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Abstract 

In the present thesis, the surface electronic structure of several metals has been studied by 
means of angle-resolved photoelectron spectroscopy. The spectrometer set up by the group 
of Prof. Yves Baer reaches an unprecedented energy resolution of 5 meV, which allows the 
low-energy excitations, responsible for the thermodynamic properties, to be observed. 

The thesis has three main chapters: 

• The first chapter concerns the (lll)-surfaces of the semimetals bismuth and antimony. 
Due to their peculiar electronic structure, these two elements allow the influence of 
dimensionality on the excitation spectra to be studied in mesoscopic dimensions. The 
goal of this work has been to check whether the conduction bands were observable 
in photoemission spectra, and whether the surface electron structure corresponded to 
that of the bulk. An experimental study of bismuth represents a challenge, since the 
band width of the electron band and the overlap between electron and hole bands are 
of the order of 20-30 meV. In the case of bismuth, strong deviations of the surface 
electronic structure with respect to that of the bulk have followed from the results of 
our measurements. The changes are probably due to a relaxation of the atoms in the 
outermost layers, The influence of the surface has therefore to be taken into account, 
if one were to study the electronic behaviour in low dimensions. On the other hand, 
antimony is the more promising element for such experiments since the observed elec­
tronic structure of the surface agrees with bulk band structure calculations. Moreover, 
the occupied width of the electron band, much larger in antimony than in bismuth, 
facilitates the observation of electronic excitations. 

• In the second experiment, the behaviour of a surface state, submitted to an array of 
equidistant steps, has been studied. Such an arrangement of steps is produced by 
miscut of a sample surface with respect to a low-index crystalline plane. In our case, 
the surface employed is vicinal to the (lOO)-face of copper. It exhibits a regular array 
of (lOO)-oriented terraces separated by monatomic steps. Our aim has been to observe 
the behaviour of a surface state confined within the terraces owing to repulsion of the 
electrons by the potential perturbation at the step edges. The findings of this experi­
ment show that the step potential represents a rather permeable barrier allowing the 
electrons on adjacent terraces to couple. The surface state dispersion on the vicinal 
surface reflects the reciprocal lattice of the superstructure, giving evidence for only 
partial localisation of the electrons. The behaviour can be analyzed within the frame­
work of the Kronig-Penney-model or within a tight-binding approach. As a result, the 
observed energy shift of the surface state peak is due to the potential perturbation, 



depending on the width of the terraces. Consequently, the measured peak broadening 

can be explained by an integration of contributions from terraces of different sizes. 

• The last chapter covers the influence of electron-phonon coupling on surface state 
electrons. The nearly free-electron-like surface state on the (OOOl)-face of beryllium 
was known to show some exceptional behaviour near the Fermi surface. Owing to 
our photoemission measurements, we have been able to show the strong coupling to 
phonon modes to be at the origin of this behaviour. The unique lineshape and its 
exceptional evolution near the Fermi surface have been experimentally observed for the 
first time. Based on calculations, carried out some decades ago, a simple model has 
been developed and the results have been compared to the experimental spectra. The 
agreement between theory and experiment is excellent. Beside the electron-phonon 
coupling parameters, this model yields an estimation of the strength of electronic 
correlations and of the defect concentration of the sample surface. 



Résumé 
Dans le cadre de ce travail de thèse, la structure électronique de différentes surfaces métalliques 
a été étudiée à l'aide de la photoémission angulaire. Le spectromètre mis au point par le 
groupe du Prof. Yves Baer, qui atteint une résolution en énergie sans précédent de 5 meV, 
a permis d'observer les excitations de basse énergie, c'est-à-dire les excitations électroniques 
responsables des propriétés thermodynamiques des matériaux. 

La thèse se divise en trois chapitres distincts: 

• Le premier concerne les surfaces (111) des semi-métaux bismuth et antimoine. En 
raison de leurs structures électroniques particulières, ces deux éléments permettent une 
étude, à l'échelle mésoscopique, des effets de dimensionalité sur le spectre d'excitations. 
Le but de ce travail était de vérifier si les bandes de conduction étaient observables par 
photoémission et si la structure électronique de la surface représentait celle du volume. 
Dans le cas du bismuth, ceci représente un défi sur le plan expérimental puisque la 
largeur de bande occupée par les électrons conducteurs ainsi que le recouvrement entre 
la bande des électrons et celle des trous sont de l'ordre de 20-30 meV. Les mesures ont 
démontré que la dispersion des électrons et des trous dans la surface déviait fortement 
de celle du volume. Ce changement est très probablement dû à une relaxation des 
atomes formant les couches extérieures du cristal. Dans une étude du comportement 
électronique dans un système à basse dimension, il serait donc nécessaire de tenir 
compte de l'influence de la surface. Pour une telle expérience, l'antimoine s'est révélé 
plus prometteur que le bismuth. En effet, la structure électronique observée correspond 
aux calculs de bandes pour le cristal volumique, et sa largeur de bande, dix fois plus 
grande que celle du bismuth, facilite l'observation des excitations électroniques. 

• La deuxième expérience a consisté à mesurer le comportement d'un état de surface 
perturbé par une superstructure en escalier d'atomes. En coupant un cristal de cuivre 
en biais par rapport au plan (100), on obtient une face "vicinale" qui peut être ima­
ginée comme un arrangement de terrasses (100) régulières, séparées par des marches 
équidistantes d'une hauteur correspondant à la distance inter-atomique. Le but était 
d'observer le confinement d'un état de surface dans les terrasses, conséquence de la 
répulsion des électrons par les barrières de potentiel formées par le ré-arrangement 
de la charge libre près des marches. Les résultats obtenus dans cette expérience 
démontrent que les électrons localisés dans des terrasses voisines communiquent à 
travers ces barrières partiellement perméables. La dispersion de l'état de surface reflète 
le nouveau réseau réciproque imposé par la superstructure. La localisation des électrons 
n'est donc que partielle. Le comportement des électrons soumis à un tel arrangement 
de barrières peut être analysé dans le cadre du modèle de Kronig-Penney ou d'un 



modèle des liaisons fortes ("tight-binding"). Il apparaît que le déplacement en énergie 
du pic observé est la conséquence de la perturbation du potentiel de surface et qu'il 
dépend de la largeur moyenne des terrasses. De surcroît, l'élargissement du pic dans 
les spectres de photoémission s'explique non pas par une hybridation avec les états du 
volume, mais par une intégration des contributions provenant des terrasses de largeurs 
différentes. 

• Dans le dernier chapitre, l'effet du couplage entre électrons et phonons, a été étudié. 
Il est connu que, près de la surface de Fermi, l'état de surface quasi libre de la face 
(0001) du béryllium a un comportement exceptionel. Or, grâce à nos mesures de 
photoémission, il a été possible de conclure que ce comportement était Ia conséquence 
d'un couplage fort entre électrons et phonons. La forme de ligne unique et son 
évolution pour des vecteurs d'onde proches de Ia surface de Fermi ont été observées 
expérimentalement pour la première fois. Des calculs effectués il y a déjà plusieurs 
décennies ont permis de développer un modèle simple et de comparer les résultats aux 
spectres expérimentaux. La comparaison qualitative et quantitative entre calculs et 
mesures est plus que satisfaisante. En plus des informations concernant le couplage 
électron-phonon. ces calculs fournissent des paramètres qui permettent une estimation 
des interactions entre les électrons d'une part, et la densité de défauts présents à la 
surface du réseau cristallin d'autre part. 
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Chapter 1 

Introduction: Photoemission on 
Low-Dimensional Metals 

One of the most fundamental tasks of the modern theory of metals is to establish a link be­
tween their properties and their electronic structure. Important properties are the electrical 
conductivity, heat capacity, susceptibilities, to note only a few. Of particular interest are 
metals which exhibit strong anisotropics in conductivity, so-called low-dimensional metals. 
These metals were first essentially of theoretical interest, because they often allow given 
problems to be solved analytically. However, the discovery of real low-dimensional organic 
and inorganic conductors in fine with the miniaturization in the technological sector renewed 
the interest in the last decades. 

Surface states are the main subject of the present thesis. Different "unusual aspects" will be 
presented in this work, as the electron-lattice interaction and the influence of superstructure 
and surface atom relaxation on electronic properties. Surface states are localized in the top­
most layers of a crystal and possess by nature only two degrees of freedom. They constitute 
therefore a valuable object in the study of electronic correlations in low dimensions. 

Due to the fermionic character of the electrons, quantum theory implies that the electrons, 
whose energies are close to the Fermi energy EF on the scale of the temperature k&T, mainly 
determine the characteristics of a metal [I]. Hence, the understanding of the macroscopic 
properties requires knowledge of the low-energy excitations. In non-interacting systems 
the electronic excitation spectrum can be directly deduced from the energy vs momentum 
relation e(k) and the density of states (DOS). An extension of this concept of independent 
particles to real metals fails if the correlations between the electrons or the interaction with 
lattice vibrational modes become important. In order to account for interactions, Landau 
introduced the concept of quasi-particles (QP), which may be seen as bare particles (electrons 
or holes) dressed by a cloud of low-energy excitations of the interacting system [2], A gas 
of QPs is usually called Fermi-liquid, and its excitations are in one-to-one-correspondence 
to those of a non-interacting system [3-5]. The achievements of the QP-description in its 
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2 Introduction: Photoemission on Low-Dimensional Metals 

application to simple metals, like e.g. the alkalis and the noble metals, allow the one-particle 
description to be recovered in many cases despite the presence of many-body effects [6]. 
Due to the interactions, the effective mass m* and the spectral weight Z of the QPs are 
renormalized with respect to the corresponding properties of the non-interacting electron 
gas. If the interactions are weak, the renormalization can be calculated using perturbation 
theory. Collective excitations will appear in the excitation spectra as a consequence of the 
interactions [7,8]. The coupling to phonons and the electron-electron correlation determine 
the quasi-particle dispersion close to the Fermi energy. The investigation of these effects is 
part of the present thesis. 

With increasing correlation strength, the QP contribution Z to the excitation spectra de­
creases, and the Fermi-liquid model reaches its formal limit of validity in the case Z = O. 
Surprisingly, most Heavy Fermion systems can be considered as Fermi liquids despite the 
presence of strong electronic interactions [9], The most spectacular breakdown of the QP-
concept may be expected to occur in one-dimensional (ID) metals. In such metals, the 
electronic response to a perturbation exhibits singularities at momenta 0 and 2k? (kF = 
Fermi momentum), which cause instabilities of the electron gas [10,11]. Such an interacting 
ID electron gas is commonly called a Luttinger liquid. The low-energy excitation spectrum 
consists solely of collective excitations [12]. A description of the properties and excitation 
spectra is beyond the scope of this work and can be found in numerous articles, e.g. the 
reviews given in Refs. [13,14]. Experimental evidence for Luttinger-liquid behaviour is dif­
ficult to obtain, and most results are still subject of controversial discussion [15-22], The 
main problems are the sample quality and effects of the cleavage, which is difficult to control. 
More convincing spectroscopic evidence of such behaviour could therefore only be observed 
very recently [23] from artificial atomic chains. For these reasons, one of the chapters of this 
thesis is dedicated to the search of a suitable material for the study of ID localization in 
mesoscopic dimensions. 

