
Digital Comprehensive Summaries of Uppsala Dissertations from
the Faculty of Science and Technology 890

Angle-Dependent Electron
Spectroscopy Studies of C60

Compounds and Carbon Nanotubes

BY

JOACHIM SCHIESSLING

ACTA UNIVERSITATIS UPSALIENSIS
UPPSALA 2003



Dissertation for the Degree of Doctor of Philosophy in Physics presented at Uppsala University in
2003
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Fullerenes have been shown to constitute a prototypical building block for truly nanometer-sized
devices and exotic nanounit-based materials, e.g., high-temperature superconductors. This makes
the detailed understanding of fullerene electronic states in compounds and at interfaces of primary
importance, since the high symmetry of the molecule greatly simplifies the starting point of the
analysis. Carbon nanotubes, which combine one macroscopic with two nanoscopic dimensions, are
perhaps of even greater practical interest.
Angle-dependent electron spectroscopies have been employed in the present work to study these
materials, characterizing their structure, bonding, and electronic states. For solidC60, the photo-
electron angular distribution has been found to be essentially that of the free molecule, modified
by solid state scattering; a similar distribution is found forK3C60. The surface and bulk electronic
structure ofK3C60 has been identified by angle-dependent core and valence photoelectron spec-
troscopy (PES) and x-ray emission spectroscopy. An insulating surface layer has been identified for
this high-temperature superconductor.
Angle-dependent valence PES is used to investigate the electronic states ofC60/Al(110). Electron
correlations are found to be the origin of the splitting observed in the molecular orbitals, which
is quite sensitive to the molecular orientation. The components of the highest occupied molecular
orbital are differentiated according to their overlap with the substrate.
A rigid shift of valence- and core-levels has been observed even for ionic and covalentC60 com-
pounds, reflecting the efficient static polarizability screening of the molecule.
The alignment of multi-walled carbon nanotubes has been investigated by x-ray absorption spec-
troscopy, using the spectral intensity ratio ofπ∗- andσ∗-resonances. Core level combined with
valence PES shows that the degree of defect structure varies from position to position on the sam-
ple. Valence photoelectron spectra of defect-free sample spots closely resembles the total DOS of
graphite.
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”It’s a Snark!” was the sound that first came to their ears,
And seemed almost too good to be true.
Then followed a torrent of laughter and cheers:
Then the ominous words ”It’s aBoo-”
Then, silence. Some fancied they heard in the air

A weary and wandering sigh
Then sounded like ”-jum!” but the others declare
It was only a breeze that went by.
They hunted till darkness came on, but they found

Not a button, or feather, or mark,
By which they could tell that they stood on the ground
Where the Baker had met with theSnark.
In the midst of the word he was trying to say,

In the midst of his laughter and glee,
He had softly and suddenly vanished away—
For theSnarkwas aBoojum, you see.

fromThe Hunting of the Snark
by Lewis Carroll
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Introduction

Figure 1.1:Collage of geodesic houses.

This is the story of a tiny house and its inhabitants. The house is made of carbon and
has a geodesic shape. This shape is a reminder of the geodesic domes designed by the
architect R. Buckminster Fuller, as shown in Fig. 1.1. In analogy to this design this type
of house is often calledFullerene.

Just as the domes by R. Buckminster Fuller offer a new and exciting look into future
architecture, these small houses have started a wide field of scientific activity, ranging
from fundamental research to applications as a prototype device for future technologies.

Whereas the largest of the domes is more than a hundred meters in diameter the size
of the house is only tiny. In fact, it is so small that it is not possible to see with bare eye,
and not even with the best optical microscope is it possible to obtain an image, therefore,
a different method with which to investigate this house has to be chosen.

One possibility to investigate the interactions is by interviewing the inhabitants of
the house. The inhabitants are electrons which each sit at unique levels. Every level is
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associated with a characteristic energy and the house can be identified by the arrangement
of these levels.

Before the electrons can be interviewed they have to leave their home. Electrons can be
kicked out by a photon in a process calledphotoionization. To measure the kinetic energy
of that released electron (photoelectron) it is forced to pass through an electric field, in
which its path changes. The electric field is chosen to obtain a deflection of the electron
path. By measuring this deflection the kinetic energy of the photoelectron is achieved and
the electron levels can be determined.

The influence of the environment on this house is of particular interest. The quality
of the modifications in the electronic levels is a measure of this influence on the house.
Many researchers have interviewed electrons living in houses on a metal or on a semi-
conductor. The answers researchers have obtained in the past where not very clear, and it
seemed that the metal induced a big change in the levels of the house.

Many of these houses put together form a crystal calledfullerite. A so-calledsuper-
conductorcan be made by adding alkali atoms to this crystal. Superconductivity is a
phenomenon describing the ability of electrons to travel without any energy loss (in a
closed pathway for years!). This phenomenon is of great interest from both the funda-
mental and applicative point of view. However, if electrons of this special crystal are
interviewed about what is happening to them and their house, they give only very ”broad”
answers. Speculation are that the houses are extremely modified throughout the system,
which would be in contrast to the expectations of the current model.

To help the electrons in understanding what is happening to their house in these sys-
tems a series of photoelectron measurements at a set of emission angles has been done.
A careful look at the collection of answers and empirical work gives more insight into
this system. In the following pages more details are given and show to what extend the
electrons have to be worried about their homes.
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Background

2.1 Geometry and Electronic Structure of C60

The fullerenes were discovered in 1985 by a group lead by R. F. Curl, H. W. Kroto and
R. E. Smalley[1]. They synthesized carbon structures in order to analyze the infra-red
spectrum of carbon rich giant stars observed by H. W. Kroto. The clusters were formed
by laser ablation from carbon material. They found a high stability structure with 60
carbon atoms. This suggests a molecular structure of great symmetry. The structure of
C60 is shown in Fig. 2.1. In analogy to the shape of the geodesic domes designed by the
architect R. Buckminster Fuller the newly-discovered structure is was called ”buckmin-
sterfullerene”. For their discovery of fullerenes R. F. Curl, H. W. Kroto and R. E. Smalley
were awarded with the Nobel Prize in Chemistry in 1996.

In the first years after their discovery only small quantities of fullerenes were available
for further investigations due to the costly production via laser ablation.The breakthrough
came 1990 when W. Krätschmer and D. R. Huffman found a method to produce macro-
scopic quantities[2] of fullerenes by subliming graphite in a light arc. The fullerenes could
be extracted out of the carbon condensate using an organic solvent. In the following years
a vast amound of research has started, and entirely new branches of fullerene chemistry,
superconductivity and materials chemistry and physics have evolved.

Figure 2.1:The buckyball structure consists of 60 carbon atoms, forming 20 hexagonal
and 12 pentagonal faces.

All atomic sites in theC60 structure are equivalent.C60 has 360 electrons, whereof
120 are core electrons, leaving 240 electrons for the valence levels localized on a (almost)
spherical shell. The molecule belongs to the icosahedral point group (Ih). In Fig. 2.2 the
electronic structure as obtained by Hückel calculation[3] is shown. The valence orbitals
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can be described as superposition of the hybridizedsp2 − sp3 atomic orbitals, formingσ
andπ bonds. Because all levels are completely filled, theC60 ground-state symmetry is
totally symmetric. Experimentally the diameter of the shell is determined via NMR[4] to
7.1 Å. Accounting the size of theπ-electron cloud associated with the carbon atoms, the
outer diameter of theC60 molecule can be estimated as7.1Å + 3.35Å = 10.34Å, where
the thickness of the electron cloud of3.35 Å is an estimate from the distance between
graphite layers.
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Figure 2.2: (a) Photoelectron (PES) and inverse photoemission (IPES) spectrum show
the occupied and the unoccupied states (IPES is from reference [5]). The
spectroscopic features are labeled in accordance with Martinset al., Ref. [6].
The binding energy is referenced to the vacuum level. (b) Molecular orbital
levels from Ḧuckel calculations after [3]. Arrows indicate the occupied levels.
The notation in the diagram are the names of the irreducible representations
in the icosahedral point group (Ih).

As seen in Fig. 2.2,C60 has just enough electrons to fully fill thehumolecular level,
which forms thehighest occupied molecular orbital(HOMO), while the next higher
t1ulevel remains empty and becomes thelowest unoccupied molecular orbital(LUMO).
The peaks appering in photoemission consist of one or more molecular orbitals: (HOMO
(hu), HOMO-1 (hg+gg))[7].

2.2 C60 in Solid State
The photoemission spectrum of solid stateC60, orC60 fullerite, resembles closely the gas
phase spectrum [8, 9] demonstrating the absence of strong intermolecular interactions.
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The rather week interaction in the condensed phase are induced dipol-dipol interactions
(van der Waals forces) leaving molecular properties preserved [10]. One of the fascinating
properties of the fullerites in particular is, that many of the macroscopic properties are
related to properties of the isolated molecules [11, 12, 13]. Electron spectroscopy plays
a central role in elucidating the fullerene electronic structure [14]. The bandwidth of the
HOMO band has been predicted bylocal density approximation(LDA) for solid C60 to be
about 0.6 eV [15]. However, a distinct band dispersion for solidC60 has not been observed
and the width in the photoemission spectrum is rather explained as due to vibrational
broadening [16, 17]. Recently band dispersion in the range of 150 meV has been reported
for the alkali doped monolayerC60 on silver [18].
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Figure 2.3: (a) Crystal structure of solidC60. At room temperature the molecules rotate
freely. Void positions of the face centered cubic structure are indicated by the
cross (octahedral void) and the tetrahedral (tetrahedral void). The filled side
of the tetrahedron indicates the (111) plane which consists the surface plane
of vacuum grown samples. (b) At lower temperature the rotational axis are
aligned along the four〈111〉 axes and the lattice structure is simple cubic.

Single crystals grown from vapor deposition ofC60 molecules form a single crystal
with the molecular centers arranged on aface-centered-cubic(fcc) lattice1. The crystal
structure is illustrated in Fig. 2.3(a). The fcc lattice constant is14.17 Å giving a neighbor
distance of10 Å[19]. The separation between two atoms on different molecules is large
(≈ 3 Å) compared with the length of a C-C bond (≈ 1.4 Å). At room temperature the
molecules are rotating almost freely [4, 20, 21, 22] around their lattice positions. Since
there is no orientational order all lattice positions are equivalent. In the temperature range
of 250 K - 260 K[23] the molecules loose two of their three degrees of rotational freedom,
and the orientation relative to the the cubic axes becomes important. This is a rotational
ordered cubic phase, in which the molecules of the fcc phase assume discrete orientations
about a set of〈111〉 directions, as shown in Fig. 2.3(b).

1A similar kind of systems are the noble gases, which have likeC60 a closed-shell electronic configuration.
They all (except for helium) crystallize into monoatomic fcc Bravais lattices.
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2.2.1 Intercalation of C60 fullerite
In 1991 it was found that adding alkali atoms to solidC60 leads to charge transfer from the
atoms to the molecules and the previously unoccupied LUMO is getting filled. Potassium
atomes can penetrate deep intoC60 films and they intermix well withC60 molecules
in a very short time at ambient temperature, due to the low activation energy of the
diffusion[24]. A representative overview for successive potassium intercalation is shown
in Fig. 2.4. SolidC60 is an insulator with a gap of 1.6 eV[25]. Upon intercalation the
previously insulating fullerite can become metallic and even superconducting[26]. The
intercalated fullerite is called fulleride.

Occupied Levels Unoccupied Levels

Figure 2.4:Photoemission (l.h.s.) and x-ray spectroscopy (r.h.s) by Chenet al.[27]. This
study shows that the PES (XAS) LUMO is increasing (decreasing) for succes-
sive intercalation with potassium. At a stoichiometry of x=5.8 the LUMO is
almost filled and the corresponding peak in the XAS spectrum has vanished.
At a stoichiometry of about x=3 a step at EF is seen.

Stable phases for the intercalated solidC60 are found for stoichiometries K1C60,
K3C60, K4C60, K6C60. In the begining it was not clear, ifKxC60 samples were com-
posed of one, two or more phases. E.g., for successive intercalation up to x=1.5 phase
separation into K1C60 (all octahedral sites are filled) andK3C60 (all octahedral and all
tetrahedral sites filled) was found [28]. Hopping within the tetrahedral and octahedral
voids of the fcc lattice the alkali atoms can diffuse easily through solidC60, however,
diffusion should be more difficult inK3C60, since all interstitial sites are occupied. All
stable phases are non-metals exceptK3C60 which is even a superconductor and makes
this compound of special interest.

In 1994 a recipe for growing a pure phase crystalK3C60 has been found by Poirieret
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al. [29] andK3C60 has become the testing ground for investigations of fulleride super-
conductivity. SuchK3C60 films are flat with grains with lateral dimensions commonly
greater than 1000̊A[30] and show a close-packed fcc (111) plane as the preferred crystal
surface termination [30].

2.3 C60 Adsorbates
On most surfacesC60 tends to form well-ordered quasi-hexagonal close-packed overlay-
ers with a nearest neighbor separation close to that of the van der Waals bondedC60 solid.
A variety of bond strength and character is observed inC60 substrate interaction ranging
from van der Waals[31, 17] to ionic[32, 33, 34] and covalent interaction[35, 36, 37]. The
substrate-induced modification of the electronic and structural properties ofC60 is an
important issue for future technology[38, 39].

