 
to Franck-Condon satellites, with the intensity above EF due to the gradual 
transfer of spectral weight to phonon-gain satellites (see paragraph 2.6.3). 

While the C 1s and the higher lying C60 molecular orbitals carry information 
on neutral and charged molecules, only charged species (in the sc phase, both 
singly- and doubly-charged anions) contribute to the LUMO-derived intensity. 
The similar energy position of the spectral maximum in the spectra of Fig. 4.11 
suggests that the most prominent LUMO-derived feature arises in both cubic 
phases from C60

– species. The relative energy position of the two charge 
components in the spectrum of the sc phase should follow that observed in the C 
1s and HOMO and HOMO-1 spectra of the same phase, since it mainly reflects 
the contribution of the on-site Coulomb repulsion. Thus we find that the 2– 
component in the sc phase contributes to the spectral weight at EF. 

The more pronounced slope to the high binding energy side of the LUMO 
states in the sc spectrum might be due to the different electron-sca

chanisms available in the sc phase {Brouet ’02b} or to spectral satellites 
related to the 2– charge state, and possibly to the presence of a small minority of 
dimers in the sc phase, which might contribute some of the spectral intensity 
around 1 eV binding energy. 

From the relative intensity of the C60
2– and C60

1– components in the C 1s 
spectrum of the sc phase we estimate that the contribution of the doubly-charged 
states to the LUMO spectrum is approximately 40% of the total intensity, which 
shows that at least some of the spectral intensity related to C60

2– species must be 
distributed into satellites below EF. 
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4.3.6 Surface metallicity and charge fluctuations in the cubic 

bsurface- (“bulk”) and surface-derived intensity in 
the

ent of the chemical potentials of bulk and 
s

Similarly, no dependence on the emission angle is observed for the LUMO-
erived feature in the sc phase. The observation of the Fermi edge in grazing 

em

e. Despite this energy cost for hopping, the kinetic energy gain derived 
fro

st-neighbour Coulomb repulsion acts as a 
hop

phases 
 

As visible in figure 4.11(a), no angular dependence is found in the LUMO-
derived signal of the fcc phase, contrary to the observations on the other 
molecular levels. Since only half the surface layer contributes to the LUMO 
intensity, the ratio between su

 LUMO spectrum should be higher than the one found for the other levels. 
The fact that the binding energy of the LUMO-derived feature is the same in 
both geometries and that it crosses the Fermi level suggests that both the surface 
and the bulk of fcc RbC60 are (weakly) metallic, since the similar binding energy 
would then result due to the alignm
urface. 

d
ission and the lack of angle-dependence demonstrates the conducting nature 

of the surface layer in the sc phase. Instead, the electronically-reconstructed 
K3C60(111) surface was suggested to be insulating {Schiessling ’04, ’05}. This 
difference in behaviour between the two odd stoichiometries, both of which are 
metallic in the bulk, is a bit puzzling. 

We can tentatively discuss the metallic character of the surface and the bulk of 
RbC60 within the same model used to account for the binding energy differences. 
A long distance hopping process in the bulk of RbC60 between two singly-
charged molecules costs an energy amount equal to the bulk Hubbard Ubulk in 
this phas

m hopping (of which the bandwidth is a measure) is apparently large enough 
to keep RbC60 (as well as other alkali fullerides of odd stoichiometry such as 
K3C60) on the metallic side of a Mott-Hubbard transition {Koch ’99b}. At the 
film surface a long distance hop from a charged molecule to a neutral one leads 
to a net intermolecular repulsive energy loss of 2V<U (these quantities refer now 
to surface values). In other words, although there is no on-site U to pay for the 
hopping process to occur, the neare

ping barrier for conduction in the surface layer. The same argument has been 
applied to the case of the K3C60(111) surface {Schiessling ’04, ’05}. 

It could be argued that although in a surface layer the bandwidth should be 
reduced, this reduction could be compensated by the decrease in the energy 
barrier for the hopping process, which is only Vsurf compared to the bulk where it 
is equal to Ubulk. This explanation would rationalize the similarity in the electronic 
character of the bulk and surface of RbC60, but it is at odds with the suggested 
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insulating character of the surface of K3C60. The difference between the two 
cases could be related to the fact that, contrary to K3C60, in RbC60 the same 
charge state (1–) appears both at the surface and in the bulk material and a charge 
density difference of only 0.5e per molecule exists between the surface and 
subsurface layers, which might perhaps render hopping between the two more 
favourable and thereby help establish the surface metallicity of RbC60. 

We now discuss the nature of conduction at the surface of the sc phase of 
Rb

 Hubbard 
mo

 surface or by the occurrence 
of 

C60. The simultaneous presence in the photoemission spectra of a Fermi edge 
and of different molecular charge states is at odds with the expectation for a 
simple metal, where the conduction electrons are delocalized and core ions are all 
in the same charge state. The relatively small intermolecular hopping (compared 
to the intramolecular one) in molecular solids results in general in a localized 
electronic character. This is in fact what is observed in RbC60, where the half-
integer surface charge density does not result in the formation of a band of 
delocalized electrons, but in the observation, at least on the PES timescale, of 
several surface charge states. Such observation entails that the metallicity of the 
RbC60 surface is not derived from delocalization, but from hopping processes, 
which is consistent with the expectation that the ground state of the

del at non-integer filling is a metal also in the limit of extremely localized 
electrons where U is much larger than the bandwidth, which results from the 
possibility of electron hopping to empty sites (in the RbC60 case, the neutral 
surface molecules). A “molecular” character of metallicity in RbC60 can be also 
inferred from our XAS study (see paragraph 4.3.8). 

The surface metallic character of RbC60 implies that the localization of an 
electron on a specific molecule is limited to a finite time due to hopping 
processes. Our data show that the electronic localization time is longer than the 
PES timescale (tens of attoseconds). The 2– charge states in the sc phase also 
exist on a timescale longer than tens of attoseconds, and the obvious question is 
whether they are static entities or if they play an active role for metallicity. We 
can draw a parallel between our photoemission study and the NMR results 
{Brouet ’99, ’02b, ’02c} on the electronic structure of AC60. Given the identical 
phase diagram of RbC60 and CsC60, we do not expect any dependence on the 
intercalant, and base our discussion on the comparison between bulk and surface 
phases, which we have shown to have different properties, as exemplified by 
reversibility of the sc-to-dimer transformation at the

the surface charge reconstruction. As mentioned in paragraph 4.1, the NMR 
studies on the sc phase of CsC60 {Brouet ’99, ’02b} point to an extremely long 
lifetime (seconds) of the 2– states in the bulk of this phase. Although the 
stabilization of the spin singlets was attributed in part to the Jahn-Teller energy 
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gain associated with the formation of (distorted) C60
2– anions (see section 1.4), 

and tentatively also to the possible presence of a trapping potential related to the 
orientational degree of freedom of the C60 molecule {Brouet ’02b}, the origin of 
the long lifetime of 2– states was not understood quantitatively, as double site 
occupancy should be hindered in a strongly correlated system. 

It is in fact reasonable that the interplay between electron correlation and Jahn 
Teller coupling, which, as stated in paragraph 1.4, determines the insulating or 
conducting ground state of cubic fullerides, plays a determinant role in 
establishing the occurrence (and lifetime) of different molecular charge states. 
The discussion of section 4.3.3 shows in fact that the surface of cubic RbC60 is a 
strongly correlated electron system. The binding energy difference between 
different charge components in the C 1s spectrum represents a lower limit for the 
value of the Hubbard U at the film surface, since the inter-molecular Coulomb 
repulsion term V appears with a negative sign (the same holds also for the sc 
phase). This implies that Usurf>0.5 eV (0.65 eV) in the sc (fcc) phase of RbC60. 
These values are much higher than that of the Jahn-Teller pairing energy (see 
paragraph 1.4) for a phase of (C60)1– anions (≤0.2 eV), which shows that the 
Jah

rged 
ani

n-Teller effect is not enough to stabilize long-lived doubly charged anions at 
the surface of the sc phase. 

It should be noted that a number of NMR studies have suggested the 
existence of charge fluctuations on different timescales in various fullerene 
compounds {Brouet ’01, ’02a, ’02c}: with the notable exception of the bulk sc 
phase of CsC60, the lifetime of such fluctuation was always found to range 
between one fs and few tens of fs. The lifetime of doubly-charged anions is 
reduced to a few femtoseconds in the bulk of the fcc phase {Brouet ’02c}. These 
studies show that the lifetime of such non-stoichiometric states is not fixed but 
depends on temperature and varies from phase to phase, and, possibly, between 
the bulk and surface of the same phase. 

The large value of Usurf strongly suggests that the 2– states are not stable as 
long-lived entities. We have moreover seen that the 2– component contributes to 
the spectral intensity at EF, which shows that the effect of the doubly cha

ons is not simply to introduce vacant sites enabling the hopping of electrons 
between singly charged and neutral molecules, as suggested in {Brouet ’02b}, but 
instead points to an active role of this charge state for metallicity. These 
observations suggest that the 2– states are mobile, i.e., they are present only as 
short-lived charge fluctuations at the surface of the sc phase. Since the observed 
lifetime of charge states in the NMR studies is similar in all compounds 
{Brouet ’01, ’02a, ’02c}, it is tempting to associate the localization timescale with 
this common time scale, of the order of 10–15-10–14 seconds. It is interesting to 
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note that such a timescale corresponds to the energy barrier for non-
sto

ould in fact entail that Ubulk is 
com

er than the 

                                                

ichiometric fluctuations to occur, as the (bulk) Hubbard U in fullerides is 
usually of the order of 0.5-1 eV (see Chapter 5).* 

An important difference between the surface and the bulk of a material is the 
more efficient screening of Coulomb interactions in the bulk. In pristine C60 the 
bulk value of U is smaller by 0.3 eV than the corresponding surface value due to 
the lower coordination number at the surface {Antropov ’92, Gunnarsson ’04}. 
The difference should be even more marked in RbC60, since the surface charge 
reconstruction leads to the presence of neutral surface monomers, which have a 
lower polarizability than the singly or doubly charged anions leading to a poorer 
screening of U (see Chapter 5 for a further discussion). The enhanced screening 
in the bulk sc phase may be large enough to rationalize a difference in the 
electronic properties of the surface and bulk of the sc phase, and explain the long 
lifetime of doubly-charged states in the bulk. If we take Usurf=0.5-0.6 eV in sc 
RbC60, the more effective screening in the bulk w

parable to the JT pairing energy; in such case, the two strongest interactions 
cancel out and the (much weaker) trapping potential invoked in {Brouet ’02b} 
could indeed become effective in stabilizing the long-lived spin singlets observed 
in bulk sc CsC60, thus rationalizing this puzzling aspect of this phase. 