Photoemission is the most suitable tool to look at electronic correlations, since it gives 
direct access to the spectral function, an important property of interacting electrons. More­
over, in low-dimensional systems the crucial parameters energy and momentum are exactly 
defined by experiment. Modern electron analysers reach a resolution in energy and angle, 
which allows to measure very accurately the dispersion of low-energy excitations in the re­
gion around the Fermi energy, where correlations play a dominant role. Using photoemission, 
one can therefore follow the evolution of the electronic behaviour with increasing correlation 
strength and in low dimensions [18,24,25]. 

The present thesis is organized as follows: after a short introduction to the theory and the 
presentation of the experimental setup, the experimental results are shown and analysed in 
three chapters. The first one deals with the characterization of the semi-metallic band struc­
tures of bismuth and antimony. These materials are candidates for ID-metals in mesoscopic 
dimensions. Vicinal copper surfaces are studied in the second part. Goal of this experiment 
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was to observe ID localization of surface state electrons on an atomic length scale. The 
confining potential is produced by a superstructure of atomic steps. The last part concerns 
the coupling between surface state electrons and surface phonon modes on the (OOOl)-face 
of beryllium. For the sake of convenience, some of the more detailed calculations will be 
presented in the appendices. Parts of this work are published in the references [26-29]. 



Chapter 2 

Photoemission and Spectral Functions 

The goal of this chapter is to introduce the notion of many-body effects and to define the 
spectral function, which is measured directly as function of energy and momentum in an 
angle-resolved photoemission experiment. We will see that, in the case of a Fermi liquid, 
the structure of the spectral function becomes quite simple, and the one-particle picture 

preserves its meaning. 

2.1 Angle-Resolved Photoemission 

Since its discovery by Hertz at the end of the 19th century and its explanation by Einstein in 
1905, the photoelectric effect became a very powerful tool in the study of electronic structure. 
In this chapter, I will restrict the outline to angle-resolved photoemission (PE) in the vuv-
regime (angle-resolved ultra-violet photoelectron spectroscopy, ARUPS), and to the relation 
between the photoemission spectra and the spectral function introduced in the following 
sections. More details and descriptions of related techniques can be found in numerous 
review articles and books, e.g. Refs. [30-33]. 

The photoemission experiment is sketched in Fig. 2.1. Photons incident onto the sample 
surface are absorbed by electrons. The latter are excited into final states under strict mo­
mentum conservation (the momentum of vuv-photons can be neglected). If their energy in 
the final state is higher than the vacuum level, given by the Fermi energy plus work function, 
they can leave the sample. Amongst the parameters, which can be chosen in the experiment, 
are the polarization vector, energy, and angle of incidence of the light, the sample orientation 
and temperature. Electrons are then collected according to their kinetic energy in vacuum, 
the emission angle, and eventually their spin. 

For the sake of simplicity, the so-called one-step model of photoemission [30] will be used 
in the following of this outline. Within this model, the electron final state is approximated 
by a time-reversed LEED-state (LEED = low-energy-electron diffraction), i.e. an electron 

5 



6 Photoemission and Spectrat Functions 

[orientation 
[temperature 

Figure 2.1: Sketch of a photoemission experiment. Light offrequency v and polarization vector A is incident 

onto the sample under an angle 0; with respect to the surface normal. The sample is held at temperature T. 

Electrons are detected according to their kinetic energy E1^n and their emission angle relative to the crystal 

axes of the sample. 

impinging onto the surface with wavevector —p. The electron wave is refracted at the solid-
vacuum interface due to the broken translational symmetry. The wavevector component 
perpendicular to the surface is altered, whereas the component parallel to the surface kj| is 
conserved modulo a reciprocal lattice vector of the surface Gf k[| -f-G|| = fi-1p||- If G|| =£ 0. 
one speaks of a surface umklapp process [32). A discussion of different methods to determine 
the absolute momentum can be found in the review articles cited at the beginning of this 
chapter. Inside the solid, the LEED-electron can be "absorbed" in a high-lying empty state. 
or be reflected due to a gap in the band structure. In the latter case, the LEED-wave has only 
a strong contribution at the surface and decays very fast inside the solid ("gap emission" [30]). 
The photoemission (PE) process can finally be described as a momentum-conserving optical 
transition of an electron from its initial state into the time-reversed LEED-state. Since 
the escape depth of the electrons is additionally limited by inelastic processes, PE is only 
sensitive to the near-surface region of the sample (typical values of the inelastic mean-free 
path range from 5 to 10 Â for photon energies of the order of 20-40 eV [32,33]). With known 
kinetic energy Ekin of the electron outside the sample (work function ¢), emission angle 8 , 
and photon energy hv, we can calculate the wavevector ky and the "binding energy" of the 
electron in the initial state £,•: 

Et= Eun-hv-f (2.1.1) 

A",,- y/^Euntme. (2.1.2) 

For the following discussion, it is more convenient to identify E{ with the energy of the 
photohole state. The interaction between the electromagnetic wave field A(r,£) and the 
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electron wave function tp can be written down to be [33,34]: 

Hind = TT- I 2 A ' P + &divA + 0 ( | A I2)] ¢, (2.1.3) 
ZtJTtC 

where p = ihV is the electron momentum operator. The term quadratic in | A j is usually 
neglected. In the following, we choose the Coulomb gauge of the electro-magnetic field 
divA ex V • A = O, although this term was shown in recent experiments to influence the line 
shape of bulk transitions in PE spectra [35,36]. The interaction hamiltonian reduces then 
to Hint oc A • V. The transition rate from the initial state \i) to the finale state | / ) is given 
in the dipole approximation3 by Fermi's Golden Rule [32-34]: 

wfi <x \{f\Hint \i)\2 S[Ef -E1- hv). (2.1.4) 

In the sudden approximation, the excitation process \i) —» (/) can be decomposed into two 
parts: First, an electron of wavevector k is removed and instantaneously decoupled from the 
ground state of the Ar-etectron system. Then, the electron undergoes an optical transition 
into its final state, in which it is detected. It leaves behind a (Ar — l)-electron system in one 
of the possible excited states s. We write: 

I / , )= al , IJV-I1*) 

| i ) = \N). 

a]jf denotes the creation of a photoelectron of wavevector kf. Relation 2.1.4 then becomes 
[32,34] 

wfi <x J2 l<k/l H** lk>|2,5(kf - k - G) x 
G,k 

x J2 \iN - M l ak IN)I2 S [£(kf ) + E3(N ~ 1) - E[N) - hv]. (2.1.5) 

Note that the momentum in the optical transition is conserved modulo a reciprocal lattice 
vector of the crystal. The sum on the right-hand-side of Eq. (2.1.5) is the projection of the 
hole state onto all possible final states. It can be identified with the spectral function A, 
which will be introduced below in section 2.3 (see Appendix A for more detail). Finally. 
abbreviating M^1 y = (k/| Hint |k), we obtain for the photoelectron current at energy E^n 

and momentum kf: 

I(Ekin.k{) ce Yl I 0^ lM*/.k|2 4(k,w)/(w) x 

G,k J 

x S[u- (Ekin + ¢- hv)] <S(kf - k - G), (2.1.6) 

°Here, we assume that the wavelength of the light is large compared to the excitation volume [32]. 



8 Photoemission and Spectral Functions 

where /(w) denotes the Fermi-Dirac distribution. Up to this point we "abused" of an im­
portant simplification: the influence of the electron final state. The lifetime broadening of 
this state can be considerably larger than the extent in energy of the spectral function of 
the photohole. One expects therefore that fine structure be smeared out. In order to get an 
estimate of the additional broadening, we set the width of the spectral function equal to T1-. 
It was shown that the final state width T/ contributes to the observed width by [37-39] 

Tobs — - j ^f + Ti -
vf 

where the factors Vs- denote the group velocities of the corresponding band states perpendic­
ular to the surface. Since we are mostly concerned with surface states, vj- = 0 [39]. Hence, 
aside effects of the optical matrix elements and of the density of final states, spectra obtained 
from surface states directly reflect the spectral function of the photohole, broadened solely 
due to the dispersion of the initial state parallel to the surface (the corresponding factor has 
been dropped in the formula given above for the sake of clarity). 

To conclude this section, I will briefly enter into particulars of the selection rules, inherent 
in the optical matrix elements. Consider a photoemission experiment in which photoelec-
trons are detected, which are emitted within a mirror plane of the crystalline sample. The 
symmetry of the photoelectron outside the sample implies that the final state in the photoe­
mission process must be even under reflection at the mirror plane. If the light is polarized 
perpendicular to the mirror plane (s-polarization), then only transitions from initial states 
with odd symmetry with respect to the mirror plane into even final states are possible. In 
the case of p-polarized light, i.e. with the light polarization vector lying within the mirror 
plane, the matrix element is only finite if the initial state wave function is even. Thus, by 
means of the light polarization, the symmetry of the electron wave function can be probed 
in the PE experiment. More details can be found in Refs. [31,40,41]. 

2.2 Landau's Concept of Interacting Fermions 

The spectral function exhibits generally more or less pronounced structure. The calculation 
and analysis of such spectra is often far from being obvious, and the attribution of structures 
to distinct excitations is very difficult. For this purpose, the concept of quasi-particles (Fermi-
liquid theory), developed by Landau [2], is very useful. It resides on three assumptions [5]: 

1. The one-to-one correspondence: each excitation of the non-interacting system corre­
sponds to one excitation of the interacting system. The latter are named quasi-particles 
(QP). They can be seen as bare particles dressed with a cloud of excitations. 
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2. The momentum distribution: the state of an interacting system is completely charac­
terized by the QP distribution function in momentum Ç(k)b. In particular, the total 
energy is then given as function of C(k). The QP distribution may not be confused 
with the spectral weight distribution n(k), which will be defined later [Eq. (2.2.12)]. 
Both are, however, identical in a non-interacting system. We are interested in the 
change in total energy, when we change the distribution function by 5Ç(k) (as in a 
photoemission experiment) [3]: 

SE = Y, 4C00K00 + \ L / <k- k')5c(k')5c(k). 
k k,k-

cJC(k)] and /fk,k ') are the first and second functional derivative of the total energy 
with respect to the distribution Ç(k), calculated at equilibrium [3]. For our purpose, 
it is sufficient to consider only the first term and to define the QP energy as [5] 

£k=e[C(k)]. (2.2.7) 

3. A QP reacts to an external field with charge —e. The number of QPs is therefore 
conserved due to charge conservation. 