2.4 Electron Correlations
In a simple metal, every electron can move freely through the periodic potential of the
lattice formed by the positive cores and the field of the other electrons in a mean-field
manner. Many of the most interesting properties of materials, such as magnetic ordering
in, e.g., giant magnetoresistance compounds, charge/spin density waves or superconduc-
tivity in,e.g., the high-TC cuprates go beyond the independent-electron approximation and
the electron-electron correlations have to be taken into account explicitly. The simplest
approach taking the many-body effects into account is the Hubbard-model[40, 41]. The
correlations are described in the Hubbard model by on-site (U ) and nearest-neighbor (V )
interaction.U reflects the Coulomb repulsion between pairs of electron on the respective
atomic/molecular site. Interaction with neighboring sites is described by the Coulomb
interactionV . In many regardsC60-based salts serve as model systems for exploring
strongly correlated systems[42].

The simplest estimate ofU for C60 is obtained from the Coulomb integral[43, 44]
assuming the charge forms a thin shell of a sphere with radius R=3,5Å

UCoulomb =
∫

d3r

∫
d3r′

ρ(r)ρ(r′)
|r − r′| (2.1)

= 4.1eV, (2.2)

whereρ(r) is the charge density of the electron. Taking many-body effects into account
the value for the free molecule[44] isU free = 2.7 eV. In solid stateC60 the Hubbard
repulsion will be smaller than for the isolated molecule due to the polarization screening
of neighboring molecules. The theoretical expectation forC60 solid isU = 0.8− 1.3 eV.
Experimentally values ofU = 1.6 ± 0.2 eV[25] andU = 1.4 ± 0.2 eV[45] are found
for solid C60, and similar forK3C60 U = 1.6 eV[45]. The value ofU depends on the
screening efficiency of the surrounding of the molecule. ForC60 monolayer on metal, e.g.,
it can be expected to be reduced with respect to the value of solidC60 due to the image
charge screening of the metal. For aC60/Ag(111) a Coulomb repulsion ofUML =0.6 eV
has been measured[46].
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Another way to think of the HubbardU is in terms of electron-hole excitation[25], the
creation of an electron-hole pair costs oneU. This is illustrated for a linear chain with
periodic boundary conditions. A chain withM sites has the total Coulomb energyEU

plus the energy due to the nearest-neighbor interactionEV . The initial state energyEi of
a system withn electrons at every site is:

Ei = Ei
U + Ei

V (2.3)

Ei
U = M

1
2
n(n − 1)U (2.4)

Ei
V = Mn2V (2.5)

After creation of an electron-hole pair and separating electron and hole the final state
Ef of the system is:

Ef = Ef
U + Ef

V (2.6)

Ef
U = (M − 2)

1
2
n(n − 1)U + M

1
2
(n − 1)(n − 2)U + (2.7)

+M
1
2
(n + 1)nU (2.8)

Ef
V = (M − 4)n2V + 2(n + 1)nV + 2n(n − 1)V = Mn2V (2.9)

The energy difference is:

∆E = Ef − Ei = U (2.10)

Thus the energy involved in creation of a electron-hole pair is alwaysU .
The simplest approach to estimate the nearest-neighbor interactionV is by considering

two site,A andB. The energy of an electron at siteA is increased when an electron is
added to the neighboring siteB at distanced leading toV = e2/d. The polarization
screening of the surrounding molecules will lower the value ofV. The nearest-neighbor
interaction for solidC60 is calculated toV = 0.3 − 0.5 eV[44].

2.5 Carbon Nanotubes
Carbon nanotubes are beside the spherical shaped fullerenes another form of novel carbon
allotrope that has been synthesized. As shown in Fig. 2.5 nanotubes and graphite are very
similar in their basic structure as being made of carbon hexagons. A sp2/sp3 hybridization
forces the layer into a curvature and nanotubes are often regarded as rolled-up graphene
sheets.

Small diameter tubes show quantization effects in the electronic structure and their
electron dispersion relation can be explained to the first order by Brillouin zone folding
of graphene[47]. Depending on the tube helicity, e.g., the angle the graphite sheet is
rolled-up, the electronic structure can vary between insulating and metallic. Theπ-bands
determine mainly the optical gap and conductivity, andσ-bonds determine mechanical
properties.

Multi-walled carbon nanotube (MWNT) consist of several concentric tubes. Because
of the different numbers of carbon atoms around the various concentric tubules, it is not
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Figure 2.5: Illustration of carbon nanotubes.

possible to achieve a graphite like ABAB. . . interlayer stacking of the planar hexagonal
networks for the curved structure in MWNTs [48]. Theses systems are used in prototypes
of technological applications like, e.g., flat screen displays [49], compact x-ray-tubes [50]
or miniaturized gas sensors [51]. These applications are profiting from a good spatial
alignments of the tubes. Nanotubes can be aligned in external fields, or grow in a self-
aligning fashion. In general, the spatial alignment of these kinds of samples is very good
on macroscopic scale. Despite intensive research efforts on state-of-the-art samples, prin-
cipal spectroscopy techniques[52, 53, 54, 55, 56, 57, 58, 59] like photoemission and x-ray
absorption have not yet converged in terms of lineshape. This limits the understanding of
this novel material and so far a clear spectroscopic view is still awaiting. The electronic
and geometric structure of MWNTs are investigated in Paper VIII.
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Experimental Techniques and Equipment

The techniques used to investigate the fullerenes in this thesis arephotoelectron spec-
troscopy(PES),x-ray absorption(XAS) andx-ray emission spectroscopy(XES). The first
step in all these processes is the photon-excitation or -ionization of the fullerene system.
In PES the fullerene is ionized and the kinetic energy of the released electron (photo-
electron) is measured. XAS describes the absorption of incoming light as a function of
photon energy. For every photon energy the amount of released electron is measured.
XES is a two photon process (photon in, photon out). The energy of the outgoing photon
is measured.

The fundamental process inherent in all the spectroscopic methods used in this thesis
is the dipole transition. The process primarily probes electronic structure, however it has
a great potential to determine geometrical structure as well. In general the transition rate
w in quantum mechanics is given by Fermi’s Golden Rule[60]:

w =
2π

h̄
|〈f |Hint| i〉|2 ρf (E)δ (hν + Ei − Ef ) , (3.1)

where|i〉 and〈f | are the initial state and final state wave functions.Ei andEf are the
initial and final state energies,hν is the energy of the incoming photon,ρf is the final
state density of states. Theδ function ensures energy conservation. The operator is the
interaction Hamiltonian describing the coupling between photon and electron

Hint = − e

mc
A · p. (3.2)

e denotes the charge andm the mass of the electron.c is the light velocity. The electrons
momentum is described byp. The electromagnetic vector potentialA can be expressed1

, e.g, in terms of the electric field vectorE for a monochromatic plane wave propagating
in directionn as[60]:

A = 2E cos
(ω

c
n · x − ωt

)
. (3.3)

3.1 Photoelectron Spectroscopy (PES)
Experimentally, the interaction between light and electrons has been observed for the first
time in 1887 by H. Hertz. He found that zinc looses negative charge upon irradiation with
light. This has been described 1915 by A. Einstein as photoeffect.

Ekin = hν − Ebinding(−Φ), (3.4)

wherehν is the energy of the incoming photon,Ebinding the element specific binding
energy of the electron level andEkin is the kinetic energy of the released photoelectron.

1Justifying the gauge condition∇ · A = 0.
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The PES process is illustrated in Fig. 3.1. Core-level spectroscopy, often calledx-ray
photoelectron spectroscopyXPS, can give atomic specific information, e.g., via a chemi-
cal shift. Valence-spectroscopy, often calledultra-violet photoelectron spectroscopyUPS,
helps to investigate the valence electronic structure of a molecule and, e.g., its modifica-
tion upon adsorption on a surface.

For a solid state sample the contribution of the work functionΦ has to be added to
Eqn. 3.4. The work function describes the minimum energy required to remove an elec-
tron from the interior of a solid into the vacuum[61]. The binding energies of the electron
measured for a metallic sample is referenced to the energy of the Fermi level EF, which is
given by the lowest binding energy of the electrons in the conduction band. For insulators
like,e.g., solidC60 the binding energy has to be given with respect to another common
reference, e.g. in terms of the ionization potential to the vacuum level. See, e.g., Ref. [62]
for the ionization potential of solidC60.

On its way out of the sample the photoelectron experiences scattering. The high cross
section for inelastic scattering of the photoelectron in the material makes this methods
extremely surface sensitive. A frequently used graph to show the attenuation length of
photoelectrons inside a solid as a function of kinetic energy is the so-called universal
curve[63, 64], see Fig. 3.2(a). The usage of a universal curve can be motivated by the
fact that electron energy loss in solids is to a large extent due to excitation of valence
electrons. The electron density in the valence band with about 0.25 electron/Å3 is similar
for most materials. Thus by collecting photoelectrons at different emission angles virtu-
ally different probing depth are achieved and the surface sensitivity in PES can be varied,
see Fig. 3.2(b). Commonly an exponential attenuation is assumed, giving a simple rela-
tion for the attenuation of the intensity with respect to emission angle. The attenuation is
characterized by theinelastic mean free path(IMFP). However, a quantitative informa-
tion about the emission depth of the photoelectron cannot be achieved by only taking the
IMFP into account. Elastic scattering will change the path of the photoelectron and the
approximation of a exponential attenuation of the signal with depth is not longer valid.
Different paths are illustrated in Fig. 3.2(c).

Spectra of solids always contain a sizable background due to inelastic scattered photo-
electrons. In order to isolate the ”intrinsic spectrum” this background has to be removed
by a suitable procedure. This can be realized in the simplest case by subtracting a linear
background between to carefully chosen points in the spectrum. A correction frequently
used is the ”Shirley”-background[65], where the background intensity at a particular bind-
ing energy is assumed to be proportional to the integral of the intensity from this energy
down to lower binding energy. An application of Shirley-background is shown for core-
level data in Fig. 8.5.

After emission of a photoelectron is left with the positive charge of the photo-hole.
The positive charge can be neutralized in metals, whereas an insulators is left with the
positive charge. The accumulation of photo-holes during a measurement creates a net
charge an the surface of an insulating sample. This is balanced by a charge transfer from
the, e.g., (grounded) metallic substrate to the sample surface. A net charge at the surface
can cause significant distortions in the photoemission spectrum by reducing the kinetic
energy of the photoelectrons.

The angle-dependence in the dipole approximation is determined by parity and angu-
lar momentum conservation. The angular distribution of an emitted particle after dipole
absorption for linearly-polarized light is characterized by an anisotropy parameterβ [66,
67]. The differential cross section is given the Bethe-Cooper-Zare formula for polarized
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Figure 3.1: (a) Illustration of the photoemission process. A photoelectron is released
upon absorption of a photon with energyhν. Via measuring the kinetic en-
ergy Ekin of the photoelectron the value of the binding energy is achieved.
The valence electrons wave function is spread out over all constituting atoms.
UPS gives information about the chemical state of the system. In XPS, how-
ever, the binding energies measured are very sensitive upon changes at the
atomic site due to the strong localization of the core electron wave function.
(b) Photoionization of an insulating and metallic sample. There is no unique
energy level given for insulators. The measured binding energies (ionization
potential IP) are referenced to the vacuum level. Metals have a well defined
energy EF, which is the boundary between occupied and unoccupied state.
EFcan be identified in the spectrum as Fermi edge and serves as energy refer-
ence for metallic samples.

light is [68]:

dσ

dΩ
=

σ0

4π
(1 + β(hν)P2(cos θ)) , (3.5)

whereσ0 describes the photoelectric cross section.P2(x) = 1
2 (3x2 − 1) is the Legendre

polynomial of second degree. The relevant angle between photoelectron emission and
light polarization is denoted withθ. The molecular asymmetry parameterβ(hν) is a
function of excitation energy. This distribution is shown in Fig. 3.3 together with a graph
for anisotropy values for HOMO and HOMO-1 forC60.
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increased trajectory of an photoelectron originating in a depthz reaching the
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Figure 3.3: (a) Polar plot of the angular intensity distribution of photoelectrons after
dipole absorption for different values of the asymmetry parameter (−1 ≤
β ≤ 2) with respect to the direction of light polarization. (b) Calculated
anisotropy parameter of freeC60 as a function of kinetic energy of the
photoelectrons[69]. In photoemission experiments of gas phaseC60 the val-
ues forβ are found to be slightly increased[70].