Our data provide evidence that conduction at the RbC60 surface is mediated 
by molecular charge fluctuations, with a localization time of charge carriers 
longer than the PES time scale. This type of conduction is in fact an expected 
feature of metallic molecular solids. Since charge fluctuations in such systems are 
accompanied by modifications of the vibronic state of the involved molecules 
(which are even more important for Jahn-Teller systems) and of the polarization 
cloud surrounding the localized charge, they may be expected to occur on longer 
timescales than that of coherent processes in simple metals, which explains their 
observation on the PES timescale. We cannot, based on our data, rule out the 
presence of charge fluctuations also in the fcc phase. The fact that such charge 
fluctuations were never identified in previous PES studies in fullerides, despite 
the fact that the fluctuations times conjectured by NMR are long

 
* We argue that strong electron correlation prevents double site occupancy on longer timescales. Indeed, 

in a Hubbard picture and in the limit of electron wavefunctions localized on single sites, the 

characteristic time for a charge fluctuation which costs ΔE~U (the cost of a doubly occupied site) 

should be (through the uncertainty principle) τ~ħ/ΔE~ħ/U, which is of the observed order of 

magnitude in fullerides with U = 0.5-1 eV. An active role played by 2– charge states for metallicity 

implies that there is also a kinetic energy gain accompanying the 2– charge fluctuations, which might 

play a role for their occurrence. 
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cha

Contrary to the dimer case, no density-of-states calculation is available for the 
c e), but various 

eoretical studies have appeared on the electronic structure of the linear polymer 
(se

 

racteristic time of the PES process, could be due to the more important role 
played by electron-electron interactions at surfaces, which are supposedly 
responsible for the insulating nature of the K3C60 surface {Schiessling ’04, ’05}. 
 
4.3.7 Metal-insulator transition in the polymer phase 
 

Figure 4.12 shows the fit of the normal emission C 1s spectra of the dimer 
and polymer phases with two components of different width. We assumed that 
in the dimer and polymer phases the charged component is slightly broader than 
the neutral one because of the molecular distortion induced by the formation of 
inter-molecular bonds, which leads to non-equivalent atomic sites on the 
molecular unit. The “bulk”- to total-signal ratio is roughly 15% for the dimer and 
polymer phases, which is slightly lower than that found for the fcc phase. This 
difference is possibly related to the different surface morphology of phases 
characterized by intermolecular bonding (see paragraph 4.3.8). 

harged isolated polymer chain (nor for the AC60 polymer phas
th

e e.g. {Tanaka ’95, Adams ’95, Pederson ’95}). Figure 4.13 shows the 
theoretical valence band electronic density of states (DOS), calculated in the 
tight-binding approach, for the isolated C60 molecule and the neutral polymer 
chain (after {Belavin ’00}). A strong similarity is apparent between the two 
lineshapes. Apart from the region at 8-9 eV below the Fermi energy, where the σ 
orbitals corresponding to the inter-molecular bonds in the polymer chain lie, the 
positions and relative intensity of the peaks in the polymer DOS are very similar 
to those in the isolated monomer, albeit the features are in general slightly 
broader. 
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Figure 4.12  Fit of the C 1s normal emission spectrum of the dimer (left) and polymer 

ight) phases with two Voigt components. In both cases the charged component (at lowe(r r 
binding energy) is assumed to be broader than the neutral one (see text). 
 
 
 

  
Figure 4.13  Tight-binding theoretical electronic density of states for the isolated C60 
molecule (top) and for the neutral C60 polymer chain bonded via [2+2]cycloaddition (after 
{Belavin ’00}). 
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The comparison shows that the monomer DOS is not dramatically modified 
y linear polymerization, as also confirmed experimentally on photopolymerized 

C60

shown in figure 
4.1

b
 {Itchkawitz ’95, Onoe ’97}. We have seen in Chapter 3 that the 

photoemission spectrum of the Li4C60 polymer phase is also rather similar to that 
of a monomer phase, apart from the frontier states. These results suggest that the 
similarity in electronic structure between monomer and polymer phases persists 
also in alkali-doped fullerides. The main difference between the RbC60 polymer 
phase and other polymeric fullerides such as Li4C60 is that two charge states are 
present at the surface of RbC60 due to the charge reconstruction. 

We have accordingly modelled the normal emission valence band spectrum of 
the polymer phase as the sum of two C60 lineshapes; the result is 

4. The remarkably good agreement found with this model in the “HOMO”-
like and “HOMO–1”-like regions of the spectrum indeed shows that the 
monomer DOS is a good approximation for the occupied electronic states of 
charged polymers (apart from the “LUMO”-like level, which is not reproduced in 
the model), similar to what found for Li4C60. 
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Figure 4.14  Model (bold line) of the normal emission valence band spectrum of the 
polymer phase (markers, displayed with a vertical offset) with two components, 
corresponding respectively to neutral surface monomers (thin line) and charged polymer 
chains (dotted line). 
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Contrary to the LUMO-derives states in monomer phases as fcc RbC60, where 
e LUMO orbital supposedly retains its three-fold degeneracy, the partially 

occ

the 
roo

 the Fermi level. The slope in the spectral lineshape 
bet

igure 4.15(b) shows the 
pho

th
upied frontier orbital in the polymer phase, shown in more detail in figure 

4.15(a), is non-degenerate {Tanaka ’95}. The intensity ratio between the frontier 
“LUMO”-like states and the “HOMO”-like states is the same in the fcc and 
polymer phases of RbC60. This shows that the formation of intermolecular bonds 
does not “use up” extra electrons with respect to the monomer, as all the charge 
donated by the Rb ions appears in the “LUMO”-like region of the spectrum. 

The frontier polymer states display a maximum between 0.35 and 0.4 eV 
binding energy, followed by a slope towards the “HOMO-like” states. In 

m temperature spectrum a finite spectral intensity is observed at and above EF, 
supposedly indicative of metallic behaviour. The tail above EF is analogous to 
that observed in the PES spectrum of the LUMO-derived states of the fcc phase, 
indicating that electron-phonon broadening is also here responsible for the non-
Fermi-liquid lineshape. 

As the temperature is lowered, the spectral intensity at EF decreases and a gap 
appears to open below

ween 0 and 0.3 eV binding energy is not due to the Fermi-Dirac distribution, 
whose sharp slope is limited to a small range (tens of meV) around EF. The 
vanishing spectral intensity in the spectrum acquired at 55 K (figure 4.15(a)) 
suggests that the thin-film form of the polymer phase is insulating at 55 K. Given 
the important impact of electron-phonon coupling on the spectral features, it 
cannot be concluded from these data alone whether the temperature dependence 
in the lineshape is due to a transition from a metallic to an insulating state, or 
whether it is an effect due to electron-phonon satellites. 

We have therefore performed HREELS experiments to further investigate the 
possible occurrence of a metal-to-insulator transition. F

non spectrum measured on a RbC60 film in the same phase, at room 
temperature and at 85 K. While at room temperature a clear background is visible 
which rises towards the position of the elastic peak, suggesting that metallicity is 
present at ambient temperature, a very flat background can be observed in the 
spectrum acquired at 85 K, which confirms the insulating nature of the polymer 
phase at low temperature. The metallic-like asymmetry was observed also in the 
HREEL spectrum acquired at 110 K. The high number of modes visible in the 
HREEL spectrum of polymerized RbC60 (especially at low temperature), as 
compared to the few modes visible in the spectrum of pristine C60 (also shown 
figure 4.15(b)) is a result of polymerization, which as discussed in Chapter 3 for 
the Li4C60 polymer phase lifts the degeneracy of the vibrational modes. 
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Figure 4.15  (a) Photoemission spectrum of the frontier polymer states at room 

The comparison between the PES and HREELS results suggests that the 
ope

temperature and at 55 K. (b) HREELS phonon spectrum of the polymer phase at RT and at 
85 K, compared with the analogous spectrum of the pristine C60 film at room temperature. 
Note the metallic background at low loss energy in the room temperature polymer spectrum. 
 

ning of the gap in the spectra of figure 4.15(a) is the signature of a metal-
insulator transition in the polymer phase, which occurs at the surface of the film 
between 110 and 90 K. Indeed, bulk studies on the RbC60 polymer phase report 
weak metallicity at room temperature {Stephens ’94, Chauvet ’94, Pekker ’94}, 
while at 50 K a magnetically ordered phase sets in which has characteristic 
features of a charge density wave {Chauvet ’94}. This magnetic ordering is 
accompanied by a metal-insulator transition {Bommeli ’95, Mizoguchi ’99} 
related to strong electron correlation effects combined with reduced 

 



Electronic structure and phase transitions in RbC60 93

dimensionality {Chauvet ’94}. The higher temperature observed for the metal-
insulator transition at the surface might be related to structural aspects (strain, 
different lattice parameters in the film) influencing the dimensionality of the 
electronic and magnetic structure, or to an effect of the film truncation on the 
electronic properties (occurrence of the surface charge reconstruction, poorer 
screening of Coulomb interactions at the surface). 
 