Due to the presence of interactions, the excitation spectrum is, loosely spoken, a superposi­

tion of excitations of type 

%m, wm, and Tm denote the weight, the energy and the inverse lifetime of excitation m, 
respectively. The excitation energy um has to be calculated from Eq. (2.2.7). The many-
body correction to the excitation energy and the inverse lifetime Tm respectively correspond 
to the real and the imaginary part of the self-energy E(k,w). Close to Ep, the line shape 
of the QP excitation (often called the "coherent" part of the spectrum) can be represented 
as [9]: 

4c°h(k,a/) = — ^ r . (2.2.8) 
1 ' } * [w-£k]2 + rk

 } 

By comparison of Eq. (2.2.8) and the relation between the spectral function A(k,uj) and the 

self-energy Eq. (2.3.19); given in section 2.3. the self-energy receives a physical meaning: 

Eh = e(k) + AeE(It1W) |w=Ek QP energy, (2.2.9) 

Tk = [2rk)_1 = [22k/mE(k, W ) U B J " 1 QP lifetime, (2.2.10) 

Zk = [1 - £ ß e E ( k , w ) U s , ] - 1 QP weight. (2.2.11) 

3The dependence on position r is neglected here for the sake of clarity. 
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Moreover, if we are sufficiently close to Ep for that I \ <§C E* holds, we can linearize the real 

part of the self-energy [42]: 

ÄeE(k,w) =u-z-ReE(k,u) = au -> Zk = [1 + Q ] - 1 . 
OUJ 

Thus, the properties of the interacting electron gas are obtained from those of the non-
interacting gas by a simple renormalization of the band parameters by the factor Z^. The 
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Figure 2.2: Sketch of a typical electron removal spectrum of a Fermi liquid, k < kp- The non-interacting 

case (ö-function) is indicated by a thick, vertical line. The shaded part represents the QP contribution. Note 

the incoherent part of the spectrum above the Fermi energy Ep-

whole spectral function becomes then A = Aœh + A'"0. An analytic description of the 

"incoherent" part is beyond the scope of this work, and the interested reader is referred to 

Refs. [6,18,24,43,44]. The typical form of the excitation spectrum is displayed in Fig. 2.2. 

Since the QPs are fermions [3,5,43], the momentum distribution n(k) of the QPs at finite 

temperature can be found by evaluating 

OO 

i(k)= I A{k,u)f(w)dw, (2.2.12) 

where f(u) is the Fermi function. Zk can be interpreted as measure of the bare-particle 

contribution to the spectral function [45]. As the QP peak crosses Ef for k = kp, n(k) 
exhibits a discontinuity of height Z^ at T = O due to the transfer of spectral weight into the 
unoccupied part (Fig. 2.3). This discontinuity defines the Fermi surface [3]. 
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4 

n(k) 

T=O 
— non-in!eractlr>g 
— interacting 

A 

2F<1 

Figure 2.3: Momentum distribution n(k) atT = 0ofthe spectral weight in the interacting (solid line) and 

the non-interacting (dotted line) system. Note that the QP momentum distribution £(k) ta identical to that 

of the non-interacting electron gas [S145]. 

2.3 Many-Body Effects 

Prior to introducing the effects of many-body interactions in a formal way, the physics will 
be illustrated using as example the electron-phonon coupling. Consider an isotropic non-
interacting electron gas at T = 0. For the sake of simplicity, the spin index will be dropped 
and the states are specified solely by the wavevector k. In reciprocal space, all states k are 
filled up to the Fermi momentum ICF- The total ground state energy EQ of the electron gas 
is given by summing up the one-electron energies, in our example; 

£o = E ^ ^ = E £ ( k ) ^ (2.3.13) 
k k 

where m is the free electron mass and Ck the occupation probability for momentum k. We 
will introduce now the phonon modes and couple them to the electrons by some matrix 
element V^. According to Luttinger's theorem [46], the Fermi surface remains the same 
upon switching on the interactions'1. The high-energy cutoff of the phonon density of states 
(DOS) shall be given by the frequency <jjmax. 

We will proceed in two steps: first, the many-body correction to the one-particle energies 
will be derived, then the inverse lifetime will be evaluated. The interaction of electrons with 
phonons is given by the following hamiltonian, introduced by Fröhlich [S]: 

q,k 

(2.3.14) 

cMore precisely, the volume enclosed by the Fermi surface is not altered by the interactions due to particle 
number conservation, but it may be deformed [46]. In the case of an isotropic system, as considered here, 
the Fermi surface is not changed at all. 
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The operators a'y (a^) and 6̂  (6q) create (annihilate) an electron of momentum k or a phonon 
of wavevector q, respectively. The hamiltonian describes the scattering of an electron from 
state k into state k + q by emission or absorption of a phonon q. Multi-phonon and umklapp 
scattering will be neglected in the following. The coupling contributes to the ground state 
energy E by virtual processes: electrons are scattered by phonon emission from an occupied 
to an unoccupied state and back again by reabsorption of the phonon, as sketched in Fig. 2.4. 
At T = 0, no phonons are present, and emission has to precede absorption. The intermediate 
state is traversed in such a short time that energy is not conserved in the virtual process owing 
to energy-time uncertainty [8]. Using second order perturbation theory and the interaction 

k(EF) 

F i g u r e 2.4: Ground state of the interacting electron-phonon system atT = 0. Electron states are filled up 

(shaded area) to Ep, given by the outer circle. Due to Uie coupling, electrons scatter out of the dark shaded 

region into unoccupied states and back again (virtual processes). 

hamiltonian as given above, the contribution of the virtual processes to the ground state 
energy can be computed to yield [5,8]: 

A' i t e<k) -e(k " q ) " ^ 

where s(k) denotes the electronic band energy at wave vector k and ü(q) the phonon energy 
at wavevector q. N is the number of electrons in the ground state. 

Upon removal of an electron of momentum k, the sum in Eq. (2.3.15) changes due to appear­
ance of new virtual processes into the empty state k and due to the omission of processes 
out of state k, as shown in Fig. 2.5. We are interested in the following problem: what is 
the amount of energy E(k), necessary to remove the electron of momentum k? In the spirit 
of Landau [2], the excitation energy is given as derivative of the total energy (Eq. (2.3.15)] 
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forbidden 

K(EF) 

Figure 2.5: appearance and disappearance of virtual processes due to the removal of an electron at k. 

with respect to the distribution function, thus 

E(k)=e(k) + ±Y;\V*v\2 

q 

<i -Ck- q ) + Ck___q 

JV V e L e ( k ) - e ( k - q ) - û ( q ) ' e ( k ) - e ( k - q ) + w ( q ) J " 

(2.3.16) 

The sum on the right-hand-side of Eq. (2.3.16) constitutes the many-body correction to the 
one-particle energy. The first fraction describes the disappearance of virtual processes out 
of the state k, the second the contribution of new processes into state k. Both contributions 
cancel, if k = kp. Far from the Fermi surface, only the contribution of new processes 
is important due to the singularities in the energy denominators and the cut-off by the 
distribution function. The situation is sketched in Fig. 2.6 for two different wavevectors. As 
can be seen from Eq. (2.3.16), states with energies higher than e(k) ± uq yield a negative 
correction to the single-particle energy, whereas those of lower energies yield a positive 
correction. The negative and positive contributions are represented as black and dark grey 
areas in Fig. 2.6, respectively. Both contributions cancel approximately, if the electron 
energy is larger than the maximum phonon energy [part (a) in Fig. 2.6]. Upon approaching 
the Fermi surface, the negative contribution vanishes due to the cut-off by the distribution 
function and the correction becomes important. At the same time, unoccupied states start 
to contribute to the many-body correction, as mentioned above, and the correction becomes 
zero again at the Fermi surface. Thus, the largest correction is expected for electrons, whose 
energies differ from the Fermi energy by the maximum phonon energy. Summarizing, the 
electron-phonon coupling renormalizes the electron dispersion close to the Fermi surface and 
yields a vanishing correction far away from EF-

The second effect of interactions on the excitation spectrum is the finite lifetime of the hole 
state k. Electrons from occupied states with energies between e(k) and e(k) -J- uimax can 
scatter into k under emission of a phonon. Owing to energy conservation in this scattering 
process, the lifetime depends on the number of available electron states with higher energy 
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a) E(k) < EF-CD™ b)ErÛVnax=E(k) 

-2(On 

k(EF) 

Figure 2.6: Contribution of new virtual processes to the many-body correction of the single-particle energy 

after removal of an electron. Contributions, which increase (decrease) the single-particle energy are shown 

as dark grey and black areas, respectively, a) For energies far away from Ep on the scale of the maximum 

phonon energy umax, both contributions cancel nearly, b) Close to the Fermi surface, the negative (black) 

contribution is cut by the distribution function. The correction becomes very large and enhances the single-

particle energy. 

(On 

k(EF) 

Figure 2.7: Decay of a hole excitation. Due to the interaction with phonons, electrons from occupied states 

with energies between e(k) and e{k) +Wmax can scatter into the state k under emission of a phonon. These 

processes are energy-conserving and limit the lifetime of the hole excitation. 

and on the number of phonons. If e(k) is far from Ep on the scale of the phonon energies, 

phonons of any mode can be emitted, and the lifetime can be shown to be constant in energy. 

Close to Ep, less occupied states are available to fill the hole, and the lifetime increases and 

becomes infinite at the Fermi surface. The excitation spectrum at k F is thus dominated by 
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a ^-Function at EF. The notion of the Fermi surface persists therefore in these excitation 
spectra. This point is, of course, not trivial and strongly related to the question of validity of 
the quasi-particle concept. The spectra obtained in our example above at different momenta 
are shown schematically in Fig. 2.8. k denotes the momentum at which the electron energy 
_;(k) — Ep equals the maximum phonon energy. 

a) k < k 

1 

b) k = k 

I 
c) k < k < kF d) k = kF 

L- , __ . 

Ep 0 W EF CO™ EF 

Energy 

Figure 2.8: Sketch of the excitation spectra (grey) as obtained in the example of an interacting electron-

phonon system, k corresponds the state, whose energy e(k) — Ep equals the maximum phonon energy (i}mai-

Cases (a) through (d) refer to a) k <k, b) k a. k, c) k < k < kF, and d) k = kF. The thick vertical lines 

represent the 5-functions at e(k) of the non-interacting electron gas.. 