13



3.1.1 Photoelectron analyzer
In order to record a photoemission spectrum the photoelectrons have to be separated by
their kinetic energy. In all experiments of the present work a hemispherical deflection
analyzer was used. The spectrometer consists of two parts: a lens system, imaging (mag-
nifying) the sample spot onto the analyzer entrance slit, together with preretardation to a
pass energyand the analyzer. This analyzer consist of two concentric hemispheres. By
applying an electric field between the hemispheres the path of the electrons is influence
depending on their kinetic energy. In order to improve the resolution photoelectrons are
decelerated (or accelerated) to apass energybefore they enter the analyzer. Since their ab-
solute energy spread is not changed by the deceleration (or acceleration) to apass energy
this method has a gain in resolution which is proportional to Ekin/Eret. Electron entering
the analyzer with the same kinetic energy but different incident angles at the entrance slit
are focused onto the same spot of the detection plane. Electrons with different kinetic en-
ergies are separated in the dispersive direction at the detection plane. In the perpendicular
direction the sample is mapped spatially. The impinging electron is amplified by the multi
channel plate detector (MCP) to a measurable pulse. A phosphor screen on the other side
of the MCP transforms the pulse to a visible light spot. The phosphor screen is monitored
by a charge-coupled-device (CCD)-camera. The readout of the camera and the electric
potentials of the lenses and the analyzer hemispheres are controlled by a computer during
data aquisition.
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Figure 3.4: Illustration of a Scienta photoemission analyzer. The analyzer consists of a
lens system and hemispherical analyzer. Electric fields focused the electrons
on the detection plane. The electron impact is amplified the MCP and a light
spot on the phosphor screen indicates the signal. The CCD camera is record-
ing the distribution of light spots on the screen. The direction of energy dis-
persion of the electron at the detection plane is indicated by the arrow. In the
direction perpendicular to the dispersion the analyzer gives a spatial mapping
of the sample.
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3.2 X-ray Absorption Spectroscopy (XAS)
In XAS [71] the electronic and geometric structure of unoccupied states of the core-
excited system can be probed. In the dipole approximation Fermi’s Golden Rule gives the
absorption cross section for linearly polarized light[71]:

σXAS ∝ |·〈f |E · p| i〉|2 ρ(Ef )δ (h̄ω + Ei − Ef ) , (3.6)

whereE is the electric field vector andp the electron momentum. The matrix element
consists of the initial and final state of the total system. However, in a more local picture,
the states involved in the transition are the core-level as initial and the valence orbital
as final state. Thus, the overlap of the atomic core-level|i〉 and the valence orbital〈f |
making it a local tool measuring the unoccupied states at the site of the core-hole

There are two aspects for XAS measurements: (1) probing the spatial orientation of the
sample, and (2) probing the electronic density of unoccupied states of a system. (1) The
dipole matrix element〈f |E · p| i〉 must be totally symmetric. This sets constraints on the
final state wave function and by changing the direction of light polarization it possible to
probe the spatial orientation of the system. (2) The density of unoccupied states is probed
by sweeping the photon energy in the vicinity of an absorption edge of an atom. The
measured density of states is modified by the presence of the core hole with respect to the
ground state.

A more technical issue is that the light absorption cannot be measured directly, since
the samples investigated here are to thick and all light is absorbed. Thus the absorption
has to be monitored via a secondary process as, e.g. the electrons released in the decay
of the core-hole excited state. In Fig. 3.5 photon absorption and different decay channels
are illustrated. Upon absorption the core-hole excited state decays within a few tens of
femtoseconds by emission of a photon (fluorescence-) or Auger-electron (Auger-decay).
The number of emitted particles in the decay is proportional to the number of adsorbed
photons, thus reflecting the absorption cross-section.

A common method to measure the XAS-profile is to collect the emitted electrons using
a multi channel plate (MCP). A MCP consists of an array of small diameter glass tubes
with a high voltage applied between both ends of the tubes. An electron entering tube will
create a multitude of electrons by impinging at the tube walls resulting in a measureable
current pulse. The MCP can be biased by a retardation voltage to filter out the lower
kinetic energy part of the electrons. This is often used in XAS and the measurement is
called partial yield.

In so calledtotal yield (TY) spectra no retardation voltage is applied and electrons of
all kinetic energies are collected. In a so-calledpartial yield (PY) a retardation voltage
Vret is applied to allow electrons only with the minimum kinetic energy ofeVret to reach
the analyzer. This influences the surface sensitivity of XAS. Electrons emerging from
deeper regions in the bulk will be scattered inelastically on their way to the sample surface
and will leave the sample at low kinetic energy. Thus by setting a retardation voltage the
surface sensitivity in the XAS spectrum can be varied.

The measured XAS signal depends directly on the incident photon flux. The photons
are reflected on several optical elements before they reach the sample. Unfortunately the
optical elements are often contaminated with carbon particle. These particle adsorb a
fraction of the photons. As a result the synchrotron light will show a structured distribu-
tion of intensity in the energy region of interest. To overcome this problem a reference
spectrum has to be recorded on a carbon free sample, e.g., the cleaned substrate or on a
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Figure 3.5:Schematic of the process in XAS. (a) The incoming photon can excite the
atom resonantly or promote a photoelectron into vacuum (direct photoemis-
sion). The first leaves the atom in an excited state. (b) Two decay channels of
the core-hole excited states are possible. In electron yield measurements both
the direct photoelectrons and the Auger-electrons are recorded.

gold mesh, placed in the beamline before the analysis chamber and with a fresh layer of
cold sublimed onto the grid before measurement.

A typical reference spectrum shows the well-known losses due to carbon contamina-
tion at the optical elements in the beamline, see the dotted line (upper curve) in Fig. 3.6,
the so-calledcarbon dips. The XAS raw data from the sample need to be corrected for
these variations in the photon intensity by an appropriate method. Assuming that the
structure is solely due to carbon losses the XAS raw data simply have to be divided by the
throughput. However, most of the curves in Fig. 3.6 show extra structure at 288.5 eV. This
extra structure is due to excitations by higher-order light. A correction for higher-order
light contributions is discussion in chapter 8 and in paper VII.

3.3 X-ray Emission Spectroscopy (XAS)
Soft x-ray emission spectra are recorded by monitoring the photons of a fluorescent Auger
decay as a function of energy. The probability of such a fluorescent deacy is about two
to three orders of magnitude less compared to electronic Auger decay. In contrast to the
methods described above the final state in resonantly excited XES is electrically neutral.
The spectrometer at I511 used in the present work is based on three gratings mounted at
fixed angles of incidence and a large two-dimensional detector which can be positioned
and oriented. The detector can be moved in a three-axis coordinate system in order to
cover the different Rowland curves defined by the different gratings. The spectrometer
was developed in the group in Uppsala[72]. Its principle set up is sketched in Fig. 3.7.
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Figure 3.6:Clean crystal absorption spectra in total electron yield from bending magnet
(BL22, D1011) and undulater (I511) beamlines at MAX-lab. Typically three
dips are seen in the spectrum. The dips can be disentangled in components
due to carbon and due to Cr absorption. See text for more details.

Two-dimensional detection is used to allow a large solid angle in the non-dispersive direc-
tion, without suffering from loss of resolution due to imaging errors. Spatial resolution
in the dispersive direction makes it possible to recored a full spectrum in one detector
position.

3.4 Synchrotron Light Sources
For the experiments described in this thesis a synchrotron light source was used. As know
from classical electrodynamics,see e.g.Refs. [43, 73] a charged particle is emitting elec-
tromagnetic radiation when it is forced on a curved trajectory. In order to store the parti-

photons

Det
ec

to
r

Grating

Slit

Sample

Figure 3.7: Illustration of the principle of a Rowland circle for XES.

18



cles they are circulating in a storage ring. In order to keep them in the same orbit, energy
has to feed back into the particle beam, unsually done with a radio frequency (RF) electric
field. Magnet fields are used to control the trajectory of the electrons. Depending on the
energy of the charged particle and the curvature of the trajectory the energy of the emitted
radiation can be tuned. Three types of radiation sources are distinguished: bending mag-
net, wiggler and undulator. The experiments of the present work were done at bending
magnet and undulator beamlines at MAX-lab. The bending magnet is a dipole magnet
at a vertex in the storage ring, its synchrotron radiation gives a large range continuous
spectrum. The most selective insertion-device is the undulator. An undulator consists of
a series of permanent magnets in a way that constructive interference is achieved between
light pulses emitted at different magnets. There the particles are forced to change trajec-
tory several times, generating a narrow cone of light at a characteristic frequency. In most
cases the insertion devices deliver polarized light with the polarization direction in the
plane of the storage-ring.

MAX-lab is based upon a race-track microtron injector, a storage/pulse-stretcher ring,
MAX I (550 MeV), and a third generation storage-ring, MAX II(1.5 GeV).
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Figure 3.8:Schematic of the MAX laboratory showing the two storage rings MAX I and
m MAX II at present in operation. The new storage ring MAX III is not under
commission yet. Beamline 33 is shown at its present and future location.

Beamline BL33 at MAX-lab
Beamline 33[74, 75] is a bending magnet beamline located at MAX-I. Beamline 33 is
used for angle resolved photoelectron spectroscopy on solids in the photon energy range
15 eV to 200 eV. The monochromator has three gratings (300 l/mm, 700 l/mm and 1500
l/mm) and a movable exit slit. The spot size on the sample is2×1mm2. The experimental
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station is a commercial surface science system from VG Microtec. The system consists of
a preparation chamber, a sample storage chamber, a sample introduction chamber and an
analyzer chamber. The preparation chamber is equipped with LEED, ion sputtering gun,
gas-inlet system and a number of optional ports for user owned sample preparation acces-
sories. The analyzer chamber is equipped with LEED. The goniometer mounted angular
resolved electron energy analyzer (ARUPS10) specially designed to have an electroni-
cally variable angular resolution from±0.4◦ to±2.0◦.
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Experimental Geometry at BL33

Figure 3.9:Schematic of the experimental set up at BL33. The light polarization is in the
plane of the paper. The sample can be rotated around an axis perpendicular to
the plane of the paper. The analyser can be rotated around the same axis like
the sample, polar angle and perpendicular to this (azimuth angle). The light
incidence angle isφ, the polar emission angleα

Beamline D1011 at MAX-lab
Beamline D1011[74, 75] is a bending-magnet based beamline at MAX-II covering the
energy range 30 to 1500 eV with an energy resolution of about E/dE = 1x104. The
monochromator is of modified SX-700 type (360 l/mm and 1220 l/mm gratings) with
a plane-elliptical focusing mirror and fixed exit slit. The Spot size on sample is 1(v) x
3(h) mm2. With its flat intensity curve and its particular experimental geometry with light
incidence normal to the sample surface it is ideal for investigation of molecular orientation
with XAS. The endstation consists of a vertical arrangement of preparation and analysis
chambers accessible via a long-travel manipulator. The preparation chamber is equipped
with ion-gun, gas-inlet system, mass spectrometer and LEED. The analysis chamber is
equipped with a Scienta 200 analyzer for photoemission experiments and a multi channel
plate detector for electron yield XAS. The Scienta is placed at a fixed angle of40◦ with
respect to the direction o light incidence.

Beamline I511 at MAX-lab
The surface branch of I511 is an undulator beamline at MAX-II, designed for surface
PES and XES measurements[76]. The monochromator is of modified SX-700 type with
250 l/mm and 1220 l/mm gratings, with a spherical focusing mirror and movable exit slit.
The available photon energies are in the range from 100 eV to 1500 eV with an energy
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Figure 3.10:Schematic of the experimental set up at D1011. The analyser position is
fixed. The sample can be rotated around the axis perpendicular to the plane
of the paper.

resolution of E/dE = 5x104. The photon flux on sample is of the order of1013 ph/s for
the 1220 l/mm grating. The preparation chamber includes LEED, mass spectrometer,
gas-inlet, ion sputter gun and a manipulator in horizontal mounting with a cryostat for
cooling. The analysis chamber is equiped with a grazing incidence grating spectrometer
for XES, a hemispherical PES analyser and an MCP detector for XAS. Both spectrometer
Scienta-200 and XES-300 can be rotated around the direction of light incidence, thus the
angle of polarization and emission can be varied independently.

3.5 The Surface Instrument in Uppsala
Since beamtime is coslty it is good to have a home lab to carry out preparation studies.
The surface instrument in the cluster laboratory in Uppsala consists of two preperation
chambers, which are equipped with standard instrumentation, i.e., gas inlet, ion sputter
gun, quadrupole mass spectrometers and Low Energy Electron Diffraction (LEED) op-
tics. The manipulators have a cryostat for liquid nitrogen or liquid helium cooling. The
electron analyzer is a Scienta-200. As a light source are a rotating Al-anode for XPS and
a He-discharge lamp for UPS available.

The Al Kα radiation (hν=1486.6 eV) are produced using an aluminium oxide coated
water cooled rotating anode. Electrons are emitted and accelerated in a two stage electron
gun, operated at a power of 3.5 kW with a 14 kV acceleration voltage. The electron
beam is focused onto the rim of the anode which is in rotation at a speed of 6000rpm.
To operate at this power water cooling for the anode is necessary to prevent melting. To
reach the fast rotating rim of the anode water is injected under high pressure through the
shaft. A two-stage differential pumping achieves UHV within the anode chamber. Upon
the electron bombardment the photons are created in fluorescence processes. The photon
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Figure 3.11:Schematic of the experimental set up at I511. Both, sample and detector can
be rotated around the axis defined by the incoming light. The PES and XES
detectors have the same rotation axis as the sample.

bandwidth of approximately 0.8 eV is monochromatised to 0.2 eV via Bragg reflection at
seven quartz crystals arranged on a Rowland circle with the anode and the analyzer focus.