4.3.8 X-ray absorption spectra 
 

Our analysis of the photoemission results on the four phases of RbC60 in 
ter

cur

tures in the RbC60 spectra should arise from 
the

ES (roughly 285 eV for the charged 
com

ms of different charge states of the surface molecules finds further 
confirmation in the X-ray absorption (XAS) spectra of theses phases. The XAS 
spectra of all four phases of RbC60 appear more structured than the 
corresponding spectrum of pristine C60, as shown for the fcc, sc and dimer 
phases in figure 4.15. The features in the fcc RbC60 XAS spectrum are broader 
than those of pristine C60, which is only partially due to the elevated temperature. 

The XAS spectra presented in figure 4.16 are normalized to the area under the 
ve between 285 and 287 eV photon energy. The features in this energy range 

correspond, in the monomer phases, to C 1s → LUMO+1 and C 1s → 
LUMO+2 transitions. With this normalization the four spectra overlap also at 
high photon energies. The height of the first absorption resonance, 
corresponding to the C 1s → LUMO transition, is reduced in both dimer and fcc 
phases of RbC60 by almost one half with respect to pristine C60 (a bit less in the sc 
phase spectrum), while the width of such feature is larger and appears structured. 
This fits well with our model for the surface, since different charge states 
contribute to the XAS spectrum. The total intensity (area under the curve) 
between the onset and 285 eV in the RbC60 spectra is reduced by 15% compared 
to the total intensity of the C 1s → LUMO transition in pristine C60. This result, 
given the uncertainty involved, is consistent with an average partial filling of the 
LUMO molecular orbital in our RbC60 film of close to or less than 1/6, as 
expected for AC60 stoichiometries. 

The most intense absorption fea
 neutral surface monomers, which correspond to 50% of the surface layer in 

the fcc and dimer phases (65% in the sc phase). The presence of neutral 
monomers in all phases explains the evident similarity of all RbC60 XAS spectra 
to the spectrum of pristine C60 (figure 4.16). 

The C 1s binding energy measured with P
ponent at lower BE, see figures 4.10 and 4.12) is higher than the XAS onset 

in both cubic phases of RbC60, which implies that metallic screening as it is found 
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in conventional metals, or in some C60 monolayer systems, is not present here. 
This points to a predominantly “molecular” character of both phases, similar to 
what is observed in pristine fullerite {Goldoni ’96a, ’96b; Krummacher ’93} and 
K3C60 ({Käämbre ’07, Maxwell ’94}, see also Section V B of {Brühwiler ’02} for 
a discussion). 

The XAS spectra of the cubic phases of RbC60 look very similar to that of the 
dimer phase, despite the fact that the unoccupied states of the C60 monomer and 
those of the (C60)2

2- dimer have quite different energy and degeneracy 
{Pichler ’97}. This similarity confirms that an important contribution to the 
absorption spectrum of the dimer phase comes from the neutral C60 molecules 
present at the film surface. 
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Figure 4.16  C 1s (Kα) X-ray absorption spectra for the dimer, fcc and sc phases of RbC60, 
compared to that of pristine C60. The spectra are normalized to the area under the curve 
between 285 and 287eV photon energy (see text). The arrows indicate the onset of 
absorption (prepeak) in the spectra of the cubic phases. 
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Examining the spectra of fcc RbC60 in more detail, we note that the main 
abs

ent a possible interpretation of the XAS spectra of 
the

ase, the first 
abs

e 
wa

orption peak at 284.5 eV is accompanied by a shoulder at lower photon 
energy (see the arrow on the fcc spectrum in figure 4.16), and a similar shoulder 
is visible slightly above 285 eV photon energy preceding the higher π*-derived 
features between 285.5 and 286.5 eV. Similar, albeit less intense, features can be 
observed also in the sc spectrum. In both cubic phases the onset of absorption 
occurs at lower photon energy than in the dimer phase spectrum, and the peaks 
in the latter appear to be shifted to slightly higher photon energies. Since both 
features disappear in the dimer XAS spectrum, it is reasonable to assume that 
they have a common origin. 

In the following we pres
 two cubic phases based on our model for the surface of RbC60. Since the 

binding energy of charged monomers is lower than neutral ones, we can associate 
the pre-peak onset of absorption with processes involving charged molecules. 
Since the XAS were measured in partial yield collecting electrons at 250eV KE, 
we can estimate that 70% of the signal comes from the surface and 30% from the 
subsurface layers, similar to the PES case. In the fcc phase, this means that 65% 
(=30%+(70%/2)) of the signal should come from C60

1– molecules. 
From the above discussion it follows that, for the fcc ph
orption maximum at 284.5 eV photon energy can be attributed to neutral 

molecules, while the prepeak at 284 eV stems from C60
1– anions. For a singly 

charged molecule (with one unpaired LUMO electron in the ground state), two 
possible excited states can be reached upon absorption of an X-ray photon, as 
the spin of the unpaired LUMO electron in the initial state of the absorption 
process (ground state) can be parallel or antiparallel to the spin of the electron 
which is photoexcited (spin is conserved during the absorption process). These 
two types of transitions appear at different energies in the XAS spectrum because 
of the on-ball exchange energy (see e.g. {Lüders ’03}) (and possibly also Jahn-
Teller contribution) associated with each spin configuration. Because the final 
state (as the initial state) contains an odd number of electrons, and because of the 
presence of the core-hole in the final state, the Jahn-Teller term is probably 
negligible, and in any case smaller than the term arising from the exchange 
coupling between the two electrons sitting in the LUMO states. Since such 
exchange lowers the energy of the parallel spin-configuration, the parallel-spin C 
1s → LUMO excitations should occur at lower photon energy, which means that 
they should correspond to the prepeak around 284 eV photon energy. 

Not all parallel-spin excitations are allowed: since the spin-part of th
vefunction corresponding to two electrons with parallel spins is symmetric, the 

coordinate-component must be antisymmetric, hence the two valence electrons 
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with parallel spin after excitation must sit on different (orthogonal) t1u subshells. 
No limitations exist instead for antiparallel-spin excitations, implying that such 
transitions give a larger contribution to the XAS intensity than parallel-spin ones. 
The relative intensity of the prepeak at 284 eV and the absorption maximum at 
284.5 eV in the fcc spectrum can be understood if we assume that the 
antiparallel-spin C 1s → t1u excitations in the charged molecules and the C 1s → 
t1u excitations in the neutral C60 molecules both contribute to the main 
absorption peak (that is, these transitions occur roughly at the same photon 
energy), while only parallel-spin excitations in the charged molecules contribute 
to the prepeak intensity. 

In the sc phase, the fact that the relative prepeak intensity is lower than in the 
fcc

 
 

While in the monomer phase the surface layer is a C60(111) plane, in the dimer 
and

ic and dimer structures is proposed in figure 
4.1

/2) – bortho  

ientation of the dimers, four possible choices exist for the cubic 
(11

 phase might be a further indication that the fraction of singly charged 
monomers has decreased due to the appearance of doubly-charged molecules. 
The low onset intensity (despite the observation of a sharp Fermi edge in PES) 
and the structured spectral lineshape in the sc spectrum indicates once more that 
the metallicity of this phase has a “molecular” character, that is, it is due to 
molecular (hopping-mediated) charge fluctuations rather than to electronic 
delocalization. 
 
4.3.9 Surface morphology in the dimer and polymer phases

 polymer phases the symmetry is reduced from the cubic symmetry of the 
other phases, and two possibilities arise for the termination of the film. The 
(C60)2

2- dimers and polymer chains can be either parallel to the surface plane or 
tilted at an angle of approximately 55° with respect to it. We will present our 
discussion for the dimer phase, but similar results, apart for the expected LEED 
pattern, hold for the polymer case. 

A comparison between the cub
7. The direction of dimerization is along the aortho axis of the dimer unit cell 

{Zhu ’95}. The orthorhombic vectors aortho, bortho and cortho are related to the 
three cubic vectors a, b, c pointing along the edges of the conventional cubic cell 
as follows: 

a = (aortho

b = (aortho/2) + bortho  
c = cortho/2. 

Fixing the or
1) termination plane, shown as bold triangles in the upper panel of Fig. 4.17.  
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igure 4.17  In the upper panel the four equivalent planes of triangular symmetry in the 

These four choices coincide with the four diagonal planes of the fcc 
con

F
conventional fcc unit cell are drawn as bold triangles. The large spheres represent C60 
molecules while the smaller ones correspond to the positions of the Rb ions (for clarity the 
relative sizes and distances are not reproduced). The arrows indicate the directions of the 
dimers (in the polymer phase, they indicate the orientation of the polymer chains). The two 
choices shown in the upper left panel are fully equivalent, with the dimers lying in the 
surface plane (termination (041)). The corresponding surface pattern (without taking into 
account the electronic reconstruction) is shown in the lower left panel. The other two 
choices, corresponding to the (201) termination, are also equivalent and result in the same 
surface pattern (bottom right panel). In both lower panels, the large and middle-sized 
circles (in blue) represent the C60 molecules of the first and second layer, respectively. The 
smaller (purple) circles represent Rb atoms. Note that in both cases two non-equivalent 
subsurface Rb sites arise. 
 

ventional cubic cell, that is, in terms of the vectors a, b and c, to the planes 
(1 1 1), (1 -1 -1), (-1 1 1) and (1 -1 1). When expressed with help of the 
orthorhombic vectors they become, correspondingly, the planes (2 0 1), (-2 0 1), 
(0 4 1) and (0 -4 1). The first two choices are equivalent, and relate to the case 

 



Chapter 4 98 

where the (C60)2
2- dimers are tilted with respect to the surface plane (right upper 

panel of figure 4.17). The last two correspond to the situation with in-plane 
dimers (left upper panel). 