More formally, an expression can be derived for the excitation spectrum using the Green's 
function formalism [6,47]. Let ak denote the annihilation operator of an electron in state 
k (including the spin index), and \EN) the ground state of the ^-electron system. In the 
following I will restrain the calculation to the injection of a hole, i.e. to fc < kF. The process 
of removing one electron at time t = 0 can be written as 

I v ^ = O))= 01,0 = 0)1¾). 

As we have seen in the example above, the new state 1^k(O)) is m general not a stationary 
state. In order to calculate the propagator of the hole, the advanced one-particle Green's 
function has to be calculated: 

G'Av(kit) = i{EN\[(&(t),ait{öj\ \EN) , t > 0 . 

After time-energy Fourier transform of the Green's function (see Appendix A), the equation 
of motion can usually be written as [43,47]d: 

[w - _(k)] G ^ f k , - ) - 1 + _(k,_)G a d v(k,_) , (2.3.17) 

dEq. (2.3.17) can be written in a different form, known as the Dyson-equation [47]. 
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which defines the complex-valued function E(k,w) as the self-energy, which was introduced 
in the preceding section 2.2. The latter contains the whole many-body physics of the problem 
and can be found, e.g., by perturbation approach [47]. Finally, one finds [43]: 

G"dv<k^ = „-«w-sfra,) - (2'3'18) 

The spectral function A(k.ùj) is related to the Green's function by 

A(k,u) = - J m G ^ ( k . a , - iS) = ì UmEOc1UOJ 

where we added an infinitesimal imaginary part to the energy, as required by the analytic 
properties of the advanced Green's function for w < 0 [48]. As a consequence of the interac­
tions. unoccupied states participate in the spectral function even at T = 0. Thus, for k < kF 

spectral weight is lost in the occupied part, and, vice versa, spectral weight is gained for 
k > kf. The momentum distribution of the occupied spectral weight is, therefore, generally 
smaller than 1 [6,43]. 



Chapter 3 

Experimental Setup 

This part of the thesis covers the description of the whole experimental setup, necessary to 
prepare, characterize, and measure the samples studied in this work. Some points, like the 
transfer system and the sample heating stage, were already described in detail elsewhere [49]. 
Particular attention is paid to the assembly and calibration of the vuv-monochromator, the 
angle-resolved mode of the electron analyser, and the different experimental methods used 
to characterize the samples. 

3.1 The Vacuum System 

Photoemission measurements have to be done in vacuum for several reasons: 

• the use of uv-Iight and x-rays requires vacuum because photons with energies higher 
than visible light are strongly absorbed in air. One then speaks of vacuum ultraviolet-
(vuv-) radiation. 

• electrons leaving the sample can travel typically some centimeters in gas of atmospheric 
pressure. A vacuum of 10"10 Torr ensures, in contrary, a mean free path of several hun­
dreds of kilometers allowing the electrons to reach the detector without experiencing 
any collision. 

• any contamination of the sample surface by residual gases has to be avoided since PES 
is extremely surface sensitive in the range of photon energies used in this work. 

For this purpose, an ultra-high vacuum (UHV) system was built up consisting of three units: 
the measurement chamber, the sample preparation facility and a sample introduction/storage 
system (see Fig. 3.1). AU vessels are evacuated by 2-stage turbomolecular pumps, the nec­
essary forevacuum (about 1 Torr) being provided by oil-free membrane backing pumps. In 
addition, titanium sublimation and getter pumps are used to accelerate achievement of the 
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base pressure after bakeout and to limit the residual hydrogen pressure, respectively. The 
total pressure in the system is monitored by ionisation and cold-cathode gauges, and the 
composition of the residual gases is measured by a quadrupole mass spectrometer attached 
to the preparation facility. The whole apparatus is schematically drawn in Fig. 3.1. 

heating 

4 

1000 mm 

transfer forks 

1 - analysis chamber 
2 - crossing 
3 - sample intro./storage 
4 - preparation chamber 

Figure 3.1: Schematic plan view of the chamber layout. 1: measurement chamber S: transfer/scraping 

chamber 3: sample bank/introduction chamber ^: preparation chamber. The transfer forks and the sample 

heating/sputter-stage stage are indicated. (Courtesy of M. Gamier) 

On the left- and right-hand-sides of the system, the two manipulators are shown, which are 
used for the sample transfers and the different measurements. They are fixed on 600 mm-
and 1000 mm- linear drives for the measurement and the preparation chamber, respectively. 
On both manipulators, samples can be cooled down to 10-16 K by means of open-cycle 
liquid He-cryostats, and be heated up resistively to about 2000C. Sample transfers between 
the two main manipulators and onto the heating stage are effectuated by means of fork-like 
manipulators. The different chambers are linked by valves to a small crossing, which can be 
used optionally for the attachment of evaporators or for tools to scrape or cleave samples. 
Each vessel may independently be vented with nitrogen. After venting, pumping and the 
subsequent bakeout, a base pressure of about 1 — 5 x 10 -11 Torr is reached within a few days. 
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3.2 The Preparation Chamber 

3.2.1 Sample Preparation: Generalities 

As samples or substrates, commercially available single crystals were used. The ex situ 
preparation usually included mechanical polishing with diamond paste (grain size 0.25 /mi), 
and, depending on the sample, an electro-chemical treatment in order to remove an amor­
phous surface layer. The samples were azimuthally oriented by means of van Laue-back 
reflection and mounted onto Mo sample holders. The materials for the sample holder and 
the necessary springs, screws and foils were chosen in order to ensure stability during the 
heating/cooling cycles (between 10 and 1200 K) and to avoid interdiffusion of these elements 
with the sample. For the samples presented in this work, the sample holders were made of 
Mo and all things in contact with the sample were out of Ta. A typical mounting is depicted 
in Fig. 3.2. 

<M^>|0 

sample holder 
foil and springs screw an(!T e r r f iWe 

Figure 3.2: Typical mounting of a single-crystalline sample onto a Mo sample holder. The scale in the 

upper left corner is given in millimeters. A Ta foil is inserted between the sample and the Mo holder in 

order to avoid diffusion of the Mo atoms during heating cycles. The springs (0.5 mm thick Ta foil) ensure 

that the sample is firmly fixed and that the mechanical tension onto the surface is negligible for the whole 

temperature range. 

The sample holder is screwed onto the manipulator head by means of a stainless steel screw. 
The large area of the holder in touch with the manipulator guarantees excellent thermal 
contact and, thus, the possibility to cool down to liquid He temperature. 
The cleanliness and crystalline order of the surface are obtained by ion bombardment and 
heating. For this, the sample is transferred onto a separate stage and the steel screw removed. 
When on the sputtering/heating stage, the sample is electrically isolated. Usually, Ar+ with 
kinetic energies varying between 600 V and 2 keV is used to sputter the sample surface. Ne+-
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sputtering turned out to necessitate subsequent annealing to much higher temperatures. The 
ion beam is scanned over the surface at video frequency and the drain current to ground 
measured allowing a continuous picture of the sputtered area to be seen on the monitor. 
Typical sample currents are of the order of 1 y.A for Ar ions at 1 keV. The sample is 
annealed by means of electron bombardment with thermal electron emission from a filament 
and a sample bias of 1-2 keV. The heating power is controlled by a PID-circuit using the 
filament emission current as feedback parameter (see Ref. [49] for details). The parameters 
(ion kinetic energy, annealing temperature and duration) for the different surfaces studied 
will be given in the respective chapters. 

3.2.2 Low-Energy Electron Diffraction (LEED) 

The crystalline order is checked by low-energy electron diffraction (LEED). Since the electron 
energy in this type of experiment is of the order of 50-500 eV, the probed depth under the 
sample surface is small due to the small mean free path of the electrons (of order 10-20 
Â). This method is, therefore, ideally well suited to study the order of the sample surface. 
Electrons incident onto the surface are scattered by interaction with the surface electron 
density. Constructive interference of the scattered waves is obtained when the wavevector 
change Ak = kj, — k0 equals a vector of the reciprocal lattice G (Bragg- or van Laue-
conditions, see e.g. [1,50.51]). The fulfillment of this condition can be visualised in the 
so-called Ewald-constmctioii, shown in Fig. 3.3. For a given electron energy, all possible 

final wavevectors kj, lie on a sphere of radius fco, centered at —k0, the Ewald-sphere. The 
Bragg condition is fulfilled when a reciprocal lattice vector lies on the surface of this sphere. 
The outgoing electron wave is refracted at the surface under conservation of the momentum 
component parallel to the surface plane. It is observed on the spherical screen as light spot, 
whose distance from the (O.O)-spot (specular reflection) scales linearly with Aky = G||. Seen 
by the observer as two-dimensional projection of the pattern from a sphere onto a plane, the 
pattern represents the reciprocal lattice (see Fig. 3.3), modulated by the structure factor of 
the lattice. The instrument used is a commercial Omicron-LEED with 4-grid optics, shown 
schematically in Fig. 3.3. Electrons are produced by a LaB6-cathode and focused onto the 
sample as a beam with minimum divergence. The four spherical copper grids act as high-pass 
and filter the inelastically scattered electrons. Behind the grids the electrons are accelerated 
towards a spherical fluorescent screen and are observed as light spots through a viewport. 
A CCD-camera system can be mounted to record the images. This has the advantage that, 
a) long integration times can be used to enhance weak structures, and b) the spot profiles 
can be analysed numerically. 
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e-gun 
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Cpoo ^ 
*± 

LEED optics Ewald-construction 
(reciprocal space) 

Figure 3.3: Left panel: schematic drawing of the LEED-optics used. Electrons scatter from the sample 

surface and give rise to an interference pattern. This pattern is observed in reflection on a fluorescent 

screen. Right panel: Ewald-construction; constructive interference is obtained whenever a vector of the 

reciprocal lattice intersects the free-electron sphere. As an example, this is shown here for a reciprocal lattice 

vector of surf ace (independent ofk±). 