The He radiation is generated with a microwave driven electron cyclotron resonance
discharge lamp of Gammadata VUV 5000 type. With a grating monochromator the com-
ponent of the He I or He II radiation (the photon energy of He Iα is 21.2 eV and that of
He IIα amounts to 40.8 eV) can be set.

3.6 Sample Preparation and Ultra High Vacuum Condi-
tions

For the experiments described in this thesisultra-high vacuum(UHV) conditions were
necessary to prevent contamination of the sample surface with adsorbed molecules. The
low pressure is achieved with different kinds of pumping (roughing pump down top =
10−3 mbar, turbo molecular pumps to reachp = 10−9 mbar, ionization pumps reachp =
10−9 mbar and titanium sublimation pumps working in low10−10 mbar range). In order
to drive off adsorbed molecules from the inner walls of the experimental chambers the
instruments arebakedat 150◦ for approx 18 hours. Different gauges are used to monitor
the pressure: thermocouple (10−3 mbar range), cold cathode gauge (range:10−10 mbar),
ionization gauge (range:10−11 mbar).

At I511 the sample was mounted at a cryostat. With liquid nitrogen cooling the
sample temperature was T=110 K. At all other experiments the were done with the sample
at room temperature. In all experiments using single-crystals sample temperature was
monitored with Cr/Al thermoelement placed in a hole drilled in the respective crystal
(except at B L33 where a pyrometer was used). The temperature of the MWNT sample
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Figure 3.12:The Yt-2-instrument in Uppsala.

was monitored with a thermoelement clamped to the Si-substrate. The single-crystals are
heated resistively via tungsten wires (typical diameter of 0.5 mm, typical heating power
P=30 W) fed through holes drilled parallel to the crystal surfaces.

The single-crystals used for theC60 experiments are of 10 mm diameter and 3 mm
thick. Prior toC60 deposition the single-crystal samples where cleaned using Ar-ion
bombardment (sputtering), at kinetic energies of 0.5 keV - 1 keV. In order to help surface
reconstruction the sample is annealed for half an hour after sputtering. To prevent surface
melting the annealing temperature is held below 2/3 of the crystal melting temperature.
Cycles of sputtering (typically 5 min - 20 min) and annealing are repeated and the level
of contamination is checked with XPS. The quality of the surface checked with LEED.
TheC60 was deposited from a Knudsen cell spot welded on an electrical feedthrough. To
form the Knudsen cell a Ta foil is folded to from a pocket. TheC60 powder is filled in and
the pocket is spot welded at al three edges and a pin hole is made on the folded side. A
thermocouple is spot welded directly on the Ta foil to monitor the temperature. A spiral
tungsten wire was placed in the imediate vincinity of the Knudsen cell to help outgassing
the device. After the bake-out of the chamber, with the chamber still at elevated tempera-
ture of approx.70◦ the Knudsen cell was outgassed in heating (typical heating power) the
Knudsen cell up to 900 K several times, until no sign of pressure increase was observed.
Sublimations were made typically at 700 K, without significant increase of the pressure
in the chamber.

TheK3C60 crystal is preparedin-situ on a Cu(111) substrate, grown in several cylces
of C60 layer deposition with successive K-intercalation. To prevent nucleation of K4C60

the K deposition rate was chosen to keep the ratio ofC60 to potassium below 3. After
each deposition cycle the sample was checked with PES. Finally the completed sample
was annealed at 600 K for 6 hours to sublime excessC60 in order to achieve a pure phase
sample[29]. The photoemission lineshape of the present sample is in excellent agreement
with the spectra reported by Hesperet al.[77] and Goldoniet al.[78, 79].

The ordered monolayerC60 on Al(110) was formed by sublimingC60 from a Ta cru-
cible (400◦C) onto a cleaned Al(110) surface held at400◦ during deposition. Since this
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temperature is well above the sublimation temperature of solidC60, only one monolayer
sticks to the surface. The typical ML c(4x4) overlayer is identified by LEED.

The MWNT sample investigated was preparedex situby the group of E. E. Campbell.
Here the sample preparation[80] is described briefly: A cleaned silicon substrate was
placed in a furnace (1050 K) and exposed to a flow ofH2, C2H2, Fe(CO)5 and Ar
as carrier gas from a water-cooled injector. The iron particles serve as catalyst for the
carbon tube groth. After 30 min the substrate was covered with an even film up to several
square centimeter size. For the synchrotron radiation study the substrate is mounted on
the manipulator prior to chamber bakeout.
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Photoemission Lineshape of Fullerene
Compounds

Valence photoemission from the fullerenes investigated in this work is shown in Fig. 4.1.
TheC60 compounds presented here involve three fundamental interactions: van der Waals
crystalC60, ionic solid K3C60 and covalent bondedC60 monolayer on Al(110). The
surfaces and interfaces of these systems are of special interest and are investigated in
detail in the present work.

The lineshape ofC60 fullerite is a fingerprint of its molecular structure. The highly de-
generated bands give rise to well separated structures in the photoemission spectrum. The
other twoC60 systems, however, exhibit spectra with considerably broadened features,
and the molecular orbitals cannot be unambiguously identified .

The spectrum of potassium intercalated compoundK3C60 shows a broad structures,
see Fig. 4.4(b). The lowest energy structure shows a distinct Fermi-Dirac-like shape and
identifies the system as a metal. The large width inK3C60 photoemission has been ex-
plained for pure phase samples as broadening due to correlation effects[25], due to plas-
mon excitation[81] or surface states[82].

In the spectrum of theC60 monolayer, shown in Fig. 4.4(c) the molecular orbitals are
broadened and split into components. The large width of the molecular-derived levels of
monolayer systems has generally been attributed to substrate-induced hybridization and
concomitant energy level splitting [35, 83, 37, 84].

The lineshape observed for MWNT is characterized by increasing intensity from zero
at EF up to a maximum at about 8 eV and only very little structure within the spectrum,
see Fig. 4.4(d). No molecular like peaks are seen for MWNT. For MWNT there is a gen-
eral consensus that photoemission should approach that of graphite, the variety in quality
of present samples, however, hampers a conclusive interpretation and the photoemission
results are discussed in literature,e.g., in terms of photoemission from the tips[59], pres-
ence of defect sites[57] or in terms of band dispersion[54].

4.1 Angular Distribution of Photoelectrons for solid C60

In Paper I the influence of the molecular solid on the angular distribution of photoelec-
trons is investigated. A series of photoemission spectra of aC60 multilayer is taken for
a large range of emission angles for different excitation energies and light polarization.
The spectra are corrected for acquisition time and photon flux. The sample consists of an
in-situprepared multilayer ofC60 on top of an Al substrate. The multilayer was annealed
after deposition to achieve a smooth surface. In Fig. 4.2 the raw data of angle dependent
photoemission of solidC60 are displayed. The data are taken at beamline 33. The 3-dim
graph visualizes the smooth intensity distribution peaking close to the angle of light po-
larization in all cases. For the low excitation energy data it is observed that the spectra are
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Figure 4.1:Valence spectra of theC60 systems and multi-walled nanotubes (MWNT)
sample taken athν = 110 eV. (a) Molecular orbitals are labeled in the spec-
trum of solidC60. (b) Photoemission fromK3C60 shows broad lineshape with
subtile structures. The cut- at the LUMO-derived structure indicates a metal-
lic system. (c) The lineshape of theC60 monolayer spectrum is broadened,
the Al substrate signal spectrum consists is almost constant in the displayed
spectral region. (d) Spectrum from MWNT shows no MO structure. The
spectra shown here are aligned in energy arbitrary for the ease of comparison.

shifted in energy for different emission angles. This is attributed to charging of the sample
during the photoemission process. The fact that charging is only significant in the 32 eV
data can be attributed to the difference in photoelectric cross-section which is about one
magnitude higher at 32 eV than for 110 eV excitation energy[85]. To obtain the angular
distribution of photoelectrons the individual orbitals in the series of spectra is fitted with
Gaussians. The result of the fitting is shown in Fig. 4.3. In order to model the angular
distribution of photoelectrons emerging from solidC60 the process is divided into three
steps[86]:(1) emission of the photoelectron at the molecule (primary intensity), (2) trav-
eling of the photoelectron to the sample surface and (3) escape from the sample into vac-
uum. Since the molecules are rotating almost freely at their lattice position[20, 21, 4, 22]
at ambient temperature the angular distribution from the first step is assumed to be equal
to the gas phase result. The primary intensity is dependent only on molecular properties
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Figure 4.2:3-dim plots and corresponding intensity image of angle dependent photoe-
mission of the three frontier bands (HOMO, HOMO-1 and Peak C) of solid
C60. The AD is smooth without fine structure. The direction of light polar-
ization (normal emission) is indicated by a solid-(dashed-)line in the intensity
images. The emission angle is given with respect to the sample normal.

and on the direction of light polarization with respect to the detection direction. In step
(2) inelastic scattering will attenuate the photoelectrons on the trajectory to the surface in
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Figure 4.3:Angular distribution of the three frontier bands ofC60 fullerite as shown in
Fig. 4.2. Every data point corresponds to a fit value, as explained in the text.
The solid lines are the expected AD scaled to approximate the HOMO and
HOMO-1 distribution. Light polarization is indicated by dashed-dotted- and
normal emission by dashed-lines. The analyzer cut-off is indicated by arrows.
See the text for more details.

the spectral region of interest. Thus to describe this step the solid state properties like the
emission depthz, emission angleα with respect to the surface normal and the inelastic
mean free pathλ are important. Approximating the photoelectron trajectory as a straight
line the intensity will be attenuated according to an exponential decay[87]:

dI(α) = e−
z

λ cos α dz (4.1)

with the inelastic mean free pathλ. The integral for a semi-infinite sample is propor-
tional tocos α. In step (3) another solid state effect, the refraction of the photoelectrons
at the surface potential barrier influences the angular distribution. The primary angular
distribution is essentially of the formcos2 α which is rather insensitive to photoelectron
refraction. A correction for the present data with an inner potential ofV = 5 eV[88] did
not change the angular distribution in the spectral region of interest.
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In addition to the three steps just mentioned another geometrical factor has to be con-
sidered for cases of light spot sizes larger than the analyzer acceptance angle. At normal
emission the light spot area is bigger than the analyzer acceptance area, and by moving
the analyzer away from normal emission, the acceptance area, and with it the number of
photoelectrons reaching the analyzer, increases by1/ cos α. Thus the number of photo-
electrons increases until a critical angleαcis reached at which the acceptance area covers
all of the light spot. The area of the light spot depends on the light incidence angle, and
with it on the light polarization angle, since the light polarization is perpendicular to the
Poynting vektor. The critical angles for the analyzer cut-off in the experiments carried out
at beamline 33 are given in Tab. 4.1. This geometrical factor cancels with integral over
the exponential in Eqn. 4.1. This makes photoemission from solid state proportional to
the primary free molecule photoemission for emission anglesα ≤ αc.

Table 4.1:Width w of the illuminated sample area for different light incidence anglesφ
at beamline 33. For emission angles greater thanαc the photoelectron analyzer
acceptance area is larger than the illuminated area.

φ w αc

45◦ 2.8 mm 57.6◦

25◦ 4.7 mm 71.5◦

5◦ > 10 mm 81.4◦

The primary distribution is calculated by the differential cross section for dipole tran-
sition [66, 67] for the free molecule according to Eqn. 3.5. Model curves determined by
β[69] and corrected for the analyzer cut-off are shown in Fig. 4.3 as solid lines. The
model reproduces the gross structure in the experimental data. The light polarization
dominates the gross distribution resembling the free molecule emission. The main differ-
ence is the drastic change in slope due to the analyzer cut-off at large emission angles.
The experimental curve is more compressed towards normal emission than expected by
the model for the expected value ofβ. Even a model including the maximum value of
β = 2 cannot reproduce this compression. Since allintermolecular scattering is included
in the primary photoemission and theintramolecular inelastic scattering is covered by the
model discussed above a logical reason for the compression could be elastic scattering of
the photoelectrons. Typically elastic scattering is calculated by Monte Carlo simulations,
see, e.g., Refs. [89, 90, 91]. Their simulations show that the primary distribution is fanned
out more isotropically. However this is in contrast to the present experimental findings
of a compression towards normal emission. This difference could have its origin in the
granularity of the sample as compared to the continuum of scatterer assumed in the Monte
Carlo simulations. It can be imagined that the large size of the molecules and the lattice
spacing is leading to a redistribution of photoelectrons towards normal emission.