If the surface crystal structure were simply the truncation of the 
ort

 LEED pattern of the 

.4 Conclusions 

We have presented the results of a photoemission and X-ray absorption study 
of 

that the dimer phase is insulating. The polymer phase is 

horhombic bulk structure at a (041) or a (201) plane, the surface pattern for 
both the in-plane and out-of-plane position of the dimer would be readily 
identified. In the lower right panel of figure 4.17 it is shown that the (201) 
termination plane of the dimerized film consists of two sublattices, one of neutral 
monomers and the other one of molecules which are linked to subsurface 
molecules via dimer bonds. In this case a hexagonal 2×1 LEED pattern would 
result. The pattern for the other case cannot be predicted a priori because only 
half the dimers depicted in the lower left panel of Fig. 4.17 are present in the 
surface layer due to the reduced surface charge density.  
Perhaps surprisingly, we observed no deviation in the
dimer and polymer phases with respect to the hexagonal 1×1 pattern of the fcc 
phase. A possible reason for this could be that the surface of oligomerized RbC60 
resembles that of photopolymerized C60 films reported in scanning tunnelling 
and atomic force microscopy studies, where strain in the film results in a 
disordered surface without long range order or gives rise, in some cases, to a 
herring backbone-like structure {Makarova ’01}. In such a case the lack of long 
range order could result in a hexagonal LEED pattern arising from the “average” 
triangular surface symmetry. A microscopy study is more suited to address this 
issue. 
 
4
 

the four phases of a crystalline RbC60 film, together with a characterization by 
HREELS of the polymer phase. In contrast to bulk results, the sc-to-dimer 
transition is found to be reversible at the film surface. We show that an electronic 
charge reconstruction characterises the surface of the RbC60 in all phases, 
resulting in a reduced electron density in the surface layer of molecules with 
respect to corresponding bulk planes. The resulting half-filling of the surface 
LUMO-derived states, and the molecular character of fulleride result in the 
coexistence of different integer molecular valence states at least on the 
photoemission time scale. The X-ray absorption spectra of these phases are 
consistent with the presence of different reduction states of fullerene species at 
the film surface. 

We confirm 
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con

identified in the photoemission spectra of 
the

ducting at room temperature, while a metal-to-insulator transition is observed 
between 85 and 110 K. As in the Li4C60 case, the electronic density of states is 
not dramatically modified by polymerization in RbC60. The surface of the fcc 
phase is probably weakly metallic, as the bulk of the same phase. A sharp Fermi 
edge is observed in the sc phase, which demonstrates the metallicity of this phase 
also in thin-film form. A lower limit of 0.5 eV (0.65 eV) is found for the surface 
Hubbard U in the sc (fcc) phase, which proves that the surface of cubic RbC60 is 
a strongly-correlated electron system. 

Three molecular charge states are 
 sc phase, two arising from C60 and C60

1- monomers as in the fcc phase, and 
one corresponding to a minority of C60

2- anions, similarly to what is observed by 
NMR in the sc phase of bulk CsC60. Our data provide evidence that conduction 
at the RbC60 surface is mediated by molecular charge fluctuations, with a 
localization time of charge carriers longer than the PES time scale (but probably 
shorter than few tens of femtoseconds). The strongly correlated surface character 
and the fact that the C60

2- monomers directly contribute to the spectral intensity 
at the Fermi level in the photoemission spectrum of the sc phase indicate that the 
doubly-charged states do not exist as long-lived entities at the film surface. These 
results, and the comparison of the photoemission and X-ray absorption spectra 
of the sc phase, indicate that conduction is hopping-mediated near the surface of 
sc RbC60. 

 





 

Chapter 5  
 
Surface Hubbard U in alkali fullerides*

 
 
 
 

We report the combined photoemission (PES) and inverse photoemission 
(IPES) study of distilled, phase pure films of the monomeric fullerides Cs6C60, 
Cs4C60 and fcc RbC60. The lowest PES-IPES energy separation (peak-to-peak), 
which is a measure of the barrier to hopping, is 1.45 eV in Cs4C60 and 0.7 eV in 
RbC60. This difference is large enough to explain, in a correlated picture, the 
different electronic behaviour of the two stoichiometries. From a knowledge of 
the gap and Jahn-Teller pairing energies, the Coulomb contribution UC to the 
total Hubbard U of these fullerides can be determined. While a similar value 
UC~1.5 eV is found for closed-shell C60 and Cs6C60, in Cs4C60 and RbC60 the 
value of UC is reduced to ~1 eV and ~0.8 eV, respectively. This trend can be 
partially understood by taking into account the different molecular polarizability 
and crystal structure of the various stoichiometries. The relatively low values 
found for open-shell compounds are however surprising, given that these 
experimental values are upper limits for the surface UC which is higher than the 
corresponding bulk value. This suggests that the bulk UC is smaller in open-shell 
fullerides than usually believed, and that a different screening mechanism other 
than molecular polarization screening is available in these compounds, possibly 
related to the presence of free carriers. 

                                                 
* This chapter is based on:  Roberto Macovez, Michael R.C. Hunt, Andrea Goldoni, Maddalena Pedio, 

Ingrid Marenne, and Petra Rudolf, “Surface Hubbard U of alkali fullerides”, in preparation for New 

Journal of Physics. 
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Figure 5.2  (a) Vacuum level referenced PES and IPES from a thin C60 film. (b) PES and 
IPES spectra of a distilled Cs6C60 sample. 
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5.1 Electron correlation in fullerides 
 

Solids possessing strongly correlated charge carriers are usually described 
within the framework of fermion lattice models, in which the tendency toward 
metallicity is taken into account through hopping integrals and electron 
correlation is included via screened couplings between lattice sites {Fazekas ’03}. 
The two most important parameters in such models are the Hubbard U – 
defined as the energy needed to transfer an electron from a site with n electrons 
to a distant equivalent site (i.e., U=En+1+En–1–2En, where Eν is the energy of a site 
with an occupancy ν) – and the uncorrelated bandwidth W arising from the 
hopping part of the Hamiltonian in the absence of correlation. The ratio U/W 
determines the insulating or metallic nature of the ground state {Georges ’96}. 
This is true also in the so-called extended Hubbard model which explicitly 
includes the nearest-site Coulomb interaction V, at least for small values of V < 
U/2 {Meinders ’94b, van den Brink ’95}, because the Hubbard U is by definition 
a local quantity and does not contain contributions from the inter-site interaction. 
The non-degenerate Hubbard model and its extension to a degenerate band were 
initially devised and introduced {Anderson ’59, Gutzwiller ’63, Kanamori ’63, 
Hubbard ’63, ’64, ’65} for solid state compounds of d- and f-transition elements, 
after it was found that a number of these were insulating contrary to the 
predictions of standard band theory ({de Boer ’37}, see also {Mott ’85} for a 
brief review). 

Organic molecular solids are usually characterized by narrow bands with 
localized electrons, and hence usually display strong electron correlation. 
However, the electronic behaviour of molecular solids is largely determined by 
other factors besides the on-site electron-electron repulsion, such as the high 
lattice polarizability and the strong electron-phonon coupling (see Chapter 1), so 
that the experimental assessment and theoretical description of electron 
correlation in these materials is more problematic {Silinsh ’94}. 

As pointed out in Chapter 1, alkali fullerides display features similar to those 
of inorganic correlated systems with orbital degeneracy {Imada ’98, Tokura ’00}. 
In particular the critical ratio (U/W)c at which the Mott transition occurs 
depends on the effective degeneracy {Lu ’94, Gunnarsson ’96, ’97b; Koch ’99b} 
of the LUMO-derived level (three-fold degenerate in the isolated molecule), 
which can be easily lifted {Manini ’02} by crystal field splitting or by a dynamic 
or cooperative Jahn-Teller (JT) effect {Gunnarsson ’97a}. 

As discussed in Chapters 1 and 4, the phase diagram of monomeric fullerides 
as a function of intercalation is considered to be largely determined by the 
interplay between the local couplings, namely the on-site electron-electron 
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repulsion, the JT coupling (which wins over the on-site exchange), and the crystal 
field, which may lift the effective degeneracy of the frontier states. Despite the 
qualitative success of this approach, a full quantitative understanding is still 
lacking. While on one side odd-stoichiometry compounds should be 
characterized by a large U and lie close to the edge of a correlated metal-insulator 
transition {Fabrizio ’97, Durand ’03}, theoretical calculations point out that 
Coulomb interactions must be effectively screened to allow for superconductivity 
in these salts, since retardation effects are ineffective {Koch ’99a}. The 
magnitude of the electron-electron interaction and its role for fulleride 
superconductivity remain highly controversial {Gunnarsson ’97a, Chakravarty ’01, 
Capone ’02, Han ’03, Iwasa ’03}. 
 
5.2 Experimental determination of U in fullerides 
 

In gapped correlated systems such as even-stoichiometry fullerides (see figure 
5.1(a)), the total barrier to hopping (ΔE) is the sum of the Hubbard U plus the 
energy gap Eg, which for a molecular insulator includes the effect of relaxation, 
and Jahn-Teller coupling on the molecular orbitals. No gap is present instead in 
odd-stoichiometry fullerides, where the Hubbard U contains two contributions, a 
screened Coulomb term UC and the JT pairing energy {Auerbach ’94, 
Manini ’94}. The latter is instead included in Eg in even stoichiometries where 
U=UC. 