3.2.3 Auger Electron Spectroscopy (AES) 

Electro-magnetic radiation or electrons with suitably high energy impinging onto a sample 
can eject electrons from the core shells of the atoms. The core holes left behind are refilled 
by higher energy electrons. The energy difference in this transition is transferred to another 
outer shell electron, which in turn can leave the sample. The latter are called Auger electrons 
and are analysed according to their kinetic energy-, which is given solely by the transition 
energy and the binding energy of the Auger electron, thus independent of the excitation 
energy hu. The recorded spectrum is typical for the kind of atom. The Auger process is 
shown schematically in Fig. 3.4. The mean free path of the Auger electrons leaving the 
sample, is comparable to that of LEED electrons. The method is therefore surface sensitive 
and is used to monitor the chemical composition of a surface [51]. In our case, the electron 
gun of the LEED and the 4-grid LEED optics are employed as excitation source and energy-
selective electron detector, respectively. The former provides electrons with high primary 
energy (about 3 keV). The grids of the LEED optics retard the secondary electrons coming 
from the sample and act as a high pass filter. The electrons which pass the "analyser" 
are accelerated towards the screen and detected as current according to the actual retarding 
potential. Since the background and the signal/noise ratio are quite unfavorable for this kind 
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a) Core hole creation b) Auger decay 

(E2-E0HM 
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Figure 3.4: Energy diagram of an Auger process, a) An electron from a core shell is emitted by energy-

absorption from a high-energy electron or photon hui. b) The core hole left is refilled by an electron with 

higher energy, the transition energy being transferred to a third electron. The latter can leave the sample and 

is detected according to its kinetic energy. 

of detection, the modulation technique is used. A small alternating voltage with frequency 
w is added to the retarding potential. The current is detected by a lock-in amplifier at 
frequency u or 2u. The final signal is directly proportional to the Auger spectrum or its 
derivative. It can be compared with published data of almost all elements of the periodic 
table [52]. 

3.3 The Spectrometer 

As a matter of principle, a photoemission experiment is simple, since it necessitates a 
monochromatic light source, providing photons with energies higher than the workfunction 
of the sample (typically 5 eV) and an energy-dispersive electron analyser. The requirement 
of high resolution, however, imposes stringent constraints: 

o very narrow excitation lines, 

» stable and accurate power supplies for the electrostatic analyser, 

• efficient shielding of all perturbing electric and magnetic fields, 

• efficient electron detection with high signal-to-noise ratio, 

• precise mechanical alignment of the spectrometer as a whole, in order to avoid necessary 
corrections within the electron optics. 
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Figure 3.5: View of the spectrometer. Three different light sources can be used, an unmonochroma-

tised vuv-lamp, connected by a quartz capillary to the analysis chamber, a second vuv-souree coupled to a 

monochromator, and a x-ray gun (hidden behind the capillary lamp in the figure). The emission angle Q of 

the electrons analysed is varied by rotation of the sample. The spectrometer consists of an electrostatic lens 

system, followed by the hemispherical analyser and the fluorescing detector, observed by a CCD-camera. 

Moreover, a reasonable time scale of the experiment demands a strong signal intensity, i.e. 
a high-flux photon source and an analyser with high transmission. The system set up in our 
group, which fulfills these conditions, will be presented in this section. The spectrometer 
is shown schematically in Fig. 3.5. Three different light sources can be used, a x-ray gun 
(not shown in Fig. 3.5), and two vuv He discharge lamps. The light beams of both vuv-
lamps form an angle of 45° with the analyser axis. Electron detection at different emission 
angles is performed by rotation of the sample. Note that the angle of light incidence and, 
consequently, the polarization of the light with respect to the surface plane, varies with 
changing emission angle. 

3.3.1 The x-Ray Source 

The x-ray source is a commercial Fisons x-ray gun. equipped with a twin anode (Al and 
Mg). The unmonochromatised bremsstrahlung spectrum is dominated by the strong Al-
Ka- and Mg-Ka-excitation lines at 1487 and 1254 eV, respectively, which are used for 
photoemission. The experimental resolution is limited by the width of the excitation lines. 
It has been determined to be about 830 meV at 150 eV pass energy, x-ray photoemission 
spectroscopy (XPS, also called ESCA, electron spectroscopy for chemical analysis) is by 
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far the most direct way to monitor the chemical composition of a sample surface. It is 
therefore used as a complement to Auger spectroscopy. The different surface sensitivities 
of these two spectroscopies allow diffusion processes to be checked for. The advantages of 
XPS with respect to AES are the simple interpretation of the spectra and the stability of 
the experiment, since AES has to work in differential mode. The disadvantages are the 
time needed to record spectra, especially of elements with very small photoexcitation cross-
sections. and the large spot of the x-ray gun. For small samples, contributions from the 
sample holder can render a conclusive interpretation of the XP-spectra difficult. 

3.3.2 The vuv-Lamp 

Usual laboratory sources for uv-light work with excitation lines, which are produced in a 
gas discharge. The gas atoms are excited or ionised by electron impact. The excited states 
de-excite by emission of uv-photons. The emitted radiation is denoted by Roman numerals 
I or II behind the atom symbol, for the excited neutral or the ionised atom, respectively, 
followed by a greek letter for the particular transition. In our case, we exclusively work 
with the transitions HeIa (21.2 eV), Reiß (23.1 eV), HeIIa (40.8 eV), and HeII/3 (48.3 eV), 
commonly named HeI, HeI*, HeII, and Heir, respectively. Since uv-light in this energy range 
is absorbed by most materials, the emitted photons are guided by a quartz capillary with 
small inner diameter (1.1 mm) into the analysis chamber or via the monochromator. The 
capillary has incisions at two places, which allow differential pumping of the discharge gas. 
The natural intrinsic lineshape of one of these emission lines is a lorentzian whose width 
reflects the inverse lifetime of the excited state (of order 10 //eV [53,54]), broadened by the 
Doppler-effect to about 1-2 meV. It has been turned out that the high gas pressure, necessary 
in conventional lamps to maintain the discharge causes broad excitation lines decreasing the 
overall resolution of the spectrometer. This is due to the process of self-absorption, in which 
photons are absorbed by surrounding, unexcited gas atoms. Depending on the pressure, this 
broadening can reach more than 10 meV [53,54]. 

Recently, two types of lamp have been commercialized, both of which allow a large reduction 
of the gas pressure. Through this, a decrease in the contribution of the self-absorption is 
achieved. At the same, one obtains a markedly increased intensity and a stronger contri­
bution of emission at higher energies, in particular of Hell-photons [55-58]. The principle 
common to both lamps is the spatial confinement of the discharge plasma by an inhomo-
geneous magnetic field. In the lamp used in this work, an microwave field is coupled into 
the Ta-cavity where the discharge takes place. After initial ignition of the discharge by a 
high-voltage pulse, the electrons are forced onto cyclotron trajectories, accelerated by the 
electro-magnetic field (ECR, electron cyclotron resonance). The impact of high-energy elec­
trons with gas atoms can ionise the latter and maintains the discharge. The ECR increases 
considerably the probability of collisions between atoms (ions) and electrons and allows the 
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Table 3.1: Principal excitation lines of the Gammadata VUV-5000 source with their intensities relative to 

Hel-light and the calculated Doppler-broadening. 

Line 

HeI 

Her 

HeII 

Heir 

Energy 
(eV] 

21.218 
23.087 

40.811 
40.8118 

48.372 

Intensity 

[%} 
100 

5.7 Ref. [57] 

5.4 

0.6 Ref. [57] 

Doppler-width 
[meV] 

0.9 

1.0 

1.8 

2.1 

gas pressure to be decreased by at least one order of magnitude (the typical pressure is 10~3 

Torr, measured at the exit of the cavity). The final excitation spectrum, obtained with He 
at full klystron power, is listed in Table 3.1. The relative intensities are calculated from gas 
phase spectra of Xe, recorded with a gas cell similar to the one described in Ref. [54]. 

3.3.3 The vuv-Monochromator 

General Setup of the Monochromator 

In order to avoid satellite-induced features in the photoemission spectra and to minimize 
the background above the Fermi level, the isolation of one excitation line is necessary. For 
this purpose, a vuv-monochromator was developed whose principal element is a toroidal 
diffraction grating. The exit hole of the lamp is at one focal point of the grating, and a slit 
aperture at the other. The latter serves as monochromatic light source for a toroidal mirror 
which images the aperture onto the sample in the analysis chamber. The monochromator is 
schematically drawn in Fig. 3.6. It is suspended by one axis in a frame allowing a rotation 
around this reference axis. The polarization vector of the light can thereby be changed from 
"parallel to the measurement plane" (p-polarization) to "perpendicular to the measurement 
plane" (s-polarization). 

Four turbo pumps evacuate the different chambers. To reduce the gas flow, several cones 
were added which do not limit the light path. They are coated with colloidal graphite in 
order to minimize light reflection. The pressure is monitored by three cold cathode gauges, 
as indicated in Fig. 3.6. The gas load in the analysis chamber during the measurements is 
about 10 - 9 Torr (partial He pressure). 
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Figure 3.6: Sketch of the vuv-monochromator. The microwave-driven lamp is located in the bottom right 

corner of the picture. Subsequent optical elements in the direction of light propagation are the grating, the 

exit slits, a variable aperture, and the mirror. The monochromator is mounted into a frame and turnable as 

a whole allowing the light polarization to be changed at the sample. 

Optical Properties 

Geometry The monochromator uses a toroidal, Pt covered, holographic grating (Jobin 
Yvon Instruments SA, 1100 grooves per mm) in grazing incidence. The large radius of 
curvature R = 1000 mm in the dispersive direction is a compromise between a resolution, 
sufficient to separate the lines, and the intensity in the plane of the exit slit. The smaller 
radius r — 104 mm corresponds to the perpendicular, i.e. non-dispersive, direction. A 
detailed description of the optical properties and the aberrations of the grating can be found 
in Refs. [55,59]. The wavelength of the light diffracted into the exit slit is determined by the 
angle of light incidence onto the grating, and the total reflection angle of the grating, here 
fixed to be 142°. The photon energy can be tuned by rotation of the grating by means of a 
so-called sine drive, which translates a linear movement into an angular one, corresponding 
to the sine-function to a first approximation [55]. Behind the focal plane of the grating, the 
exit slit is imaged by a mirror with a 1:1 magnification onto the sample. The mirror (Scopas 
SARL) has like the grating two different radii of curvature (r = 129.96 mm, R = 1226 mm), 
the larger one belonging to the dispersive direction of the grating. The exit slit-mirror and 
mirror-sample distances are 400 mm. The total reflection angle is again I42°and the reflected 
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beam represents the reference axis of the monochromator. The mirror is made of Astrositall 

and covered with hardgold in order to ensure a high reflectivity of the vuv-photos. 

Resolution One of the main problems of the monochromator is the separation of the first 
order HeI- and second order HeII- light. The difference in wavelength is only 23 Â (2x 303.8 
Â - 584.4 Â). This corresponds to a difference in diffraction angle ß of 0.345°, or 2.2 mm of 
lateral separation in the focal plane, in good agreement with the simulated dispersion stated 
by the manufacturer (about 10 Â per mm [59]). If the intrinsic line width is neglected, the 
resolution is limited by the width of source and exit slit. Ray tracing calculations reveal 
that the source size should be less than 2 mm of diameter and the exit slit less than 1.5 mm 
in the dispersive direction to separate HeI and HeII second order. In order to improve the 
resolution and to minimize the gas flow, a diameter of 1 mm (exit hole of the Ta-cavity) 
has been chosen. Two different exit slits are available, one elongated in the non-dispersive 
direction (2.5 x 1 mm2), and a round hole (1 mm of diameter). 