The second topic of this thesis is the charge transfer compoundK3C60, issue of Pa-
per IV and Paper V, ence of the light polarization on the photoemission lineshape of
C60 andK3C60 is shown for three emission angles in Fig 4.4. From set of spectra in
Fig. 4.4(a)(b) it can be seen that the shape of fullerite MOs is constant, and even the
relative intensities are insensitive of emission angle and light polarization. Only in the
grazing emission spectrum with the lightpolarization parallel to normal emission changes

29



In
te

n
s

it
y

Binding Energy (eV)

Influence of Light Polarization on Valence PES

20 16 12 8 4 0

24 20 16 12 8
Binding Energy (eV)

(c) Polarization = Emission

(d)  Polarization = 0o

(b)  Polarization = 0o

(a) Polarization = Emission C60

hν = 133 eV

RT

Emission:

 0o

 45o

 60o

K3C60

hν = 110 eV

T = 110 K

Emission:

 0o

 45o

 60o

Figure 4.4:Lineshape of the valence band forC60 andK3C60 at the indicated excitation
energy. The spectra are normalized to features in the deeper valence region.
The orientation of the light polarization plays an important role for the pho-
toemission lineshape in the near EF valence region. The data are taken at
beamline I511.

in the relative intensities are observed.
There is no separation of the molecular orbitals seen in the valence spectrum ofK3C60.

However, the angular dependence show in Fig. 4.4 is a reminder of the behavior observed
for solidC60 in that intensity decreases in the range from EF to 5 eV for grazing emission
if the polarization is fixed at normal emission. TheK3C60 valence lineshape is discussed
in more detail in Chap. 5.

There is a significant influence of the light polarization in the LUMO-derived region,
see Fig 4.5. In contrast to solidC60 with no inelastic losses the metallicity ofK3C60 pro-
vides a continuum of inelastic losses, which are apparent in the LUMO-derive spectrum.
Fig 4.5 demonstrates the change in background due to the inelastic scattered electrons by
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emission is shown for comparison. All spectra are normalized to the inten-
sity at EF. The intensity in the higher binding energy region increases with
emission angle suggesting that a significant fraction is due to inelastically
scattered photoelectrons. In addition to the dependence on the emission an-
gle the direction of light polarization has influences on the contribution from
inelastically scattered photoelectrons in the spectrum.

optimizing the light polarization. The observation that the main emission direction is a
function of light polarization is relevant for measurements of the inelastic mean free path,
an effect, which has been neglected so far in measurement reported in literature. How-
ever, for non-optimized experimental geometries the inelastic scattered electrons from the
bulk component can contribute significantly to the surface spectral region complicating
the identification of the surface component. The decomposition of theK3C60 lineshape
into surface and bulk structures is described in more detail in Chap. 5. As shown in Pa-
pers IV the LUMO-derived spectrum ofK3C60 constitutes photoemission from surface
and bulk molecules. In principle, surface and bulk contributions can be discriminated by
taking spectra at different emission angles.

The third topic in this thesis is theC60 monolayer. The main difference between the
bulk and the monolayer system is that the molecules have a well defined orientation with
respect to the substrate in the latter due to the interaction with the substrate. Therefore
the differential cross section can be investigated in detail. Raw data forC60/Al(110) are
shown in Fig. 4.6. One lineshape out of the set in the raw data is shown in Fig. 4.1 above.
A visual inspection of the raw data suggests that both frontier valence orbitals are split
into two components respectively. The angular distribution of the components changes
with excitation energy. At higher excitation energy the angular intensity is emphasized
in direction of the light polarization. At lower energy, in particular at 32 eV, the distri-
bution is more influenced by sample properties, showing a distribution almost symmetric
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Figure 4.6:Photoemission data ofC60/Al(110) for a large range of emission angles for
the indicated excitation energies. The light polarization is at25◦ with respect
to sample normal.

to normal emission. An analysis of the angular dependence and decomposition of the
lineshapes into components of the molecular orbitals is shown in Chap. 6.
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4.2 Lineshape Analysis of K3C60 and C60/Al(110)
The photoemission spectra of theK3C60 compound and theC60 monolayer are consid-
erably broadened as compared to spectra from solidC60. These complex structures are
disentangled onto components via angle-dependent PES for the first time. In order to
compare spectra taken at different emission angles the lineshapes have to be fitted to ex-
tract the angular distribution. A common way to analyze photoemission lineshapes is to
use a fit employing standard functions, like in the simplest case Gaussians (instrumen-
tal broadening and virbrations) or Lorentz functions (reflecting lifetime broadening), or
in case of asymmetric core-level lineshapes Mahan[92] or Doniac-S̆unjíc[93] functions
(metals). Simulation of the present data with standard lineshapes did not result in a good
agreement with the data. Thus a different approach using empirical lineshapes was cho-
sen to model the data forK3C60 andC60/Al(110). Empirical lineshapes are obtained by
taking the difference between two spectra. The ideal case would be isolated structures or
if there are at least significant difference in spectral features. The differences in LUMO
lineshape in Fig 4.5 are to small to obtain a reliable result, but the rich structure for the
monolayer valence spectra in Fig. 4.6 is an excellent candidate. The advantage of empiri-
cal lineshapes is that they do require as parameter only the relative scaling and the constant
off-set. The shape of the difference spectrum serves as criteria to find both parameters.
On the first hand the result should give a smooth lineshape with a ”physical” slope at the
low binding energy side. E.g., for a core-level a comparison to a Voigt function made of
the energy resolution and life-time broadening can give the ”minimum slope” of the tails
in the difference spectrum, since the result has to include these contributions in any case.
If possible, the analysis should be carried out on isolated structures in the data. ForK3C60

the C 1s line is an isolated structure with a significant angular dependence, as shown in
Fig. 4.7(a). First the core-level spectrum ofK3C60 fulleride is discussed. In the second
part the valence lineshape of the monolayerC60 is analyzed.

4.2.1 K3C60 C 1s analysis
TheK3C60 spectra are analyzed with respect to contributions from surface and bulk pho-
toemission. In order to vary the surface sensitivity and with it the respective contributions
spectra are taken at normal and at grazing (70◦) emission, shown in Fig. 4.7(a). The
visual impression of theK3C60 lineshape suggests two contributions. The first contri-
bution (surface contribution) is obtained in scaling normal and grazing emission data to
match approximately at the shoulder at 284.3 eV and taking the difference. The scaling
factor is chosen that the normal emission data are always below lineshape of the grazing
emission data. For too large values of the scaling factor the difference spectrum shows
kinks. A core-level lineshape showing kinks has no physical motivation. Thus the spec-
tra should be scaled to be as close to each other as possible, without giving unphysical
results in the difference spectrum. From these constraints the value of the scaling fac-
tor is limited to a small range. Fig. 4.7(b) shows the difference spectrum for the scaling
shown in Fig. 4.7(a). In particular the low binding energy side serves as criteria for a
”physical” result, since the high binding energy of the peak has significant background
due to inelastically scattered photoelectrons. This background does not increase linearly
with the scaling factor and is therefore artificially increased in the difference spectrum. A
suggested correction of the artificial tail is indicated by arrows in the lineshape of surface
component in Fig. 4.7(b).
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Figure 4.7: Illustration of the analysis of the core-level PES using empirical lineshapes.
(a) Experimental data show a significant angle-dependence in the shoulder
at 284.3 eV. (b) Difference spectrum of normal and grazing emission data as
shown in (a). Two symmeric lines suggest two components in the surface
lineshape. (c) Normal emission data compared to the difference spectrum
from (b). (d) Bulk component as difference of the spectra shown in (c). See
the text for more details.

Once one of the contributions is determined the procedure to obtain the second contri-
bution, which is the bulk contribution in the present case, is straight-forward. In Fig. 4.7(c)
the normal emission data and the surface contribution are scaled. The difference spectrum
constituting the bulk lineshape is shown in Fig. 4.7(d). In principle the same criteria on
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the value of the scaling factor as discussed above can be applied. The overestimation of
the intensity in the high binding energy region of surface lineshape leads to uncertainties
in the high binding energy region of the bulk lineshape. A conservative margin of this
uncertainty is given by the arrows show in Fig. 4.7(d).

The contributions to the core-level spectrum ofK3C60 differ in their lineshapes. The
surface component is rather symmetric, whereas bulk contribution is asymmetric. The
surface component is relatively broad as compared to the core-level FWHM of solidC60,
and for reasons given in Chap. 5 it is fitted with two Gaussians, as shown in Fig. 4.7(b).
The asymmetry of the bulk component is a fingerprint of a metallic system.A Gaussian in
Fig. 4.7(d) illustrates the location of the bulk component in the spectrum.

Finally the bulk contribution in the normal and grazing emission spectra can be mea-
sured. A simulation of the experimental data with the empirical lineshapes is shown in
Fig. 4.8. The simulation shows a significant bulk contribution of29± 10% in normal and
17 ± 10% in grazing emission. As discussed above the value of the scaling factor is not
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definite. The large error given reflects the results from empirical lineshapes drawn from
extreme scaling factor. This present bulk contribution is in accordance with literature
by means of that theK3C60 photoemission spectra are derived predominantly from the
surface layer[94, 82, 95], however, the bulk contribution is found to be somewhat higher
than expected. To summarize, from the angle dependence observed in the C 1s line it is
shown for the first time that the broad lineshape consists of surface and bulk contribution.
This enables the elucidation of the surface electronic structure ofK3C60, which is topic
of Chap. 5.

4.2.2 C60/Al(110) Valence Analysis
Photoemission of the valence region ofC60 monolayer on Al(110) shows broad line-
shapes. A series of spectra taken for a large range of emission angles shows that the
broad lineshapes consist of components with individual angular dependence, see Fig. 4.6.
From the individual angular dependence the empirical lineshapes of the components can
be drawn via difference spectra. Once the empirical lineshapes known the respective
angular distribution of the components will be obtained by fitting the set of spectra us-
ing the empirical lineshapes. A visual inspection of the data in Fig. 4.6 shows that the
HOMO-derived and the HOMO-1 derived region consists of two features respectively.
The features are labeled HOMO-a and HOMO-b, respectively for the HOMO-1-derived
components.

The first step in the analysis is the subtraction of the contribution from the Al sample,
which contributes essentially a constant background in the spectral region of interest for
the excitation energies chosen in this work.

In Fig. 4.9(a)(b) the HOMO-derived components are analyzed. Two experimental
spectra out of the series shown in Fig. 4.6 with different ration of HOMO-a and HOMO-b
are chosen. The experimental spectra in Fig. 4.9(a) are scaled to match the lineshape in the
low binding energy region. The difference gives the lineshape of the HOMO-b. HOMO-
b and the30◦ emission spectrum are scaled as shown in Fig. 4.9(b), and the difference
gives the HOMO-a component. In a similar manner experimental data are scaled in the
HOMO-1-derived region and HOMO-1-a and HOMO-1-b are obtained, as illustrated in
Fig. 4.9(c)(d).

The lineshapes of the components obtained by the analysis are compared in Fig. 4.10(a)
to the valence photoemission of solidC60. The empirical lineshapes are similar in width
and shape to HOMO and HOMO-1 photoemission from solidC60. This similarity will be
discussed in more detail in Chap. 6. The empirical lineshapes are used to fit the raw data.
The good agreement between fit and experimental data is shown in Fig. 4.10(b). There
is an excellent in the HOMO-derived region, only small deviation are found in the region
very close to EF. However, the changes where to small and could not be investigated
in more detail. The model is less accurate in the HOMO-1-derived region, however, the
visual perception of the raw data is reproduced. As a result of the fit the angular distribu-
tion of the four components is shown in Fig. 4.11. The angular distribution changes with
excitation energy. This angular dependence ofC60 monolayer is basis of papers II, III.
The angular distribution is discussed in more details in Chap. 6.
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Surface Electronic Structure of K3C60

The character ofK3C60 surface has been the object of intensive study and debate for
almost a decade[27, 45, 77, 81, 82, 94, 79, 95, 96]. In particular it is discussed why
all photoemission spectra ofK3C60 consistently show broad valence, to little intensity at
EF and too wide LUMO-derived band in comparison with band structure calculations[97].
The width of the LUMO-derived band of the order of 1.2 eV has been attributed to cor-
relation effects[25] or plasmon excitation[81]. Based on essentially the same spectra
Hesperet al. conclude the surface to be on average at half-integer charge state[77],
whereas Goldoniet al. conclude the surface molecules are identical to the bulk charge of
3 electrons[96]. In contrast toK3C60 the valence band photoemission spectrum of the
doped monolayer on Ag with 3 electrons per molecule is very much narrower and has a
much higher density of states at EF [18, 98].

TheK3C60 valence lineshape characterized is by broad main peaks with subtle struc-
tures, i.e. shoulders, in the onset (lower binding energy side) of each filled band (e.g.,
at 1.6 eV, 2.9 eV, and 5 eV) as shown in Fig 5.1. As discussed in Sec. 4.1 the photoe-
mission spectrum ofK3C60 shows a significant angular dependence suggesting surface
and bulk contribution, as discussed in Sec. 4.2 for the core-level spectrum, locating the
bulk structure at the lower binding energy side in the spectrum. A similar analysis of the
angle dependence in the valence region is complicated due to the broad structures in the
spectrum.