The highly symmetric structure of the C60 molecule allows measuring the 
hopping barrier ΔE and the Coulomb UC in fullerides independently by 
combinations of electron spectroscopies {Lof ’92a, ’92b; Brühwiler ’92, ’93; 
Schwedhelm ’98}. UC can also be determined from the value of ΔE, if the gap 
and JT pairing energies are known. Estimates for the gap Eg can be obtained 
theoretically with the so-called GW approximation {Hedin ’65} to the density 
functional scheme, which has been shown to give quite accurate results for the 
band gap of inorganic semiconductors. Experimental estimates may be derived 
from the identification of direct (non-excitonic) transitions in high resolution 
electron-energy loss spectroscopy (HREELS) (see Section 5.4). JT pairing 
energies are known from calculations {Auerbach ’94, Manini ’94}. 
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(a) (b)  
 
Figure 5.1  (a) Energy level diagram for the isolated C60, C60

(4–) and C60
(6–) monomers. In 

the C60
(4–) anion the molecular gap derives from the Jahn-Teller splitting of the t1u (LUMO) 

states. The molecular gap in the ground state of these fullerene molecules is responsible for 
the semiconducting character of condensed-phase C60, Cs4C60 and Cs6C60. No gap is 
present in the C60

(1–) or C60
(3–) anion (and correspondingly in AC60 and A3C60 compounds). 

(b) Schematic top view of the surface of a fulleride (for simplicity taken here to have a 
hexagonal structure), showing the comparison between the PES and IPES processes. 
 

The value of UC in the solid phase was calculated theoretically from the 
repulsion UC

mol between two electrons on the isolated C60 molecule, assuming a 
reduction in the condensed phase due to the polarization screening contribution 
from nearest-neighbour molecules {Antropov ’92, Pederson ’92}. The value of 
the Hubbard U can be measured using similar experimental techniques for the 
isolated C60 molecule and for solid C60 {Schwedhelm ’98, Rudolf ’99}, and indeed 
the difference is found to be consistent with calculations based on polarization 
screening. Instead, experiments have not yet been entirely conclusive on the 
value of UC in C60 compounds, especially for metallic and superconducting 
phases {Brühwiler ’93}. The value found in pristine fullerite is usually taken to be 
a good estimate also for alkali fullerides. However, it is likely that screening in C60 
salts is affected by the anionic charge state and that it is enhanced in open-shell 
compounds by multiplet effects, and, in metallic and superconducting phases, 
possibly by metallic-like screening. These effects have indeed been taken into 
consideration in some theoretical work {Koch ’99a, Guinea ’94, Lammert ’95}, 
but never directly explored by experiment. 

The combination of photoemission and inverse photoemission spectroscopy 
near the Fermi level provides a direct measure of the hopping barrier ΔE in 
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fulleride thin films. In Figure 5.1(b) we present a schematic view of PES and 
IPES processes occurring at the surface of a C60 compound (larger circles 
indicate the surface C60 monomers, for clarity dopant ions are omitted and only 
the surface and first subsurface C60 layers are shown). In both processes the 
probed film is initially in the ground state. In valence band PES a photon is 
absorbed by a molecular ion with n valence electrons and a photoelectron is 
emitted, leaving behind a molecule with n–1 valence electrons (indicated as a 
positive charge in figure 5.1(b)). In the IPES process, an electron is captured by a 
molecule thereby resulting in an n+1 state (a negative local excess charge). 

When both processes are considered together, the net final state is equivalent 
to that produced when a valence electron is transferred from a molecule in the 
ground state to a (distant) equivalent molecule. Since the minimum energy 
required for the electron transfer is precisely the hopping barrier, when the 
features closest to the Fermi level in the PES and IPES spectra are considered 
their energy separation (centroid to centroid) is a direct measure of ΔE. It is clear 
that this definition of ΔE includes all energy terms which are relevant for the 
charge transfer process, namely the relaxation energy at both sites, the Jahn-
Teller pairing energy, and also the single-particle energy gap which separates the 
highest occupied and lowest unoccupied state, if present. 

It is known that the PES and IPES features in C60 compounds (and in 
organics in general) are wide due to Franck-Condon broadening ({Macovez ’07, 
Knupfer ’93, Brühwiler ’97, Goldoni ’00}, see also Chapters 1 and 4). Since 
phonon-loss satellites are more intense than those for phonon-gain {Mahan ’81}, 
the energy distance between the Fermi level and the PES (or IPES) centroid is in 
general an overestimate of the true energy of the given electronic level 
(corresponding for an isolated molecule to the zero-phonon line), hence the 
value of ΔE obtained with this method might lead to a (slight) overestimate of 
the true Hubbard U for the film. However, the comparison between the values 
of U measured at different stoichiometries, on which we focus in the following, 
is reliable as the same procedure is applied in all cases. 

Because of the surface-sensitivity of the techniques employed, and due to the 
relatively low inelastic mean free path of electrons in fullerides (see previous 
Chapters), the value of UC found with this approach is relevant for the surface of 
these solids. One should consider that screening is more efficient in the bulk than 
at the surface due to the higher coordination number {Antropov ’92}. 
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5.3 Experiments 

 
Photoemission spectroscopy (PES) and inverse photoemission spectroscopy 

(IPES) measurements were carried out on well-ordered phase pure CsxC60 (x = 0, 
4, 6) and RbC60 films grown on metallic single crystal substrates. The (angle 
resolved) IPES measurements were performed at the ISM IPES Trieste 
laboratory {Pedio ’99}.* All IPES spectra are normalized at each point to the 
incident electron beam current. 

The RbC60 films were grown by the standard vacuum distillation procedure of 
{Poirier ’95b}. The PES data of fcc RbC60 are those of Chapter 4, and were 
collected at 525K with a photon energy of 129 eV in the ultra high vacuum 
experimental chamber of the SuperESCA beamline {Abrami ’95} at ELETTRA. 
The photon energy calibration was obtained by comparing the first- and second-
order photoemission signal from suitable core levels. The IPES spectrum of the 
same phase was measured at 470 K. 

The Cs-doped films were prepared on a Au(110) substrate by modifications 
of the vacuum distillation procedure. The PES and IPES measurements on 
CsxC60 were carried out at room temperature on films prepared under the same 
conditions and thoroughly characterized by Auger electron spectroscopy and low 
energy electron diffraction (LEED) to ensure that the desired phases were 
obtained. The PES measurements on the Cs-doped films were carried out with a 
standard He discharge lamp, using the He I resonance (21.2 eV). The energy 
resolution, as measured on the Fermi edge of the clean substrate, was 0.15 eV for 
PES and 0.45 eV for IPES. The energy scale for both PES and IPES spectra was 
referenced to the vacuum level. 
 
5.4 Results 

 
5.4.1 PES and IPES data 
 

Figure 5.2 shows the PES and IPES spectra of C60 and Cs6C60, normalized so 
that the area under the leading peaks is roughly proportional to the occupation of 
the corresponding energy bands. The energy and shape of the features in the 
spectra of pristine C60 are in agreement with those of thick films available in the 
literature, demonstrating the good alignment of the Fermi level in our spectra, 
and that our film thickness is high enough so that screening from the metallic 

                                                 
*Details of the setup can be found at http://www.tasc-infm.it/research/ipes/instrume.php 
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substrate is negligible. The experimental HOMO-LUMO energy separation in 
pristine C60 is 3.6 eV as previously observed {Lof ’92a, Takajashi ’92, 
Weaver ’92}. 

Both C60 and Cs6C60 are insulators. As discussed in Section 5.2, in these 
closed-shell systems the smallest PES-IPES energy separation is ΔE = UC + Eg, 
where Eg is the single-particle energy gap between the highest occupied band and 
the lowest empty band. The value of Eg in solid C60 calculated with the GW 
method is 2.15 eV {Shirley ’93}, which coincides with the energy of the first 
direct inter-band (non-excitonic) transition observed with HREELS {Lucas ’92}. 
This gives UC≈1.5 eV, in agreement with previous estimates {Brühwiler ’93, 
Lof ’92a, Maxwell ’96, Schwedhelm ’98}.  

We note that the HOMO-LUMO separation in the PES spectrum of Cs6C60 
cannot be taken as a valid estimate for the fundamental gap in pristine C60, as 
relaxation effects lead to a reduced value of the HOMO-LUMO distance upon 
(also partial) filling of the LUMO orbital (see also the discussions of figures 3.6(b) 
and 4.10(b) in Chapters 3 and 4, respectively). The HOMO-LUMO separation in 
Cs6C60 (1.6 eV, see figure 5.2(b)) is indeed found to be smaller than the 
theoretical GW band gap for pristine C60. 

In Cs6C60 the three-fold degenerate LUMO-derived band is filled completely 
by the six electrons per molecule provided by the Cs counter-ions. The LUMO-
derived feature in the PES spectrum is centred 7.1 eV below the vacuum energy, 
while the LUMO+1-derived feature in IPES appears 4.4 eV below the vacuum 
level. To more accurately determine the energy of the latter feature, we have 
performed a fit of the lower energy part of the IPES spectrum using two 
Gaussians. The smallest energy separation between PES and IPES is 2.7 eV. 