Figure 3.7: Estimate of the polarization of the monochromatised light and the transmission of the monochro­

mator. Upper panel: reflection coefficients, calculated for Pt and 21 e V-radiation for light polarization per­

pendicular to the grating surface (R±) and parallel to it (R\\). Lower panel: transmission coefficient (dotted 

line) and polarization (solid line) including the mirror and the grating. A transmission of about 22% and a 

polarization of higher than 86% is calculated in the working region (shaded). 
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Polarization The reflection coefficient of a metallic surface changes with the polarization 
vector of the impinging light. Depending on the angle of incidence, the reflected light will be 
partially linearly polarized in the direction along the grooves of the grating, i.e. perpendicular 
to the mounting plate of the monochromator. In Fig. 3.7 (upper panel), the reflection 
coefficients are displayed as a function of incidence angle. The values (n = 0.97 and K = 1.03 
for Pt and 21 eV-radiation) are taken from Ref. [55] and the formulae from Ref. [60]. The 
shaded area highlightens the range of incidence angle the grating is working in, In the lower 
panel of Fig. 3.7, the calculated "transmission" of the grating and the polarization are shown. 

Intensity The photon flux from the Gammadata vuv-source is stated to be 1.2 x 101C 

photons per second per steradian [57,61). One aim of the monochromator is to lose as less 
intensity as possible with respect to the lamp equipped with a capillary. An estimation 
of the emittance cone of a capillary has to be based on experimental work. Spot profile 
measurements taken with a similar capillary revealed a beam divergence of 0.4° [56]. In the 
case of the monochromator the relevant solid angle can easily be calculated by the area of 
the grating illuminated by the lamp. A solid angle of 1.5 x 10 -4 sterad is obtained for the 
capillary and 3 x 10 - 3 sterad for the monochromator. About 25% of the impinging light are 
diffracted into zero order [60]. Supposing the same reflection efficiency for the mirror and 
the grating, one can obtain a rough estimate of the intensity in zero order (index "mo") with 
respect to the capillary lamp (index "cap"): 

^ - « ^ x TpMng x Tmirror x J0 « 20 x 22% x 22% x 25% « 24%, 
•'cap *Lcap 

i.e. at first glance, an intensity drop by a factor of 4. 

Measured Characteristics of the Monochromator 

The monochromator was experimentally calibrated using an Al-foil photocathode. The latter 
was biased with -25 V and the total current measured as a function of the grating position. 
The recorded diffraction spectrum is displayed in Fig. 3.8 and the obtained absolute intensity 
values listed in Table 3.2. Using photoemission, an intensity lower by a factor of 3 for the 
monochromator in zero order than for the capillary lamp, was found, thus slightly worse than 
the estimate in Table (3.2). Surprisingly, in photoemission spectra the Hell-lìght is found 
to be more intense in first order than in zero order, probably because of the optimization of 
the grating for 20 eV-photons. 

The polarization of the light was measured using Cu(IOO), whose d-bands possess a well 
defined symmetry at the M-point of the surface Brillouin zone. Two spectra recorded with 
different light polarizations are shown in Fig. 3.9. The degree of polarization of the light, 
defined as ratio of the intensity of the 100% polarized light to the total intensity, was found to 



3.3 The Spectrometer 29 

-

• . I 

' • 

1.2 

0.8 

0.4 

0.0 

S *aas 0., 
o I 

1 I I 

I 

50 

I 

H P I 

1M 
E I 

n H *l E f 1 

^U in m 
0.560 0.570 

M 

E 
S I'I 

r E 
(P X 
X 

i 

I 
• 

U 
F 

r l e t 

0.590 

I V. 

,_ 
It 

E 
'S 

l'i 
E 

I I 

-

./ I I I I I I I I I \ • I j £ i I 

0.45 0.50 0.55 N ^ _ _ ^ - ' / 0.60 
Position of the Grating (inch) 

Figure 3.8: Diffraction Spectrum of the monockromator, as measured from an Al-foil (bias voltage -25 V). 

Note that the zero order is scaled down by 4- Insert: Magnified view of the range around the HeI first order 

line. UeT (m=-l) and HeII (m=-S) are clearly separated. The curve shaded in light grey was measured 

using the small exit hole. 

Table 3.2: Excitation lines, angles of incidence at the grating a, and intensities obtained from the monockro­

mator (big exit slit), compared to estimated intensity values from the capillary lamp (last column). The 

photoelectric cross-sections for Al were taken from Ref. {61j. 

Line 

all 

HeI 
HeI* 

HeII 

Hell* 

Wavelength 

[A] 

584.4 

537.06 

303.8 

256.33 

Order 

0 
-1 

-1 

-1 
-2 

-1 

a 
[deg] 

-71 
-76.666 

-76.206 

-73.942 
-76.892 

-73.482 

Sample Current 

InA] 
24.3 
9.8 

0.97 

0.44 

«0.05 
0.012 

Intensity 
[1012 ph/sec] 

1.1 

0.45 

0.045 

0.036 
0.004 

0.001 

Intensity (cap.) 
[1012 ph/sec] 

1.8 
1.6 

0.09 
0.097 

0.011 

be greater than 86%, in excellent agreement with the estimation in Fig. 3.7. Measurements 
of a metallic Fermi edge confirm that the total spectrometer resolution is not affected by use 
of the monochromator. As last point, the shape of the light spot is shown (Fig. 3.10). It 
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Figure 3.9: Photoemission spectra taken from the Cu(100)-surface with different light polarizations. The 

vector potential oj the photons probes the symmetry of the electronic states. This measurement can be used 

to measure the degree of polarization. About 86% p-polarization was found for the 0 order light. 

was gauged by means of a 0.5 mm Ag wire, moved vertically and horizontally through the 

spot (bias voltage -25 V). The spatial extent of the image is slightly larger than that of the 

exit slit. 
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Figure 3.10: Shape of the vuv-light spot for both exit slits (left panel). On the right-hand-side, the 2-

dimensional shape of the spot is shown for the big exit slit. 



3.3 The Spectrometer 31 

3.3.4 The Electron Analyser 

The electron analyser Scienta SES-200 is an electrostatic analyser, optimized for high trans­
mission and maximum energy resolution [62,63]. It consists of three principal elements: 
an electron-optical lens, a hemispherical energy-dispersive analyser, and a two-dimensional 
detector (see Fig. 3.5). 

Analyser 

Figure 3.11: Energy level diagram for a pkotoemission experiment. Electrons excited by photons of energy 

hu leave the sample with the kinetic energy Enn, referenced to the vacuum potential. They are detected if 

their energy corresponds to Epaaa + eUret + 4>A —as, w/jere ^A (4>S) denotes the analyser (sample) work 

function. 

Electron Optics and Detection Electrons emitted from the sample into a cone of about 
±10° are collected by the electro-optical lensa. They are focused by the lens onto the entrance 
plane of the analyser. The analyser then produces an image of the variable entrance slit on 
the detector plane. At the same time it filters all electrons whose energies do not correspond 
to the user set pass energy. The sample is grounded, and all analyser voltages float on the 
retardation potential, allowing the kinetic energy of the detected electrons to be swept. This 
is schematically shown in Fig. 3.11. Once past the hemispherical analyser, the electrons 
pass a high-transmission gold mesh and are accelerated towards two multichannel-plates, 
mounted in a chevron configuration (MCP). The gold mesh minimizes the contribution of 
low-energy secondary electrons produced within the analyser [62,63], Passing by one of the 
channels of the MCP, the electrons cause an avalanche of electrons and therefore multiply 
their number by a factor of 107. These currents produce light spots on the fluorescent screen 

"Three different entrance apertures are available. The given acceptance cone corresponds to the largest 
of these. 
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behind the MCP, where they are observed by a CCD-camera. 
The peculiarity of this spectrometer is the 2-dimensional detector. One dimension of the 
detector corresponds always to the dispersive direction, i.e. the energy scale. The resolution 
is determined by the width of the entrance slits and the pass energy. It is controlled by 
measurements of the Fermi edge of metallic samples. Typical values obtained are better 
than 5 meV. The solid angle of the electron beam entering the analyser is given by the width 
of the entrance slits. It determines the angular resolution in the dispersive direction of the 
detector. Stated by the manufacturer to be below 1°, the value is estimated experimentally 
to be of the order of 0.2°. The second dimension of the detector can be chosen to represent 
either the spatial direction perpendicular to the measurement plane or the angle in this 
direction {i.e. the electron wavevector). These options are referred to as "transmission" and 
"angular" mode, respectively, and they can be compared to the different imaging modes of a 
transmission electron microscope. The observer (here: the hemispherical analyser) regards 
either the image (Gauss) plane of the electro-optical lens or its focal plane. The first one 
contains the spatial information whereas the latter gives the image in reciprocal space [64]. 
In this work, we are only concerned with the angle-resolved mode, visualised in Fig. 3.12: 
electrons leaving the sample under different emission angles perpendicular to the actual 
measurement plane, are collected at different positions on the detector. This relation angle-
spot position depends on the voltages on the different deflection systems, defined in lens table 
files on the computer. Requirements are a fixed angular dispersion relation, independent of 
pass energy and retarding potential, and a high signal intensity. The lens tables have been 
calibrated for the whole energy range of UPS (i.e. 2 - 5 0 eV) by the experiment described 
in Fig. 3.12. With our calibration, 10% of the detector window correspond to about 1.8°. 
Hence, the width of the active detector window, defined by the user, determines the angular 
resolution perpendicular to the actual measurement plane. 

Control of the Analyser The central control element is a PC. User chosen parameters 
are amongst others the pass energy, the lens mode, and the active detector window. The 
computer then calculates the different voltages and sends the commands via an IEEE-488-
link to an interface box, which converts them into pulse-width modulated optical signals. 
The interface box is connected by optical fibers to the power supplies, which generate the 
desired voltages. This system has the advantage that the computer is completely decoupled 
electrically from the analyser, minimizing the risk of ground loops. A detailed description of 
the whole control unit can be found in Ref. [62], The detecting CCD-camera is read out line 
by line via the video output (U.S. standard, frequency 30 Hz). This signal is decomposed and 
transferred into the different channels by a multi-channel logic device. The signal is summed 
up over the active detector window and sent back via the optical fibers to the computer. 
Simultaneously, the video signal of the CCD and the sum signal are displayed on a monitor. 
Sometimes it is useful to obtain an image of the whole detector for a fixed energy range. For 
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analyser 

DMiI wire 

energy 
Figure 3.12: Calibration of the angular mode of the electron optics. Secondary electrons are emitted from 

a metal wire by impact of high-energy electrons and leave the "sample" by one of the slits. Consequently, 

the image on the detector has to consist of parallel stripes for fixed angles and variable energies. The voltage 

tables of the electron optics are adjusted in order to reproduce a constant image independent of energy and 

with minimised optical aberrations. 

this purpose, a commercially available frame grabber card, controlled by a second computer, 

can be connected to the video output of the CCD. It allows the integration and summation 

of the video signal. 