However, a connection between spectral features in the C 1s data and the valence spec-
tra can be made, as shown in Fig. 5.1. Strikingly, the separation between shoulder and
peak of the HOMO-derived band are similar to those of the C 1s and a sum of core-level
lineshapes placed a energy positions of solidC60 lineshapes approaches the broad line-
shape ofK3C60. This assumes a rigid shift between energy levels forC60. Rigid shifts
of valence and core levels inC60-systems have not been discussed for this system, yet
they are obvious if one compares studies of charge transfer toC60 ML and in fullerides,
as discussed in Chap. 7. The assignment of the low energy features to bulk structure is
reinforced by comparing PES and x-ray emission spectroscopy. Due to the short electron
mean free path of the order of a few nanometers PES is very surface sensitive, in x-ray
emission however, due to the long photon mean free path in the order of hundreds of
nanometer reflects mainly bulk structure.K3C60 PES and XES is compared in Fig. 5.2.
The peaks XES lineshapes correspond with shoulders in PES lineshape. Thus there is a
strong evidence for different molecular sites inK3C60, with the weaker and low-binding
energy side as representative for bulk structure. Another connection be made by the com-
mon temperature dependence in the shoulders in valence[79] and core-level[78] spectra
of K3C60.

The present assignment of spectral features in terms of different lattice sites implies
that the Madelung potential due to screening and/or charge states is significantly different
in the surface and bulk layers. To motivate the differences in lattice site the geometrical
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Figure 5.1: (a) Normal emission valence PES spectrum ofK3C60. The solid line is a
model given by the sum of the illustrated images of the normal emission C 1s
spectrum (dashed lines), placed below the valence peaks. (b) Comparison
with a pureC60 spectrum (shifted in energy) to help illustrate the rigid band
shifts. C 1s and the first fully occupied valence level are similar in width,
lineshape and energy separation inC60 andK3C60.

structure is discussed. SolidC60 constitutes a closed packedfcc lattice. Upon doping with
potassium the tetrahedral and octahedral sites are occupied. At the stoichiometryK3C60

all tetrahedral and octahedral sites are occupied by 2 and 1 potassium atoms per molecule,
respectively. Due to the difference in Madelung potential the two sites are distinguishable
in PES with the tetrahedral site higher binding energy. K 2p photoemission with Al k-α
excitation shows the bulk ratio of 3:1 [99]. In more surface sensitive photoemission with
excitation energy of 365.5 eV the ratio appears to be almost equal[78]. This suggests
differences in the surface structure, however, this has not been discussed in literature. The
angular dependence of the K 2p photoemission is discussed in paper IV.

The discussion above shows that broad photoemission lineshape can be explained con-
sistently in terms of surface and bulk contribution, in parallel the potassium shows surface
and bulk component. In the following I want to discuss the surface structure and in par-
ticular the question of metallicity of the surface. As observed by LEED and STM[30] the
K3C60 in-situprepared sample has a (111) termination plane. Along the{111} directions
the sample consist of alternating potassium (tetrahedral, octahedral, tetrahedral) andC60

planes. From electrostatic consideration Hesperet al. [77] find strict boundary conditions
for the macroscopic charge distribution over theK3C60 crystal for this system. It turns
out that there are three possible configurations for the surface balancing the electrostatic
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The XES is aligned in energy to match the first structure in the PES. Solid
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structures in XES are more narrow than features in PES and the XES peaks
coincide with bulk structure.

forces within the crystal: an outermostC60 layer with average charge−1.5, K-layers as
termination plane at charge state+1 or +1.5. During the present experiments no degra-
dation of the sample was observed over the period of more than the 36 h a preparation
was kept in the analysis chamber during measurements. E.g., K6C60 is very reactive[77].
From this stability against oxygen contamination it does not seem likely that the sam-
ple surface consists of the rather reactive alkali ions. This leaves the alternative of an
outermost layer consisting of relatively inertC60 molecules.

An illustration of theK3C60 with a topmost layer consisting ofC60 is shown in
Fig. 5.3(a). The bulk consist of alternating potassium (tetrahedral, octahedral, tetrahe-
dral) andC60 planes. All bulk molecules are charged with three electrons, since each
bulk molecules is surrounded by three alkali atoms on average and the LUMO is occu-
pied with 3 electrons. The situation is different at the surface, whereC60 is missing half
of the alkali neighbors. As it turns out, in this configuration the molecules are on average
in charge state 1.5-. Because of the molecular nature of alkali fullerides, this implies that
the outer plane consists of equal numbers of moleculesC60 with 1 and 2 electrons in the
LUMO.

The differences in the number of electrons in the LUMO-derived is reflected directly
in the photoemission lineshape of the LUMO-derived band. The differences in charge
state are reflected in the photoemission spectrum and explain the shape of the LUMO-
derived with respect to the deeper valence structure. Taking the electron multiplicity into
account the LUMO-derived region is modeled in Fig. 5.4. The analysis above motivates
to model the LUMO-derived lineshape with three components, reflecting the bulk and the
two surface sites.

Fig. 5.4 shows an expanded view of the LUMO-derived PES. The70◦ emission spec-
trum compares well with previous studies[81, 95]. The angle dependence shows that
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intensity at EF drops with increased emission angle, assigning EF to bulk electronic struc-
ture, in parallel to the finding for the C 1s, that the low binding energy component belongs
to bulk structure.

To simulate the vibrational structure of the bulk component a gas phase spectrum is
used[12] ofC−

60, which was broadened to mimic instrumental resolution and convoluted
with a plasmon loss function in line with previous work [79, 81]. The surface components
are represented by symmetric curves similar to the components in Fig. 4.7. The distance
between the three components are extracted from the fit in Fig. 4.7. The separation be-
tween surface and bulk can be obtained from the fit shown in Fig. 4.7. The fit of the
C 1s line gives an approximate energy separation between the two surface components of
0.4 eV.

The ratio between surface and bulk structure is taken from the analysis of the C 1s
lineshape. Since photoelectrons have comparable kinetic energy in both spectra and the
C 1s lineshape matches the HOMO-derived band, thus the surface and bulk contributions
are comparable in both cases, and this information is used to model the LUMO-derived
PES data. Taking surface to bulk ration into account the relative ratio between the two
surface sites and the bulk are scaled according to the assumed charge state. The charge
state 1- is assumed to lie at the highest binding energy of the three, and 2- between 1- and
3- as indicated. The solid lines in Fig. 5.4(a),(b) are the sum of these three components,
taking electron multiplicity and surface to bulk ratio into account. It is apparent that
this model gives semiquantitative agreement with the measured spectra and their angle
dependence.

Now the question of the charge distribution at the surface is addressed, and its conse-
quences on metallicity. The LUMO-derived band is occupied with one or two electrons
for the respective surface sites. In order to minimize the electrostatic energy the differently
charged molecules will be distributed evenly within the surface layer. A charge density
wave (CDW) is the simplest conceptual starting point to realize this structure. Three en-
ergetically equivalent structure are shown in Fig. 5.5, due to frustration the surface might
consist of several domains.

It is important to note that all molecular sites are equivalent regarding their Madelung
potentials. Thus the energy separation seen in PES can be estimated by taking only
electron-electron correlation into account,e.g., the interaction of the electrons on the
moleculesU and the interaction with electrons on neighboring moleculesV into account.
In CDW configuration as shown in Fig. 5.5 each molecule has six neighbors, always two
neighbors have the same charge like the molecule in question.

In Tab. 5.1 relevant energies for charge transfer in the surface and for photoemis-
sion are summarized. As it turns out the energy terms involved in PES from the surface
LUMO-derived bands are 10V for the singly-charged and 8V +U for the doubly-charged
molecules. The difference in energy between two sites is calculated by taking theoretical
values ofU andV for negatively-charged molecules (1.1 eV and 0.35 eV, respectively
[44]) to 0.4 eV. Thus the splitting and the ordering of the molecular charge states in the
surface layer compares well with the model developed in the present work. The present
model has implications on the ongoing debate about the metallicity of the surface and
bulk, Hesperet al., Ref [94], claim that mainly the surface is metallic, whereas Goldoniet
al., Ref [95, 96] claim that surface and bulk electronic structure is identical. Our finding
that intensity at EFdrops with increased emission angle is assigning EF to bulk electronic
structure. An open question is the extent to which surface molecules could contribute
to the spectrum at EF, since the angular dependence cannot rule out minor contributions
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Table 5.1:Correlation energies of theK3C60 surface electronic structure as shown in
Fig.5.5

Neighbor hop(neglecting U)

Transition number I:

Initial state for starting (-2) molecule: 2V * (2 * 2 + 4 * 1) = 16 V

Initial state for finishing (-1) molecule: 1V * (4 * 2 + 2 * 1) = 10 V

Total 26 V - 2V = 24 V

Final state for starting molecule: 1V * (3 * 2 + 3 * 1) = 9 V

Final state for finishing molecule: 2V * (3 * 2 + 3 * 1) = 18 V

Total 27 V - 2V = 25 V

nearest neighbor transfer = V

Transition number II

Initial state for starting (-2) molecule: 2V * (2 * 2 + 4 * 1) = 16 V

Initial state for finishing (-1) molecule: 1V * (4 * 2 + 2 * 1) = 10 V

Total 16V + 10V = 26 V

Final state for starting molecule: 1V * (2 * 2 + 4 * 1) = 8 V

Final state for finishing molecule: 2V * (4 * 2 + 2 * 1) = 20 V

Total 8V + 20V = 28 V

Transition II = 2V

PES

PES:-2-site:

Initial state, now including terms in U: U + 2V * (2 * 2 + 4 * 1) = U + 16 V

Final state: 1V * (2 * 2 + 4 * 1) = 8 V

Difference: U + 8V

PES:-1-site:

Initial state: 1V * (4 * 2 + 2 * 1) = 10 V

Final state: 0

Difference: 10 V

PES difference U - 2V
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from surface.
For the solidC60 the large on-site Coulomb energyU = 1.6 eV[25, 45] and the one

electron bandwidthW = 0.6 eV suggestK3C60 to be an insulator, however, the lat-
tice symmetry and Jahn-Teller-coupling enable conduction[100, 101]. At the presence of
different charged molecules, however, there is the possibility of charge transport with-
out involvingU . In particular charge can be carried at zero energy cost via next-nearest
neighbor hopping at defects, see Hesper, Ref. [102] for a detailed discussion. A mainly
defect free structure as shown in Fig. 5.5, however is mainly insulating. In defining the
transport properties the relevant Coulomb interaction is the intermolecular repulsionV
since a hopping from a 2- molecule to a 1- molecule does not involveU .

The electron transport at the surface is determined byV . Two possible ways of charge
separation are shown in Fig. 5.5. The CDW-configuration corresponds to an insulating
surface with a gap of 2V . Recall that the seperation between EF and the shoulder in the
valence is 1.6 eV, like it is expected from the fundamental gap[25] placing the HOMO of
the metallic bulk at the expected energy position.

Recently PES of a single layerC60 doped to charge state 3- has been studied in
detail[18], clearly, in the region where the surface states of solidK3C60 appear, less in-
tensity is observed in the single layer spectrum. This confirms the location of the charge
statesC60

−1 andC60
−2 in the solidK3C60 spectrum. This is the first report that shows

an model reflecting the the right spectral intensity of a half filled LUMO.
Thus for the first time the picture of the distribution of bulk and surface spectra for the

C 1s, LUMO-derived, and deeper valence bands are unified. The present work shows that
the observation of a superconductivity gap at EF[94] must be due primarily to an effect in
the bulk of the sample.
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Figure 5.3: Illustration of the lattice structure ofK3C60 with aC60 plane as topmost layer.
The differently charged molecules are indicated. The alkali ions are labeled
according to the lattice site (tetrahedral: T, t, tB; octahedral: O, oB). The sur-
face alkali ions differ in the chargedC60 surface neighbors (t1: (1-,2-,2-) and
t2: (1-,1-,2-), likewise o1, o2 and T1, T2). (a) The topmost layer consisting
of C60 with alternating charge states.(b)The cross section shows the alternat-
ing C60 and K-planes. The three lines (dashed, solid, dashed dotted) in (a)
indicate different cuts through the surface. Molecules/alkali ions on identical
lines belong to the same slice as shown in (b).
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Figure 5.4:Simulation of the LUMO-derived band ofK3C60. Experimental data are
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plicity of the surface electronic structure discussed into account. The sim-
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Figure 5.5: Illustration of the surface electronic structure. The configurations (a)-(c)
are energetically equivalent. Paths for electron hopping are indicated. See
Tab. 5.1 for more information.
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C60 Monolayer on Al(110)

Topic of this chapter is the interaction between theC60 molecule and the Al(110) surface.
The knowledge about the degree of modification of molecular structure upon adsorption is
of particular importance for the development of nanoscopic devices. The photoemission
lineshape ofC60 adsorption systems [35, 37, 84, 36, 103, 104, 105] is broad throughout
the complete valence region. In literature it is speculated that the origin of the splitting and
broadening of theC60 bands is due to the symmetry-reducing substrate interaction and to
a hybridization with the electronic states of the substrate. Angle-dependent photoemission
shows that the lineshapes of the band components change relatively to each other. The
analysis of the angular distribution (AD) enables a more detailed understanding of the
adsorbate–substrate interaction.
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Figure 6.1:Cross section effects in the AD ofC60/Al(110) for the two HOMO-derived
components. The light polarization is at 25◦. All angles are given with respect
to the sample normal. The structure of the AD varies with the photon energy,
see the text for more details.