No GW calculation of the band gap is available for A6C60. HREEL spectra of 
A6C60, both in the reflection {Hunt ’97, Ueno ’01} and transmission 
{Sohmen ’92, ’93} modes, display the lowest most intense energy peak at 1.2-
1.3eV, which we take to be a measure of the bandgap Eg in this material. A 
comparison between HREELS data on C60 and A6C60 {Sohmen ’93, Pichler ’92} 
indeed shows that the energy of the first intense (non-excitonic) transition is 
reduced by roughly 1 eV in A6C60 with respect to pristine C60, confirming our 
estimated value of the gap in Cs6C60. With this value we then find 
UC(Cs6C60)≈1.4-1.5 eV, in perfect agreement with the value reported for K6C60 
(1.5 eV {Brühwiler ’93}). 
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The PES and IPES spectra of Cs4C60 are shown in figure 5.3. The width of 
the first IPES structure is anomalously large with respect to the corresponding 
features in C60 and Cs6C60. The first IPES feature in Cs4C60 results from the 
superposition between the empty LUMO-derived states and the LUMO+1 band, 
which shifts non-rigidly with increasing doping {Golden ’95}. A similar overlap 
is observed in the IPES spectrum of Rb4C60 {Brambilla ’05}. To separate the two 
contributions, we have subtracted the IPES spectrum of Cs6C60 from that of 
Cs4C60. The Cs6C60 spectrum was normalized and shifted so that the feature 
derived from the LUMO+2 orbital appeared at the same energy and had the 
same intensity as in the Cs4C60 spectrum, as shown in the inset of figure 5.3. 
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Figure 5.3  Vacuum referenced PES and IPES spectra of a phase pure Cs4C60 thin film. 
The inset shows the method by which the centroid of the LUMO derived states was obtained 
(see text). The small dots represent the IPES spectrum of Cs6C60, the LUMO+2 feature of 
which has been aligned with and normalised to that of Cs4C60. The bold markers in the 
inset represent the difference between the Cs4C60 spectrum and the (shifted) Cs6C60 
spectrum. 
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This procedure allows us to locate the intensity maximum corresponding to 
the unoccupied portion of the LUMO at 4.8±0.1 eV below the vacuum level. A 
small uncertainty exists in the position and shape of the LUMO-derived peak as 
obtained by the subtraction procedure due to differing backgrounds and 
lineshapes at lower energy in the IPES spectra of the two phases. The relative 
shift and intensity of the spectra was adjusted so that the subtraction procedure 
yielded a well-defined frontier peak. The energy separation between the filled and 
unfilled portions of the LUMO-derived band (marked by vertical lines in figure 
5.3) obtained in this way is ΔE=1.5±0.1 eV. 

The value of Eg for A4C60 (including JT effects) has been calculated 
{Chibotaru ’99} with the GW method, and found to be 0.5 eV. A slightly higher 
value (0.6 eV) has been reported in HREELS studies {Knupfer ’97}. The gap in 
A4C60 arises from the Jahn-Teller splitting of the t1u states. The JT pairing energy 
for the isolated (C60)4– anion is calculated to be 0.2-0.4 eV {Auerbach ’94, 
Manini ’94, Gunnarsson ’95b}, a good fraction of the bandgap. With the values 
for ΔE=1.5±0.1 eV and Eg=0.5 eV as given above we find UC=1.0 eV (±0.1eV) 
in Cs4C60. This indicates that the bare UC is better screened in A4C60 than in the 
closed-shell systems, which cannot be due to a higher coordination number as 
the number of first neighbours is lower in the body centred tetragonal (bct) 
structure of Cs4C60 than in the fcc structure of pristine C60. In the following we 
show that UC is greatly reduced in RbC60 as well. We discuss in Section 5.4.2 the 
origin of this reduction of the on-site Coulomb interaction. 

Figure 5.4 shows the PES and IPES spectra acquired on the high-temperature 
face-centred cubic (fcc) phase of RbC60. The energy separations between the 
LUMO and LUMO+1 and the LUMO+1 and LUMO+2 features in the IPES 
spectrum are similar to those observed in C60, but the width of the spectral 
features is much larger than in C60 and Cs6C60, and the first peak around 6 eV 
below the vacuum level appears structured with a shoulder at lower energy. The 
PES valence band features are also anomalously broad. This suggests that 
different components contribute to the spectrum. As shown in Chapter 4, two 
different C60 valence states, namely neutral (C60

(0)) and charged (C60
(1–)) are present 

at the surface of vacuum-distilled RbC60 thin films. The same charge states 
should be visible in the IPES spectrum, and in the inset of figure 5.4 we present a 
model of the IPES spectrum of RbC60 as the sum of two C60 IPES lineshapes 
(the spectrum displayed in figure 5.2).  
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Figure 5.4  Vacuum referenced PES and IPES spectra of a phase pure RbC60 thin film in 
the fcc phase. The inset shows a model of the IPES spectrum as the sum of two IPES 
spectra of pristine C60, corresponding to the two different molecular charge states present 
at the film surface (see text for details). 
 

The components are distant by 0.4 eV, an energy separation similar to the 
binding energy difference observed between the two components in the valence 
band PES spectrum (equal to 0.5 eV, see Chapter 4 and {Macovez ’07}). We 
note that the component arising from the charged monomers could in principle 
be broader or more structured than the neutral one, as there are different 
possible final states in this case (corresponding to the different total-spin 
configurations of the two LUMO electrons). Our model provides nevertheless a 
reasonable fit of the IPES spectrum of fcc RbC60. 

The smallest LUMO-LUMO distance in the spectra of fcc RbC60, which is a 
measure of the surface Hubbard U in this phase, is 0.7 eV. This value is 
consistent with our model of the C 1s PES binding energy difference between the 
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two surface charge states (see paragraph 4.3.3.3). The IPES feature at lowest 
energy arises from a radiative transition into the lowest energy configuration of 
the (C60)2– anion (which is the Jahn-Teller distorted low-spin state). Hence the 
measured U contains a contribution from the Jahn-Teller pairing energy for the 
(C60)1– anion, which is of the order of 0.1-0.15 eV {Auerbach ’94, Manini ’94, 
Gunnarsson ’95b}. The purely Coulomb contribution is then roughly UC≈0.8-
0.85 eV. This value is much smaller than that found in C60 and Cs6C60, while it is 
closer to that found for Cs4C60. This value is also close to the energy separation 
(0.7 eV) observed between the Auger fine structure and the self-convoluted 
valence band PES spectrum of K3C60 {Brühwiler ’93}. 

Given this similarity of values in all open-shell fullerides, it is tempting to 
consider the energy separation of 0.7 eV found in {Brühwiler ’93} as a true 
measure of the (surface) Hubbard U in K3C60, rather than assuming, as in 
{Brühwiler ’93}, that the Hubbard U in K3C60 should be equal to that of pristine 
C60. In RbC60 (and also K3C60) the coordination number is the same as in C60, 
hence we must look for alternative explanations for the more effective screening 
of UC in this compound. 
 
5.4.2 Discussion 
 

As mentioned in Section 5.2, the values of U found in our study are 
appropriate for the surface, rather than the bulk, of each compound. Bulk values 
of UC are expected to be lower than those discussed so far, as the screening 
efficiency is enhanced in the bulk by a factor of ~30% due to the higher 
coordination number {Antropov ’92}. In particular, the relatively low values of 
UC measured for the surface of open shell compounds (RbC60 and Cs4C60, but 
arguably also K3C60 {Brühwiler ’93}) suggest that the bulk UC in these 
stoichiometries is very similar, and it is not much larger than the full uncorrelated 
bandwidth W. This allows, on one hand, odd-stoichiometry compounds to 
remain on the metallic side of the Mott-JT-Hubbard phase diagram, and on the 
other hand, it is a further confirmation of the idea that the JT coupling is the 
fundamental ingredient which determines the insulating nature of even-
stoichiometry compounds {Fabrizio ’97, Chibotaru ’99}. 

The values of UC found in open-shell compounds are significantly lower than 
those found in closed-shells. Such low values might be somewhat surprising, if 
one considers that our experimental values represent over-estimates of UC at the 
film surface, where screening efficacy is supposedly rather poor. We have 
estimated the screening of UC in the bulk of the various phases by assuming the 
contribution of molecular polarization screening alone (the atomic polarizability 
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of the alkali counter-ions is, in comparison, negligible). Taking into account local 
field effects {Wang ’80}, the reduction of UC due to molecular polarizability of 
the fullerene molecules can be written as {van den Brink ’97}: 

Eq. (5.1)    eV
d

LU C ⎟
⎠
⎞

⎜
⎝
⎛ −

⋅
=

επ
δ 11

4
)0(4.14 ,  

where ε is the relative dielectric constant of the medium, d the distance in Å 
between nearest neighbour molecules, and L(0) is the appropriate lattice sum for 
the corresponding crystal structure, equal to 25.34 for fcc C60, RbC60 and K3C60, 
and to 22.64 for bcc Cs6C60 {van den Brink ’97}. For bct Cs4C60, the lattice sum 
was taken to be equal to that of the fcc structures, with an effective next-
neighbour distance d calculated as the cube root of the molecular volume. We 
estimate that the relative error associated with this procedure is less than 10% 
(the percent difference between the lattice sums for two cubic structures). 

As for the relative dielectric constant ε, in the C60 case the value available in 
the literature for C60 films was used, namely 4.4 {Hebard ’91a, Fartash ’96}, while 
for the other fullerides we have calculated the dielectric constant from the 
Clausius-Mossotti relation using the theoretical molecular polarizability α for the 
(C60)n– anion {Guinea ’94}. 

The theoretical values of the screened bulk UC obtained by this method are 
reported in Table I for the compounds studied here and for K3C60. We assumed 
that the Coulomb repulsion for the isolated molecule is the same for all charge 
states, namely UC

mol=3.5 eV (independent of n). This assumption is supported by 
theoretical calculations {Antropov ’92} which indicate that the energy cost for 
introducing one electron into the t1u level of the isolated molecule is 
approximately the same regardless of the initial reduction state. In Table 5.1 also 
the comparison with the experimental (surface) values is presented. 

The calculated values for the screened UC follow roughly the trend found 
experimentally. In Cs6C60 the enhanced anionic polarizability {Guinea ’94} 
balances the effect of the reduced coordination number and the larger 
intermolecular separation with respect to the other compounds, resulting in a 
value of UC which is the same as for pristine C60. In Cs4C60, the increased 
polarisation due to the available transitions within the multiplet structure of the 
open shell anion {Koch ’99a, Guinea ’94} compensates for the opening of the 
gap between the JT-split t1u states (figure 5.1(a)). This results in an experimental 
value of ΔE which matches accidentally the value of the Hubbard U in pure C60. 
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Fulleride Structure 
and d, in Å 

 α 
(Å3) 

 ε δUC 
(eV) 

surface UC 
(exp., eV) 

Bulk UC 

(th., eV) 
C60 fcc (10.01) 89.8 4.4 2.2 1.5 (±0.1) 1.3 
RbC60 fcc (9.96) 163.7 194 2.9 0.8 (±0.1) 0.6 
K3C60 fcc(10.06) 129.4 10.0 2.6 0.7 0.9 
Cs4C60 bct (9.4) 138.6 7.9 2.4 1 (±0.1) 1.1 
Cs6C60 bcc (10.21) 150.9 11.1 2.3 1.45 (±0.1) 1.2 

 

Table 5.1  Comparison between the experimental values of the surface UC in a number of 
fulleride compounds and the theoretical estimates of the same quantity in the bulk, 
calculated as UC= UC

mol– δUC, where UC
mol=3.5 eV and δUC is determined from Eq. (5.1). 