Chapter 4 

The Surface Electronic Structure of 
the Group-V Semimetals 

4.1 Motivation: One-Dimensional Metal in Mesoscopic 

Dimensions 

The most spectacular breakdown of the Fermi liquid model may be expected to occur in 
one-dimensional (ID) metals. Such a material has a chain or wire structure leading to lat­
eral confinement of the electrons. The salient point of the present discussion is the lateral 
dimension a wire must have in order to exhibit ID properties. Elementary quantum me­
chanics implies that the electronic wave function changes upon confinement in dimensions, 
which are comparable to the wavelength. In solids, the relevant wavelength can be estimated 
from the inverse Fermi vector, yielding XF = kp1. \F is called the Fermi wavelength and 
the condition of confinement reads: Xp « d. For most metals, the length of the Fermi wave 
vector is of the order of the inter-atomic spacing, i.e. of the order of some Angstr0m [I]. 
The effect of confinement, commonly called quantum size effect (QSE), is shown in Fig. 4.1 
for an electron gas with parabolic dispersion. Let the wire have infinite length in direction 
x and lateral dimension d. The dispersion in x-direction is not changed, whereas the pos­
sible values of lateral momentum are discrete ("particle in a box"- model). The difference 
in energy of the quantum levels depends on the inverse effective mass and the width of the 
quantum box. The subbands are then filled with the number of electrons at disposal. The 
resulting density of states (DOS) is singular at the bottom of each band and decreases with 
increasing energy as E'1?2. An ideal ID system should only have the lowest band occupied, 
visualized by the grey shading in Fig. 4.1. The energy difference between the Fermi energy 
EF and the bottom of the second band should be large on the scale of the temperature in 
order to avoid thermal population of the second band. This condition in line with typical 
electron densities of metals restricts to atomic chains. Such chains have meanwhile been 

35 
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Figure 4.1: Schematic representation of a ID metal. The wire is supposed to run in x-direction. Its lateral 

dimension is d in the y- and z-directions (geometry in the upper right corner). Electrons are confined in 

y and z, and their toaue function is given by the solutions of the "particle in a box"-model, sketched in the 

lower right panel. Resulting band structure (two centre panels for kx and kViZ) and DOS (left panel) are 

shown in the figure as thick lines and dots (denoting discrete k-values) and compared to the 3D case (dashed 

lines). Real ID behaviour is expected if only the lowest energy band is occupied (grey shaded area) up to a 

Fermi energy Ep, which is far from the energy minimum of the next level on the scale of the temperature 

kBT. 

successfully prepared [23,65,66]. However, the experimental problem encountered in the 
study of atomic chains is the band dispersion, which is not a priori known. This problem 
could be overcome if the wires were allowed to grow in the same way as the corresponding 3D 
bulk crystal, surrounded by some suitable insulating material. The required wire dimensions 
are of the order of several lattice spacings. Summarizing, in order to make use of QSE, as 
described above, for the study of a ID metal, we are therefore limited to metals with very 
small electron densities. 

4.2 Why Bismuth and Antimony? 

Metals, or more precisely semimetals, with a electronic structure suitable for studies of 
mesoscopic systems, can be found in the group V of the Periodic Table of Elements. Bismuth 
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(no. 83) and antimony (no. 51) exhibit extremely small carrier densities of 3 x 1017 cm - 3 

and 3.4 x 1019 cm - 3 , respectively [67,68], thus orders of magnitude smaller than densities of 
common metals. The highly anisotropic Fermi wavelength can be as large as 140 Â for Bi 
and 50 Â for Sb. Size effects were already measured in numerous studies on length scales 
up to 1 micron [69-74]. Both elements can be grown as (lll)-oriented crystallites on a wide 
variety of substrates [73-83] or in the pores of a ceramic compound [69,70]. 
The bulk band structure is well known from calculations [68,84-89] and experiments (see 
Ref. [90] for a review) and is expected not to be altered in structures on a nanometer 
scale [70, 73]. At these length scales, however, the influence of the surface becomes very 
important, and drastic changes of the electronic structure at the surface were anticipated 
from results of some studies [75,91]. Several photoemission (PE) experiments on Bi have 
been published, but none of them examine those bands near EF responsible for the transport 
properties. Surface states [92-94] and a large surface core level shift (SCLS) [95] have 
been found in the previous studies of Bi(IIl). The most intriguing result, however, is the 
appearance of a strong Fermi edge in normal emission spectra, contrasting with the expected 
low density of states of this material [95]. For Sb, no PE study has been published to the 
best of my knowledge. Aim of the present work was therefore to verify, whether the bulk 
carrier bands can be observed in PE spectra, and to look for differences between the bulk 
and the surface electronic structure. 

It is anticipated that the observation of the carrier bands sets stringent constraints for the 
photoemission experiment. At 48 K [Bi(lll)-surface [96]] and 211 K (bulk Sb [97]), the 
Debye temperatures of both elements are very low. Cooling to liquid He temperature is 
therefore indispensable if phonon-assisted indirect transitions are to be minimized [98]. The 
typical band width of the carrier bands is of the order of room temperature, i.e. 25 meV, 
and some effective band masses are of the order of 0.05 TO0. A reasonable signal intensity can 
only be achieved if the angular resolution is lowered. As a consequence, the corresponding 
resolution in fc-space is not sufficient to resolve the dispersion in the directions of small 
effective mass. 

4.3 Bulk Properties 

4.3.1 Lattice and Brillouin Zone 

Both elements crystallize in the rhombohedral A7-structure (fi3m, no. 166 of the Int. 
Tables of Crystallography). This structure can be given in either hexagonal or rhombohedral 
coordinates. In order to construct the rhombohedral lattice, we start from the simple cubic 
(sc)-crystal, represented by two interpenetrating fcc-lattices [I]. We obtain the rhombohedral 
lattice by effectuating two independent distortions: At first, the whole lattice is stretched 
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along the body diagonal [111] until the rhombohedral angle a reaches its equilibrium value 
(see Table 4.1). The second distortion is a relative displacement of the two fcc-sublattices 
along [111], defined by a value u. Commonly, the origin is set to be the midpoint between 
two nearest-neighbour sites on the [lll]-axis. The two basis atoms are then found at the 
positions (u.u,u)c and {—u,—u,—u)c, where c denotes the lattice constant in the [Hl]-
direction. The lattice is, thereby, defined by two parameters a and u*. Put another way, the 
lattice is a sequence of pairs of planes, or bilayers. stacked along the [lll]-axis. The distance 
between the two planes of one pair (intra-plane distance) is much smaller than the distance 
between two pairs (inter-plane distance), as can be seen from Table (4.1). This leads to a 
weak chemical bonding between the bilayers. 

Table 4.1: Lattice parameters of Bi and Sb at 4 K- TVie first set of values is taken from Ref. (68}; the 

others are calculated using the formulas given in Ref. [87]. Note the large difference between the inter- and 

intra-plane separation. 

parameter symbol 

unit cell volume H0 

rhombokedral system 
length of lattice vector a0 

n. n. distance ann 

rhombohedral angle a 
shear parameter € 

internal displacement u 
min. atomic distance along C3 2 | r | 

hexagonal system 
lattice vector [0001] c 
lattice vector [1120] a 

intra-plane distance dintra 
inter-plane distance dinter 

Bi 

69.81 A3 

4.7236 A 
3.0625 A 

57.35° 
0.0399 
0.23407 
5.522 A 

11.797 A 
4.533 A 

1.59 A 
2.342 A 

Sb 

59.9 A3 

4.4898 A 

2.9023 A 
57.23° 

0.0417 
0.23362 
5.243 A 

11.222 A 

4.301 Â 

1.503 Â 
2.238 A 

The A7-structure is displayed in Fig. 4.2. In the left panel, the rhombohedron of the primitive 
fee-lattice vectors is emphasized. The right panel shows the hexagonal stacking of the (111)-
layers containing each two planes. The repetition length of the stacking corresponds to 6 
planes. The resulting lattice possesses a rather low symmetry. The principal symmetry 
elements are listed here: 

"A different set of parameters e and r is often used in literature: e describes the shear of the lattice and 
is related to o, whereas the vector T defines the displacement related to u [87]. 
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pseudo-cubic unit cell hexagonal 

Figure 4.2: TAe A7-structure. Left panel: pseudo-cubic structure; the rhombohedron in the centre corre­

sponds to the fcc-like lattice vectors. In the middle: rhombohedral unit cell with the basis of two atoms. Right 

panel: hexagonal stacking of the lattice. The different types of planes are indicated (two trigonal and one 

hexagonal). 

• The trigonal axis [111], labeled C3. 

• The [lÏ0]-axis (and axes related through rotation by 60°around C3), perpendicular to 
C3, with two-fold rotation symmetry. This binary axis is labeled Cl. It points from 
C3 toward an atom of a hexagonal layer. 

• The [2ÎÎ]-axis (and axes related through rotation by 60oaround C3), perpendicular to 
Cl and C3, labeled C2. It is called bisectrix and denotes the direction from the C3-axis 
toward an atom of one of the trigonal layers. 

• The mirror planes spanned by C2 and C3 (usually named a in literature). 

• Centers of inversion are at the midpoints between neighbouring atoms along C3. 

The Brillouin zone (BZ) of the A7-lattice is shown in Fig. 4.3 together with the surface BZ 
(SBZ) of the (lll)-surface. The symmetry points are labeled according to the commonly 
used notation [86]. As expected from a fcc-like structure, the BZ corresponds to the Wigner-
Seitz cell of the bcc-lattice. The points T and L, i.e. the centers of the hexagonal zone faces 
in [111] and [010]-direction, are no longer equivalent. The plane of interest is the mirror plane 
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a or FTLUX (Fig. 4.3), whose projection of the (lll)-surface corresponds to the M TM-line. 

The latter is emphasized in Fig. 4.3. 

[111] 

Figure 4.3: Brillouin zone of the rhombokedral lattice. At the top, the SBZ is shown for the (lll)-swface. 