For the present work an Al(110) surface has been chosen as substrate for the following
reasons: (a) Al is a simple metal with very little structure in the spectral region of interest,
(b) a procedure to grow exactly one single layerC60 is well established [35], (c) no surface
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reconstruction has been observed for Al(110) uponC60 deposition [35].
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Figure 6.2:Schematics of the molecular orientation and corresponding calculated pho-
toelectron angular distributions for emission in the experimental emission
plane. The part of the molecule closest to the surface is shown, with the bond
or atom ”touching” the Al surface indicated by a thick line or a filled circle.
The curves are calculated for emission in a vertical plane with an orientation
as defined by the arrows. The experimental AD is given in the top graph. The
AD from density functional theory (DFT) calculations [106] is shown for the
indicated molecular orientations. The contributions of the calculation to the
emission intensity are marked according to the overlap of the wave functions
with the substrate: A = significant, B = non-significant overlap. In some cases
all components have significant overlap, marked with A and A’. See the text
for more details.

Due to the strong interaction with the substrate the molecules are in a fixed orientation.
No charge transfer from the Al substrate to theC60 LUMO has been observed suggesting
an interaction of predominantely covalent nature [35, 107]. The raw data have been in-
troduced in Fig. 4.6. The labeling of the spectral features and the fitting of the data using
empirical lineshapesis described in Sect. 4.2.2. The angular dependence of the HOMO-a
and HOMO-b is shown in Fig. 6.1. The AD distribution consists of several peaks with
a strong dependence on the excitation energy. For solidC60 the AD was found to be a
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Figure 6.3: (a) Suggested molecular orientation ofC60/Al(110). Only the carbon atoms
closest to the surface are shown explicitly. The C-C bond closest to the sub-
strate is indicated by a thick solid line. The adsorption site depicted is arbi-
trary. The emission plane is indicated by arrows across the molecules. (b)
Contour plot of the wave functions of the HOMO-derived components. Por-
tions with positive (negative) phase are shown as solid (dashed) lines, and the
nodal lines as dash-dotted lines. Circles show C atom positions, while the
squares indicate the intersection between the emission plane and C-C bonds.
The substrate and the surface normal are indicated. Only two out of the five
HOMO-components are shown, since the emission plane is a nodal plane for
three of the HOMO-derived components in this geometry.

smooth distribution with a maximum mainly determined by the angle of light polariza-
tion, see Fig. 4.3. This is observed athν = 110 eV for the monolayer system, as shown
in Fig. 6.1(a). The AD has a maximum close to the direction of light polarization for both
components, HOMO-a and HOMO-b. For all other cases the ADs for the HOMO-a and
HOMO-b are more different. In particular for the HOMO-b another peak appears with
decreasing excitation energy at negative emission angles. New structures appear in the
AD of the HOMO-a for energies of abouthν = 35 eV. For both components a AD rather
symmetric to normal emission is found forhν = 32 eV. This seems to be an energy at
which the influence of the light polarization is minimized. Thehν = 32 eV AD will be
investigated further to determine the orientation of the molecules on the substrate.

TheC60 molecule has three rotational axes, a threefold axes through the 6-ring, a five-
fold axes through the 5-ring and a twofold axes through the 6-6 bond [108]. Furthermore
there are local two-fold symmetry axes at the 5-6 bond and the edge atom. These high
symmetry orientations are sketched in Fig. 6.2. Calculated ADs from DFT are shown for
all orientations. In cases (a), (c), (e), (h) and (i) three out of the five HOMO components
have a nodal plane in the plane of photoelectron emission, leaving only two contributions
to the photoemission signal in the emission plane. This matches the visual impression of
two components in the raw data. In all other cases the HOMO components have to be
arranged in two groups. Since the strength of the hybridization depends on the overlap of
the molecular wave function with the substrate the MOs are arranged into ”little overlap”
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(B) and ”significant overlap” (A).
In order to determine the adsorption orientation the calculated ADs are discussed and

compared to the experimental data. The calculated AD in cases (a),(b) and (f) predict high
intensity at greater emission angles, whereas the experimental AD decreases at greater
emission angles. Geometry (d) does not fit since the component distribution with signifi-
cant intensity at normal emission has only weak structures at very high emission angles, in
contrast to the observation for HOMO-a. Case (e) shows rather uniform distributions, and
therefore has no counterpart in experiment. There is no local maximum for the ADs in (g),
(h), (i) and (j). The remaining orientation (c) has one component with significant inten-
sity at normal emission, and both components show the structures observed for HOMO-a
and HOMO-b. The relative placement of those structures is in quite good agreement with
experiment. A compression of the calculated AD towards smaller angles is expected in
parallel to the results for solidC60 as shown in Paper I. Thus the orientation with a 5-6
bond in contact with the surface and aligned to the [001] direction is the only reasonable
case. The orientation of the molecules on the surface is illustrated in Fig. 6.3(a).

A summary of the adsorption orientations ofC60 on different substrates is given in
Tab. 6.1. In all stable monolayer casesC60 adapts its orientation to the substrate symme-
try. The result of the present work is in excellent agreement with the orientations forC60

on the similarly structured surfaces Cu(110) [109, 110] and Pd(110) [111] determined by
XPD.

Table 6.1:Summary ofC60 primary orientation for different stable monolayer systems
determined with X-ray photoelectron diffraction.

Sample Contact to substrate

C60/Al(111) [109] 6 ring

C60/Cu(111) [112] 6 ring

C60/Cu(100) [113] edge atom

C60/Ag(001) [114] edge atom, 6-6 bond

C60/Al(001) [112] edge atom

C60/Ni(001) [112] 6-6 bond

C60/Cu(110) [109][110] 5-6 bond

C60/Pd(110) [111] 5-6 bond

present work

C60/Al(110) 5-6 bond
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6.0.3 Splitting of the HOMO-band
As shown in Fig. 4.10 there is a splitting of 0.5 eV between the HOMO-a and HOMO-b.
The countour plots of the electronic wave functions in Fig. 6.3(b) show that the HOMO-a
has a significant overlap with the substrate, whereas the overlap of the HOMO-b is only
minor. It can be concluded that the HOMO-a is the component that is mainly involved in
the bonding. This assumption is reinforced by the observation that the low energy com-
ponent is greatly broadened for increasing interaction with the substrate for the different
C60/Al systems [35].

The HOMO-a has a higher probability to pick up electrons from the substrate after
photoionization and the screening of the final state is enhanced for the HOMO-a. A a pho-
tohole created by photoionization from the HOMO-b will be localized on the molecule.
The better screening places the HOMO-a at lower binding lower binding energy in PES
compared to the HOMO-b.

+

-

Image Screening "Metallic" Screening

HOMO-b HOMO-a

Screening of the photohole 
in HOMO-derived components

Al Al

(a)

(b)

two-hole state one-hole states

Determination of the Correlation Energy

Figure 6.4: (a)Illustration of the screening of a photohole in the HOMO-a and HOMO-
b. The photohole is localized at the HOMO-b and is screened by an image
charge in the substrate. At HOMO-a the the photohole is delocalized into over
the system consisting of molecule and substrate.(b) Experimental determina-
tion of the correlation energyUcorr by comparing a two-hole state (Auger
spectrum) with two one-hole states (convoluted PES).

Assuming the extreme case of complete localization or complete delocalization, this
leaves the molecule with local charges of +1 and 0, as illustrated in Fig. 6.4(a) The differ-
ence in energy cost, i.e., the splitting of the levels, can be estimated to be the self-energy
of a single charge on an adsorbed fullerene. The aim in what follows is to relate the self
energy of a single hole to the measured quantity correlation energyU .

In the following a system is assumed consisting of point charges
∑

qi = Q located at
positions distributed on theC60 shell. The self energy of the charges in the presence of a
potential can be written as [73]:
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UΦ =
1
2

∑
i

qiΦi, (6.1)

whereΦi is the potential of the field created by all other charges, at the position of charge
qi. The potential can be written in terms of the charges

∑
qj = e

Φi =
∑

j

qj

Rij
. (6.2)

Expressing the potential in terms of charges gives the self energy:

Σ1 =
1
2

∑
i �=j

qiqj

Rij
(6.3)

The correlation energy of two like charges localized on the molecule is [44]

Ucorr =
∑
i �=j

qiqj

Rij
(6.4)

The correlation energyUcorr between two holes inC60 is measured from a the com-
parison of a two-hole state (Auger spectrum) with two one-hole states (convoluted PES)
[25, 45], as illustrated in Fig. 6.4(b). In order to see the contribution of the single charge
self energies in this comparison the double hole situation is expressed in terms of the
double charge

∑
i 2qi = 2Q self energy

Σ2 =
1
2

∑
i �=j

2qi2qj

Rij
(6.5)

= 4
1
2

∑
i �=j

qiqj

Rij
(6.6)

= 2Σ1 + Ucorr. (6.7)

The double charge self energy can be split into the correlation energy and two single
charge self energiesΣ1. The energy comparison the two-holes state vs the two-one hole
state gives as differenceUcorr. This means that in both cases the single charge self energy
is identical, and a single hole localized on a molecule involves the single charge self
energyΣ. This is the energy splitting observed in the present case. A comparison of
Eqn. 6.3 and 6.4 gives

Σ1 =
1
2
Σcorr. (6.8)

With help of Eqn. 6.8 the observed splitting can be related to the correlation energy mea-
sured for the monolayer. For C60/Ag(111) [46] the correlation energy was found to be
0.6 eV. Assuming a similar value for the present case gives a self energy of 0.3 eV. This
approach provides an estimation of the splitting and comes close to the observed value of
0.5 eV.
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Rigid Energy Shift in Core-Level and Valence
Photoemission

Tab. 7.1 provides an overview over results in literature, supporting the idea that the en-
ergy spacing between core-level and valence-level is mainly a constant throughout many
systems studied so far. That C 1s and valence levels shift rigidly together is discussed on
some detail for ML systems[35, 46, 98, 115]. Tjenget al.[98] discuss that Coulomb inter-
actions do not cause considerable changes in the molecular orbital structure as a function
of doping is understood.

The parallel shift of core level and valence PES can be understood from the fact that
both electronic levels are rather insensitive to local potential variations. Valence orbitals
on the one hand due to their wave function delocalized the molecules. The core-levels are
insensitivity to local potential variations for the C 1s line due to the efficient polarization
screening[116] for pureC60. The good screening is reflected in the narrow C 1s lines
observed for solidC60 and it can be surmised to hold for more complex cases such asC60

adsorbed on surfaces [32, 35]. All available data on bulk fullerides is consistent with the
presented model of a rigid shift of all levels inC60 upon charge transfer, as a function of
charge state. The shift holds as well for most monolayer systems. This table shows that
for all system, where the HOMO consists of a narrow line, or where components in the
HOMO could be identified, the difference to the core-level binding energy is 282.7 eV
within an interval of 100 meV. This is found for ionic and covalent systems.

The split in HOMO components is in the range 0.4 eV - 5.5 eV. This is in the order
of the single hole self-energy for a monolayer. Recall that for charge transfer systems the
energy difference between the HOMO and EF is close to the fundamental gap[25, 46] of
1.6 eV in all cases.
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Table 7.1:C 1s and HOMO-derived binding energies for the indicated samples, illustrat-
ing the rigid-band-like relationship in cases of charge transfer bonding.

Sample C 1s (eV) HOMO (eV) ∆E (eV) interaction

solidC60[62](i) 289.6 6.9 282.7 vdW

K4C60[79] 285 2.3(m) 282.7 ionic

K6C60[45](c) 285.1 2.3(m) 282.8 ionic

K3C60[79] 285 2.3(m) 282.7 ionic

K3C60
(p) 285 2.3(m) 282.7 ionic

C60/Cu(111)[34] 284.2 1.65(m) 282.55 ionic/cov.

C60/Ag(111)[103] 284.5 1.9 282.6 ionic/cov.

C60/Ag(110)c(4x4)[33] – 1.9(m)1.5(t) – ionic/cov.

C60/Ag(110)[117] 284.35 1.8(m) 282.55 ionic/cov.

C60/Au(110)[32] 284.4 1.6 282.8 ionic/cov.

C60/Au(111)[118] 284.45 1.6(a),1.9(b) 282.85 ionic/cov.