The experimental value for U(~UC) in K3C60 is taken from {Brühwiler ’93}. The relative 
dielectric constant ε of the bulk fullerides was calculated using the Clausius-Mossotti 
relation from the theoretical molecular polarizability α of the corresponding anion, 
available from {Guinea ’94}. 
 

In closed-shell C60 and Cs6C60, the theoretical bulk UC is smaller by 0.25 eV 
than the experimental surface value, as could be expected due to the lower 
molecular coordination at the surface. In contrast, in open-shell compounds the 
experimental values are lower than the theoretical ones, except for the RbC60 case 
where, however, the calculation gives an unrealistic value of almost 200 for the 
relative dielectric constant. Even taking our estimate to be reliable, the theoretical 
value found for RbC60 is still too low, because as discussed in the Chapter 4 the 
surface layer of RbC60 is characterized by a charge reconstruction {Macovez ’07} 
in which 50% of the surface monomers are neutral. As seen in Table 5.1, the 
neutral monomer has a polarizability which is half that of the singly charged 
anion, hence the difference in δUC between the surface and the bulk of RbC60 
should be much higher than that found in pristine C60.* 

As the effect of molecular polarization screening does not explain the 
experimental values of UC in open-shell compounds, another source of screening 
must be present, which we propose is related to the presence of charge carriers. 
Free carriers definitely exist in odd stoichiometries, according to the metallic 

                                                 
* As discussed in Chapter 4, a surface charge reconstruction occurs also in K3C60 {Schiessling ’04, ’05} 

where it introduces anionic valence states (2– and 1–) which are different from those in the bulk (3–). 

Hence the comparison between our calculated value for bulk K3C60 and the surface value of 

{Brühwiler ’93} should be taken with caution. 

 



Surface Hubbard U in alkali fullerides 115

character of these compounds, and they are presumably present also in JT-Mott 
insulators such as Cs4C60 due to thermal excitations across the relatively small gap, 
while they are not so numerous in closed-shell compounds. Indeed, the resistivity 
of K 4C60 at 200 °C is the same as that of KC60 and only about an order of 
magnitude higher than that of K3C60, while K6C60 and pristine C60 have a 
resistivity which is at least two orders of magnitude higher than KC60 and K4C60 
{Hesper ’00}. 

Our results and those of {Brühwiler ’93} show that a full metallic screening is 
not operative at room temperature at the surface or in the bulk of fullerides. The 
situation at low temperature is however more complicated. The procedure of 
determining the Hubbard U by comparing PES and IPES energy fails in odd-
stoichiometry fullerides at low temperature since the PES and IPES spectra of 
these compounds are characterized by the presence of a sharp Fermi edge. 
Moreover, the occurrence of superconductivity in A3C60 {Hebard ’91b, 
Holczer ’91} and of long-lived spin-singlets in AC60 {Brouet ’99, ’02b} suggests 
that an effective screening of the on-ball Coulomb repulsion is available in the 
bulk at low temperatures, so that the local Jahn-Teller pairing can become 
effective against correlation. It is an attractive explanation that the reduction of U 
at low temperature in bulk sc AC60 and A3C60 due to free-carrier screening and 
Jahn-Teller effects working in tandem is enough to allow the formation of a 
superconducting ground state in the case of A3C60, and that of long-lived doubly-
charged states in the sc phase of CsC60. 

Our analysis shows that for a full understanding of the electronic structure 
and transport properties of alkali fullerides the combined effects of electron 
correlation and Jahn-Teller distortion, but also that of screening, must be 
considered. To this aim, the development of a reliable method for calculating the 
efficiency of screening in C60 compounds beyond the molecular polarization 
model is desirable. 
 
5.5 Conclusions 

 
This chapter focussed on the combined PES and IPES study of distilled 

phase-pure films of Cs6C60, Cs4C60 and fcc RbC60. The lowest PES-IPES 
separation in RbC60 and Cs4C60, which is a measure of the hopping barrier, is 0.7 
eV and 1.45 eV, respectively. This difference is large enough to determine, in a 
correlated picture, the different metallic behaviour of these compounds. The 
Coulomb Hubbard UC was estimated for all compounds and found to depend 
significantly on the stoichiometry. While the value of the screened UC is similar in 
the close-shell systems C60 and Cs6C60, it is strongly reduced in Cs4C60 and RbC60. 
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This is only partially ascribable to the enhanced molecular polarizability of 
fullerene anions, indicating that a different source of screening, presumably 
related to the presence of charge carriers, is at work in open-shell fullerides. The 
combined effects of efficient screening and Jahn-Teller coupling may not only 
drive odd-stoichiometry fullerides to the metallic side of the Mott-Hubbard-Jahn-
Teller phase diagram, but also favour the formation of Cooper pairs and long-
lived spin singlets. 
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Summary 
 
The research in the science of materials, besides paving the way to 
important technological advances, has also led to the discovery, in the last 
decades, of new classes of materials with unconventional (and potentially 
useful) properties, such as high-temperature superconductors, giant-
magneto resistive materials and organic conductors and semiconductors. 
The speculative investigation of these systems has given birth to a new 
branch of science known as “condensed matter” physics. 
Most of the properties of materials that we experience everyday and are 
familiar with (colour, mechanical properties, heat and electrical conductivity, 
magnetism) can be described within the context of simplified theories in 
which the basic ingredients are the interaction of valence electrons with the 
periodic potential of the lattice of ion cores and the mutual inter-electron 
repulsion (the latter treated within approximated schemes such as the 
Landau Fermi-liquid theory or the Hubbard model). All other interactions 
are usually considered small perturbations. As advances in condensed matter 
are made, however, it becomes clear that these assumptions are not 
sufficient to account for the properties of many new materials. This is the 
case of organic molecular solids such as those studied in this thesis, where the 
basic constituents are not atoms but (carbon-based) molecules, which have 
an internal structure and internal degrees of freedom which need be taken 
into account. Organic materials have a large potential for application due to 
their interesting opto-electronic properties, low cost and biocompatibility, 
and to the possibility of tailoring their properties by chemical design. 
The so-called fullerides, solid state compounds of hollow carbon-only 
molecules known as “fullerenes”, may be considered prototypical organic 
molecular materials, and understanding their very rich phenomenology is 
helpful to rationalize the features of organic solids in general. The existence 
of fullerenes was discovered only very recently, in 1991. The most famous is 
the “Buckminsterfullerene” C60 molecule, a hollow structure with the shape 
of a football. What makes C60 a nice “playground” to study organic solids 
are its simple chemical formula, its symmetric shape, and its ability to form 
many different compounds with other elements, especially alkali species 
which donate their valence electrons to the fullerene molecules to form 
ionic salts. Alkali fullerides display many exotic properties, such as 
transitions from metallic to insulating behaviour induced by pressure or 
temperature variations, carbon-based magnetism, reversible polymerization, 

 



 128 

and superconductivity at relatively high critical temperatures. 
This PhD thesis is the result of experimental investigations on alkali fulleride 
thin films, aimed at understanding how their electronic properties arise from 
the degrees of freedom of their microscopic constituents. The thin films 
were grown in vacuum by condensation of sublimated fullerene and alkali 
vapours on suitable substrates. Besides being suited for application, the thin-
film form allows employing electron-based spectroscopic techniques, which 
are among the most direct experimental tools to investigate the electronic 
properties of solids and are most suited to study their surfaces. 
An important achievement of the work presented in this thesis is the 
development of a growth procedure for crystalline thin films of the 
polymeric Li4C60 fulleride. The crystal structure of Li4C60 consists of two-
dimensional rectangular networks of molecules bridged by intermolecular 
bonds, which are stacked in an ordered fashion. We have found that one of 
the two polymerization direction lies in the termination plane of the films. 
Our study identifies this material as a low band-gap semiconductor with 
possibly a strong coupling of electrons to low-frequency vibrations 
involving the Li atoms. We find that a partial charge transfer takes place 
from the Li atoms to the fullerene networks, which is the same regardless of 
the Li concentration. This result rationalizes the reported stability of the 
polymer phase over a wide range of stoichiometries. 
The largest part of the thesis focuses on another fulleride, RbC60. This 
material displays four different structural phases, two of which are 
characterized by intermolecular bonds, while two are monomer phases. We 
demonstrate a reversible transition between a phase characterized by 
intermolecular bonds and a monomer phase, of which the latter is present at 
lower temperature. This observation is interesting because it shows that 
intermolecular bonds in fullerides may be broken as the temperature is 
lowered, i.e., as energy flows out of the system, which is a rather counter-
intuitive result. One of the RbC60 phases is characterized by one-
dimensional polymer chains. As found also for the Li4C60 case, the electronic 
structure of polymeric RbC60 is not much different from that of monomeric 
phases. In the polymer phase of RbC60 a metal-to-insulator transition is 
observed at higher temperature than in the bulk. 
The surface termination of the film is a layer of fullerene molecules. Since 
RbC60 is an ionic solid, this termination is a polar termination and as such it 
is unstable. We show that electrostatic equilibrium is achieved by a rather 
uncommon mechanism, by which the electron density in the termination 
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layer of the film is reduced to half its value in the bulk layers. Due to the 
molecular character of fullerides, this half-integer electron density results in 
the coexistence of different (integer) molecular valence states. We find that 
the low temperature monomer phase of RbC60 is metallic, and show that the 
metallicity of this phase results from molecular charge fluctuations between 
different valence states. 
While confirming that electron-electron interactions are not negligible at the 
surface of fullerides, we show in the last chapter that such interactions are 
weaker in open-shell fullerides (such as RbC60 and Cs4C60) than in closed-
shell C60 and Cs6C60. The value of the interaction between two electrons 
sitting on the same molecule is surprisingly small at the surface of open-shell 
fullerides. This cannot be ascribed entirely to the effect of the polarization 
screening of molecular anions alone, suggesting that another efficient 
screening mechanism is available, presumably related to the presence of free 
charge carriers. We find that Coulomb interactions have the same magnitude 
in RbC60 and Cs4C60, and that the main difference between these salts is that 
the coupling of electrons to molecular vibrations (phonons) tends to favour 
charge fluctuations despite the inter-electron repulsion in the former, 
contrary to the latter where both couplings tend to suppress fluctuations. 
The combination of screening and electron-phonon coupling are probably 
the key ingredients which allow fulleride metallicity and superconductivity. 
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Samenvatting 
 