C60/Ge(111)[37] – 1.5(a),2(b) – covalent

C60/Pt(111)[103] 284.2 2.1(m) 282.1 covalent

C60/Ni(111)[103] 284.4 2(m) 282.4 covalent

C60/Si(111)(7x7)[84] 284.8 2.1(m) 282.7 covalent

C60/InPt(100)[105] 284.5 2.2(m) 282.2 covalent

C60/Si(111)[36](f) 284.9 2.0(a),2.4(b) 282.9 covalent

C60/Al(110)(p) 283.93[35] 1.25(a), 1.8(b) 282.68 covalent

C60Al(111)(2
√

3x2
√

3)[35] 284.05 1.25(a) 282.80 covalent

C60/Al(111)(6x6)[35] 283.90 1.25(a) 282.65 covalent

(f) Reference to EF of a substrate in electrical contact with sample

(a) Low binding energy component of HOMO-a, (b) High binding energy component of HOMO-b

(c) Private communication

(i) Ionization potential, referenced to vacuum level

(m) Maximum of broad structure (p) Present work



Multi-Walled Nanotubes (MWNT)

8.1 Sample Characterization
On a micrometer scale the surface area of the MWNT is an evenly flat black material, with
some crater like spots dispersed over the sample area. The scanning electron microscopy
(SEM) image in Fig. 8.1 shows such a crack in the sample material. At the side walls
of the crack the aligned tubes are seen emerging from the substrate to the surface of the
film. From SEM images the length of the tubes is estimated to be more then 60µm. No
large array graphite like flake structures are seen. The sample looks uniform and consists
almost entirely of MWNT’s. At higher magnification spots of a few nanometer size are
found dispersed on the sample. This structure is most probably due to amorphous carbon.
Prior to the spectroscopy experiments the sample was annealed at 600 K for 30 min in the
vacuum in order to drive adsorbates out of the sample.

Figure 8.1:SEM of the investigated MWNT sample at a spot showing a crack in the flat
surface area. At the side walls of the crack the macroscopic alignment of the
nanotubes perpendicular to the substrate surface is seen.

8.2 Orientation of MWNT on Nanoscopic Scale
In this section the quality of alignment on a nanoscopic scale is investigated. By employ-
ing angle-dependent XAS the intensity of theπ∗ - andσ∗ - resonances is compared. This
ratio gives a measure of the average degree of alignment. A particular problem for XAS at
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the carbon K-edge is encountered by intensity variations of the light beam, as illustrated in
Fig. 3.6. In order to quantify peaks in XAS these variations have to be measured by taking
a reference spectrum. Such a reference spectrum (the beamline ”throughput” spectrum)
can be measured on, e.g., a carbon-free substrate or a gold mesh typically placed before
the analysis chamber. A beamline throughput in the energy range of the carbon K-edge
is expected to show a double-loss structure due to carbon contamination at the optical
elements, often calledcarbon dips. However, most of the beamline throughputs taken
during the experiments of the present work show three structures, i.e. an extra structures
at 288 eV. The origin of this structure is not discussed in literature, in spite of the fact that
it has quite substantial contribution in the transmission function of many beamlines. A
throughput spectrum taken over a wide energy range shows another double-loss feature
at about 576 eV and 585 eV. This structure is due to photon absorption by chromium,
which is a common material for mirror coatings. However, in second-order light the Cr
double-loss show up in the carbon region with significant influence on the spectrum, see
paper VII for more details.
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Figure 8.2: Illustration of the throughput correction applied in the present study. Three
dips are seen in the clean crystal absorption (TY). The same region taken at
high retardation voltage,Vret = −340 V, shows Cr-induced structures in the
C 1s region. After scaling the Cr absorption spectrum to match with the clean
crystal absorption spectrum in the region about 288 eV a difference spectrum
is taken. The Cr-induced structures are removed in the differences spectrum,
the ”corrected throughput”. This spectrum is used in the analysis of the raw
data.

Correcting the throughput
As a first step the throughput has to be corrected for higher-order contributions. The
higher-order contribution can be measured by recording a spectrum at a retardation volt-
ageVret large enough to block the electrons excited by first-order light. As an illustration
spectra taken in TY and PY are shown in Fig. 8.2. The TY spectrum shows a triple loss,
whereas in the PY spectrum the loss at low photonenergies has disappeared. In order
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to subtract the second-order contribution the PY spectrum is scaled so that the losses
match the corresponding losses in the TY throughput. The difference spectrum reveals
the ”pure” first-order structure reference spectrum. In the discussion above the contribu-
tions due to third- or higher-order light have been neglected so far. This is justified since
the intensity is decreasing fast with higher orders.
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Figure 8.3: Illustration of the XAS throughput correction in the raw data. (a) The cor-
rected (first-order) throughput and the ”Cr”-spectrum (higher order) spectra
from Fig. 8.2 together with the PY MWNT raw data. The ”Cr” spectrum is
scaled to the maximum value judged by possible structure in the region of the
lower energy structure at 288.5 eV. Arrows indicate to which axes the data
refer to. (b) The raw data are divided by the throughput shown in (a) after
subtracting the maximal ”Cr” contribution as shown in (a). The spectra are
rescaled after subtraction for better comparison. The dashed lines are for the
ease of comparison.

Correction of the raw data
In cases where the substrate consists of a thick carbon film, as the sample investigated in
paper VIII the majority of the collected electrons will be carbon Auger electrons and the
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first-order contribution will be dominating the raw data. However, for a carbon monolayer
a large second-order contribution is observed in the raw-data and a dominating structure
is seen in the raw data, as discussed in Paper VII. For the monolayer system the Auger
electrons and direct photoemission from the TiO2 sample excited by second-order light
have a significant contribution as compared to the monolayer signal. Similar to the cor-
rection of the beamline throughput the raw data are corrected for the contribution due to
second-order light. This is illustrated for the MWNT sample in Fig. 8.3. The raw data
show very little structure in the region 288.5 eV. The ”Cr” spectrum is scaled to approx-
imate a maximum contribution in raw data. In Fig. 8.3(b) two spectra are shown, the
first one reflects the raw data simply divided by the corrected throughput, whereas for the
other spectrum the maximum ”Cr” spectrum was subtracted prior to the division by the
corrected throughput. The two spectra in Fig. 8.3(b) shows minor differences. The ”Cr”
corrected raw data the background between the main resonances is essentially flat.
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Figure 8.4:PY (Vret=-210 V) MWNT spectrum taken at normal incidence. Determina-
tion of theσ∗ andπ∗ ratio in HOPG (taken at 45◦) and MWNT from Spot
A.

In paper VIII the orientation of nanotubes at the sample surface is investigated. As
described in Sec. 3.2, the XAS cross section strongly depends on the orientation of the
molecular orbitals with respect to the light polarization and can be used to map the spatial
orientation of a system. For the planar system graphite, theσ∗ andπ∗ cross sections can
be zero for a particular orientation of sample and light orientation, see e.g. Ref. [119].
Angle-dependent XAS of the present sample did not show any significant change inσ∗

to π∗ cross section, suggesting a more disordered structure at the surface. In order to
quantify the average degree of alignment from the intensity of theσ∗ andπ∗ resonances
in the XAS spectrum a ratio is derived from geometrical considerations, which can be
found in the appendix of paper VIII. As a result an intensity ratio of theπ∗ and σ∗
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excitationsICNT for isotropically oriented MWNT is expected to be

(
ICNT
π∗

ICNT
σ∗

)
isotropic

=
I0
π∗

3I0
σ∗

.

This ratio is given relative to the atomic cross sectionsI0 for the respective excitations
of carbon atoms. In order to apply this result to the MWNT measurement the atomic
cross-sections are needed. Assuming that the cross sections are similar in graphite and
MWNT they can be estimated from a comparison to graphite XAS. In a graphite spectrum
taken at45◦ incidence theπ∗ andσ∗ resonances are excited with equal geometric factors.
Therefore, the atomic valueI0 in the derivation above are related to the experimental cross
sections of graphiteIG by

(
IG
π∗

IG
σ∗

)
450

=
I0
π∗

I0
σ∗

.

The intensities of the resonance in graphite and MWNT XAS are compared in Fig. 8.4.
The graphite spectrum is broadened with a Gaussian to make the area of theπ∗ resonance
equal for both spectra. A linear background, motivated by the spectrum of HOPG[120], is
used to separate theπ∗ andσ∗ regions in the spectra. The background is subtracted from
the HOPG spectrum giving the ”pure”σ∗ contribution in the region at higher photon
energies. The difference spectrum is scaled and added onto theπ∗ background of the
MWNT in order to match theσ∗ region of the MWNT sample.

This estimation relies on the choice of theπ∗ backgrounds. In order to give an er-
ror margin on the presented procedure different backgrounds were employed in the data
analysis. The result for extreme values is shown by the solid lines in Fig. 8.4, giving a
conservative error margin of±0.2 for the scaling factor. The scaling factors of the best
fit is 2, giving a geometrical ratioπ∗/σ∗ of 0.50±0.06. This value has to be compared
to the value of 0.33 derived above for an isotropic distribution. The value of 0.5 is larger
then the isotropic value. The higher experimental value suggests that in spite of the good
macroscopic alignment the tubes tend to lie parallel to the sample surface. This finding
can be rationalized considering the way the sample is grown. The carbon tubes start grow-
ing from nucleation sites on the substrate. Neighboring tubes sustain each other during
growth, which is the origin of the good macroscopic alignment. As soon as neighboring
tubes stop growing, the sustain is missing for the still growing tubes and these will bend
parallel to the surface.
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8.3 Electronic Structure
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Figure 8.5: (a) Core-level and (b) valence-level PES of a MWNT sample taken at rep-
resentative sample positions. Core-level spectra are taken athν = 350 eV
and valence-level athν = 110 eV excitation energy. The Shirley background
is shown in the core-level data. The lineshapes are changing with sample
position.

PES spectra were taken at different positions on the sample. The spectra shown in
Fig. 8.5(a) are representative for the spectral variations found by mapping the sample. All
core-level spectra show one peak of a broad and asymmetric lineshape, the C 1s spectra,
however, differ in peak position and width. As discussed in Paper VIII spectrum A con-
sists a state-of-the-art spectrum. The smallest width observed in the sample is a FWHM of
0.63 eV. Due to similarities in (local) geometric structure it is natural to compare the spec-
trum to graphite. Graphite core-level lineshape has a FWHM of 0.36 eV[121] consisting
of (1) Lorentzian broadening due to the core-hole lifetime ofΓL ≤ 160 meV[122, 123],
(2) vibrational broadening ofΓvib ≤ 100 meV[122, 123], and (3) a broadening due to the
surface screening shift (surface core-level shift, SCLS) of approximately120 meV[123].
Related carbon systems with a stronger curvature than graphite have contributions of
similar magnitude, e.g.,C60 (1) ΓL ≤ 150 meV[116], (2) vibrational broadening of
Γvib ≤ 320 meV[116], and (3) (SCLS) of approximately100 meV[116]. Thus there is no
physical motivation to assume that theses principle values are changed significantly for
MWNT and can be the origin of this broadening. This suggests that the origin of the broad
lineshapes could to be some defect structure in the sample. In order to test this assumption
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the core-level spectra are compared to the valence spectra for the respective sample spots.
To enable a comparison the excitation energies in both kinds of spectra were chosen so
that the kinetic energies of the photoelectrons were approximately the same, resulting in
comparable probing depth.

All valence spectra for the selected sample spots are show in Fig. 8.5(b). The same
gross structure, in particular the peaks at 7.5 eV and 13 eV and the kink at 3.3 eV, is
observed for all sample spots. A general observation is that the tail at the higher binding
energy side is varying in parallel for core-level and valence-level PES. Related to a high
background is a structure at 5.5 eV in the valence spectrum. Whereas the core-level
spectra show strong variations in peak position and width, the general structure of the
valence lineshape is constant. This can be understood from the fact that the valence
electrons are delocalized Bloch waves in the periodic potential[61] of the carbon atoms.
This makes valence PES less sensitive to local defects in contrast to core electrons, which
constitues a very local probe, sensitive to chemical shifts.

Compared to other core-level data in the literature spectrum A reflects the state-of-
the-art of present MWNT samples, see discussion in paper VIII. In Fig. 8.6 the MWNT
valence spectrum is displayed together with a graphite valence PES and a graphite band-
structure calculation[124]. A strong correlation between the structures seen in the MWNT
spectrum and regions of a high DOS in the graphite band structure is found. Dashed lines
connect critical points,e.g., regions with high density of levels of the band structure with
peaks and shoulders in the spectrum. To reinforce this correlation the data are compared
with the (broadened) total DOS of graphite in Fig. 8.6.

As discussed above the surface of the sample investigated consists of large diameter
MWNTs oriented on average parallel to the sample surface. Due to the intrinsic curvature
of the tubes together with a set of tube orientations at the sample surface this makes the
spectrum integrated over all emission angles and thus reflecting the total DOS.

To summarize, the variety of sample quality is found to be quite high. As discussed in
paper VIII this variation in lineshape is consistent with an interpretation of disorder and
structural defects. However, selected spots show very little defect structure with valence
spectra being in excellent agreement with graphite DOS. This is in agreement with the
general consensus that photoemission of carbon nanotubes should approach the electronic
structure of graphite.
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Figure 8.6: (a)Valence PES of MWNTs and HOPG[121] taken athν =110 eV. Also
shown the total DOS of graphite[124]. (b) Graphite band structure calculation
from Ref. [124]. Critical points in the bandstructure are connected by dashed
lines with features in the MWNT spectrum. There is an excellent qualitative
agreement between the graphite total DOS and the MWNT spectrum.
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Nilsson, and N. M̊artensson, Synchr. Rad. News4, No.4, 15 (1991).

[76] R. Denecke, P. V̈aterlein, M. B̈assler, N. Wassdahl, S. Butorin, A. Nilsson, , J.-E.
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