Het onderzoek in de materiaalkunde heeft niet alleen de weg geplaveid voor 
belangrijke technologische vooruitgang, maar heeft in de laatste decennia 
ook geleid tot de ontwikkeling van materialen met onconventionele (en po-
tentieel  bruikbare) eigenschappen, zoals hoge-temperatuur-supergeleiders, 
materialen met reusachtige magnetoweerstand, en organische geleiders en 
halfgeleiders. Speculatief onderzoek aan deze systemen heeft geleid tot een 
nieuwe tak van wetenschap, bekend als de fysica van gecondenseerde 
materie. 
De meeste eigenschappen van materialen die we in het dagelijks leven tegen-
komen en waarmee we vertrouwd zijn (kleur, mechanische eigenschappen, 
warmte- en elektrische geleiding, magnetisme) kunnen worden beschreven 
door eenvoudige theorieën met als basisingrediënten de interactie van 
valentie-elektronen met de periodieke potentiaal van ionkernen in het 
kristalrooster en elektron-elektron-afstoting (de laatstgenoemde wordt 
behandeld met benaderingstheorieën zoals Fermi-vloeistof-theorie of het 
Hubbardmodel). Alle andere interacties worden dan beschouwd als kleine 
verstoringen. Nu de  fysica van gecondenseerde materie zich verder 
ontwikkelt, wordt het echter duidelijk dat deze aannames niet voldoende zijn 
om eigenschappen van veel nieuwe materialen te verklaren. Dit is onder 
andere het geval voor organische moleculaire vaste stoffen, die in dit proefschrift 
behandeld worden, waar de bouwstenen niet atomen zijn, maar 
(koolstofgebaseerde) moleculen, die een interne structuur en interne 
vrijheidsgraden hebben waarmee rekening gehouden moet worden. 
Organische materialen bieden goede vooruitzichten op toepassingen dankzij 
hun interessante opto-elektronische eigenschappen, lage kosten en 
biocompatibiliteit, en dankzij de mogelijkheid om hun eigenschappen aan te 
passen door chemisch ontwerp. 
Fulleriden zijn vaste verbindingen die zijn opgebouwd uit holle koolstof-
moleculen, bekend als “fullerenen”, en kunnen gezien worden als proto-
typische organische moleculaire materialen. Begrip van hun rijke feno-
menologie kan helpen de eigenschappen van organische vaste stoffen in het 
algemeen beter te begrijpen. Het bestaan van fullerenen is kortgeleden, in 
1991, ontdekt. Het bekendste voorbeeld is het Buckminsterfullereen-
molecuul (C60), een holle structuur met de vorm van een voetbal. Wat C60 zo 
geschikt maakt om organische vaste stoffen in het algemeen te bestuderen, 
zijn haar eenvoudige chemische formule en symmetrische vorm, en de 
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mogelijkheid om veel verschillende verbindingen te vormen met andere 
elementen, in het bijzonder alkalimetalen die hun valentie-elektronen 
doneren aan het fullereenmolecuul om ionische zouten te vormen. 
Alkalifulleriden laten veel exotische eigenschappen zien, zoals overgangen 
van metallisch naar isolerend gedrag, beïnvloed door druk- of tem-
peratuurvariaties, koolstofgebaseerd magnetisme, omkeerbare polymerisatie 
en supergeleiding bij relatief hoge kritische temperaturen. Dit proefschrift is 
het resultaat van experimenteel onderzoek aan dunne lagen van 
alkalifulleriden, gericht op het begrijpen van hoe hun elektronische eigen-
schappen ontstaan uit de vrijheidsgraden van hun microscopische bouw-
stenen. De dunne lagen werden gegroeid in vacuüm door condensatie van 
gesublimeerde fullereen- en alkalidampen op geschikte substraten. Dunne 
lagen zijn niet alleen interessant omdat ze geschikt zijn voor veel toepas-
singen, maar ook omdat ze het toelaten om elektrongebaseerde spectros-
copietechnieken te gebruiken. Dit zijn zeer directe experimentele methodes 
om elektronische eigenschappen van vaste stoffen te onderzoeken, in het 
bijzonder van de oppervlakken. 
Een belangrijk resultaat van het werk dat in dit proefschrift wordt gepresen-
teerd, is het ontwikkelen van een groeiproces voor kristallijne dunne lagen 
van de polymerische Li4C60 fulleride. De kristalstructuur van Li4C60 bestaat 
uit twee-dimensionale rechthoekige netwerken van moleculen, gebonden 
door intermoleculaire bindingen, die op een geordende wijze gestapeld zijn. 
We hebben ontdekt dat een van de twee polymerisatierichtingen in het 
grensvlak van de laag liggen. Ons onderzoek identificeert dit materiaal als 
een halfgeleider met een kleine bandgap en  mogelijk een sterke koppeling 
tussen elektronen en laagfrequente trillingen waarbij de Li-atomen 
betrokken zijn. We zien dat er een gedeeltelijke ladingsoverdracht 
plaatsvindt van de Li-atomen naar het fullereennetwerk, die onafhankelijk is 
van de Li-concentratie. Dit resultaat verklaart de gerapporteerde stabiliteit 
van de polymeerfase bij veel verschillende stoichiometriën.  
Het grootste deel van dit proefschrift focust op een andere fulleride, RbC60. 
Dit materiaal laat vier verschillende structurele fases zien, waarvan er twee 
worden gekarakteriseerd door intermoleculaire bindingen en de twee andere 
monomerisch zijn. We laten een omkeerbare faseovergang zien tussen een 
fase die gekarakteriseerd wordt door intermoleculaire bindingen en een 
monomeerfase, waar de laatste bij lage temperaturen aanwezig is. Deze 
observatie is interessant omdat het laat zien dat intermoleculaire bindingen 
in fulleriden verbroken kunnen worden als de temperatuur wordt verlaagd, 
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i.e. als energie het systeem uitstroomt, wat tamelijk tegenintuïtief is. Een van 
de RbC60 fases wordt gekarakteriseerd door een-dimensionale 
polymeerketen. Zoals ook gevonden in het geval van Li4C60, is de structuur 
van polymerisch RbC60 niet zo heel anders als die in monomeerfases. In de 
polymeerfase van RbC60 hebben we een metaal-isolator-overgang 
waargenomen bij hogere temperaturen dan in het bulkmateriaal. 
De oppervlakteterminatie van de dunne laag is een laag fullereenmoleculen. 
Aangezien RbC60 een ionisch zout is, is deze terminatie polair en dus 
instabiel. We laten zien dat een elektrostatisch evenwicht bereikt wordt door 
een vrij ongewoon mechanisme dat ervoor zorgt dat de elektronendichtheid 
in de terminatielaag gehalveerd is ten opzichte van het bulkmateriaal. 
Dankzij het moleculaire karakter van fulleriden resulteert deze halftallige 
elektrondichtheid in het gelijktijdige voorkomen van verscheidene 
(heeltallige) moleculaire valentietoestanden. We hebben waargenomen dat 
de lage-temperatuur monomeerfase van RbC60 metallisch is en 
demonstreren dat de metalliciteit van deze fase het gevolg is van moleculaire 
ladingsfluctuaties tussen verschillende valentietoestanden. 
Hoewel we bevestigd hebben dat elektron-elektron-interacties niet verwaar-
loosbaar zijn aan het oppervlak van fulleriden, laten we in het laatste hoofd-
stuk zien dat zulke wisselwerkingen zwakker zijn in open schil-fulleriden 
(zoals RbC60 en Cs4C60) dan in gesloten schil C60 en Cs6C60. De 
wisselwerking tussen twee elektronen in hetzelfde molecuul is verrassend 
klein aan het oppervlak van open schil-fulleriden. Dit kan niet geheel 
worden toegeschreven aan het effect van de polarisatie-afscherming van de 
moleculaire anionen op zich, wat suggereert dat een ander efficiënt 
afschermingsmechanisme een rol speelt, waarbij de aanwezigheid van vrije 
ladingsdragers waarschijnlijk een rol speelt. 
We zien dat de Coulombwisselwerking dezelfde grootte heeft in RbC60 en 
Cs4C60 en dat het grootste verschil tussen deze zouten is, dat in RbC60 de 
koppeling tussen elektronen en moleculaire trillingen (“fononen”) 
ladingsfluctuaties bevordert, ondanks de inter-elektron-afstoting, terwijl in 
Cs4C60 beide koppelingen fluctuaties onderdrukken. De combinatie van 
afscherming en elektron-fonon-koppeling is waarschijnlijk het belangrijkste 
ingrediënt in de verklaring voor de metalliciteit en supergeleiding in ful-
leriden. 
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