The projection of the TTLUX-mirror plane of the bulk onto the (lll)-face yields the TfTM-line of the SBZ. 

4.3.2 Bulk Electronic Structure 

The atomic electron configurations are [Kr]4d105s25p3 and [Xe]4/145rf106s26p3 for Sb and 
Bi, respectively. The tf-levels are far from Bp and can therefore be treated as core levels. 
The 5-like valence bands are found at approximately 10-14 eV binding energy. The carrier 
bands at the Fermi level are mainly determined by the overlap of the 5th and the 6th valence 
bands, which dominantly are of ^-character [99]. A schematic diagram of the valence band 
structure is given in Fig. 4.4. 

Usually, the calculations of the band structure of the group-V semimetals [68,84-89] are 
done within the pseudo-potential formalism [5.100,101]. Difficulties arise because of the 
very small energy scales involved and the large spin-orbit splitting in the case of Bi. Huge 
basis sets of plane waves are required to obtain a final accuracy of the calculations, which 
is of the order of the energy scales of the carrier bands [68]. A first insight can, however, 
be obtained with the so-called deformation theory of Abkrikosov and Fal'kovskiï [90,102], 
which shows in a very figurative way the interplay between the lattice and the electronic 
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Mofrmturn h 

Figure 4.4: Schematic representation of the bulk band structure of Bi and Sb. s-like bands are found at 

roughly 10-14 eV below the Fermi energy Ep, p-like states close to Ep. The 5th and the 6th valence band 

overlap at Ep, leading to small pockets of electrons and and holes (shaded). 

structure. As a result, the hexagonal zone faces in (lll)-direction become inequivalent to 
the six others due to the lattice distortion along the trigonal axis. The centers of these faces 
(points T for the [11 Indirection, L for the others) become the centers of the hole and electron 
Fermi surfaces. Recently, Liu and Allen presented a simple tight-binding scheme [103] for the 
semimetals Bi and Sb [104]. This model will be used for comparison with our experimental 
results. The Fermi surfaces of electrons and holes lie within the three mirror planes TTLUX, 
shown in Fig. 4.5. The electron pockets are ellipsoids elongated along the bisectrix and 
centered at the L-point [M of the (lll)-surface] for both, Sb and Bib. In the case of Bi. 
the hole pockets are ellipsoids elongated along the trigonal axis with circular cross sections 
perpendicular to the trigonal axisc. For Sb, the situation is somewhat more complicated, 
since the hole pockets are located in the mirror plane, but slightly off the [lll]-axis (H-point), 
and have some "sausage"-like form [85,8S]. The projections of all bulk Fermi surfaces onto 
the (lll)-surface are shown in Fig. 4.6. 

As anticipated above, the carrier bands result from a small overlap of the 5th and the 
6th at the Fermi level. Both bands are very close in energy at the centre of the electron 
Fermi surface, i.e. at the L-point, where they exhibit mirror-like dispersion. The very 
small energy gap between both bands causes severe deviations from the parabolic dispersion 
near L. Moreover, the strong temperature dependence of the energy gap [110] results in 
temperature dependent effective masses [67,90,105]. As a consequence, the electron Fermi 
energy, which depends on the overlap and the effective masses of electron and hole bands, has 

bThe surfaces are in fact norj-e]Iipsoidal [105], but the deviations are far too small to be of interest 
here [106]. 

CA very figurative image of the Fermi surfaces of Bi can be found in Refs. [107,108]. 
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Figure 4.5: Cut through the bulk BZ (TTULX-plane), and the Fermi surfaces of the electron and hole bands 

for Bi (a) and Sb (b). At the right-hand-side a magnified view of the Fermi surfaces; the coordinates are 

given in A~l with respect to T. 

to be computed numerically in consideration of charge neutrality for a given temperature. 
It was shown to be constant in the range of 4-80 K, and to change dramatically for higher 
temperature [67]. A selection of band parameters at low-temperature is given in Table (4.2). 
The scattering of published data is quite large, since the data were mostly interpreted using 
different models [67,68.90,104,109,111]. Thus, we will use two experimental data sets for the 
Fermi surfaces [90,109] and calculate the remaining data using formulae given by Heremans 
and Hansen [67], assuming ellipsoidal form of the Fermi surfaces (ENP-model for "ellipsoidal 
non-parabolic). 
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Figure 4.6: Fermi surfaces of Bi on the left and Sb, projected onto the BZ of the (lll)-s\irface (shaded). 

The dots correspond to the M and K symmetry points of the SBZ. The size of the Bi Fermi surface has been 

enhanced by a factor of 4 for the sake of clarity. 

Table 4.2: Band parameters of Bi and Sb at 4 K. Energies and principal momenta were taken from 

literature [90,109]. Directions 1, 2, and 3 refer to Cl, C2, and C3, i.e. the binary axis, the bisectrix, and 

the trigonal axis, respectively. Note that the principal momentum ¾̂ of the electron Fermi surfaces is 6-ToS 

the bisectrix C2 [88]. The hole FS of Sb is inclined by about 85-500WHh respect to C2. 

electrons 

holes 

Fermi energy [meV] Ef 
energy gap [meV] £GaP 

effective masses at band bottom [mo] m » 
m22 

Tn33 

principal momenta [A-1] ^ F ( I ) 

M2) 
M3) 

Fermi energy [meV] Ep 
effective masses [mo] mu 

Tn22 

Tn33 

principal momenta [A-1] ^ F ( I ) 

M2) 
M3) 

Bi 
27.2 

13.6 
1.26 x 10 - 3 

0.256 
2.23 x IO"3 

5.2 x 10"3 

0.074 
6.9 x IO"3 

11 
-0.064 
-0.064 
0.667 
0.0138 
0.0138 
0.046 

Sb 

90-206 
101 

0.011 
0.537 
0.011 
0.042 
0.297 
0.042 

84 

(-) 
(0.12-0.19) 

(0.082-0.13) 

4.4 Preparat ion of the Single Crystals 

The crystals were mechanically polished to mirror finish and prepared in sifluby sputtering 
(Ar+, 1 keV) and annealing cycles, (lll)-oriented crystals of Bi and Sb are usually cleaved 
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in situ. Jezequel et ai.showed that, despite some differences in intensity, the results obtained 
from the cleaved or sputter-annealed Bi(lll)-surfaces are identical [93]. 

Due to the low melting point of Bi (271°C), annealing (1600C) was done on the resistively 
heated lOOOmm-manipulator. This treatment results in a hexagonal LEED-pattern [112] 
with rather broad spots (see Fig. 4.7). In the initial stages of the preparation, the contam­
ination of the Bi(lll)-surface could only be verified by XPS, since the Auger spectrum of 
clean Bi shows transitions near the typical peaks of carbon and oxygen. Later, an Auger 
spectrum taken from a clean surface can be used as reference. The Sb-surface was annealed 

Figure 4.7: LEED-images taken at electron energies of 56 eV and 78 eV from Bi(Ul). The trigonal 

symmetry of the [lllj-axis is clearly observable. 

LEED, Sb(111) 

40 eV 40 eV 

Figure 4.8: LEED-images from Sb(IIl). The LEED-image on the right was taken with the beam incident 

on the border between two domains (see text). 
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on the heating stage at 25O0C, followed by a slow cooldown. Sb(IIl) tended to develop 
facets. Three large domains of same azimuthal orientation could be seen in the LEED-
pattern (see Fig. 4.8). The polar orientation was identical for the three domains except close 
to the domain borders. This result could later be confirmed by photoemission. All spectra 
presented here are taken with the light spot placed in the centre of one domain. Note that no 
spectra could be taken with s-polarized light because the spot size extends over more than 
one domain in this geometry. The LEED-spots were generally much sharper than those of 
the Bi crystal. This is an inherent property of the crystals and was already observed in pre­
vious work [112]. The cleanliness of the Sb(lll)-surface was checked by AES. Both elements 
turned out to be very inert against contamination by residual gases. Typically, once per 
week, sputtering of the surfaces was necessary in order to remove carbon. 
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4.5 Bi(IIl) 

Previously, the electronic structure of Bi(IIl) has been examined by means of angle-resolved 
photoemission in normal emission geometry [92,93] and along the two high-symmetry di­
rection of the SBZ [94,95]. The experimental results are in reasonable agreement with bulk 
band structure calculations (86,104]. However, a strong surface state was shown to originate 
from a spin-orbit gap in the bulk band structure [92], The latter can only be reproduced 
in calculations if substantial relaxations of the surface atoms are assumed [113]. Since the 
carrier bands at the Fermi energy are very sensitive to smallest distortion of the lattice, 
severe modifications of the carrier spectrum at the surface may be expected. For example. 
slight admixture of Sb to Bi changes dramatically the carrier band structure. At only 8 at.% 
of Sb, the overlap between hole and electron bands of the semimetal reaches zero [114]. As 
a result, the crystal becomes a semiconductor with direct band gap at the L-point. 
Most of the spectra presented here are taken from the mirror plane of the lattice FTLUX, 
i.e. along the M TM direction of the surface. The spectra have been taken with Hel-photons 
for reason of signal intensity and momentum resolution. For the sake of convenience, the 
cut through the bulk BZ corresponding to the mirror plane is depicted again in Fig. 4.9, and 
some parameters, which are necessary for the PE experiment, are given in Table (4.3). 

(ni) M' r M 

Figure 4.9: rTLUX-mirror plane of the bulk (shaded) and its projection onto the (lll)-svrface. Note that 

the inversion symmetry of the bulk is broken at the surface, leading to two inequivalent directions TM and 

TM. 

4.5.1 Valence Band Structure 

Figure 4.10 presents a series of angle-resolved spectra along M TM. The strong peak seen 
at about 250 meV in normal emission stems from a surface-induced state lying in the spin-
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Table 4.3: Some values for the (lil)-surface used for the photoemission experiments. 

parameter 

work function (polycrystal, Rcf. [115]) 

Debye temperature (Ref. [96]) 

distance TM (centre of the electron FS) 
centre of the hole FS 

distance PK 

Bi(IIl) 
4.22 eV 

48 K 

0.797 Ä"1 

r 
0.92 Â-1 

u I I I L 
-4 -3 -2 -1 0 

Energy (eV) 

Figure 4.10: Valence band spectra taken along the MTM'-direction; the spectra are taken with unpolarized 

Hel-photons at 300 K1 and are normalized to the total intensity. 

orbit gap at the T-point [94,95]. The spectra are in excellent agreement with published 

data [92-95] and are partially even much better resolved. This indicates a good quality of 

the sputter-annealed sample. 

Since it was one purpose of this work to observe the carrier bands of bulk Bi, a band 
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k, (A"') 

Figure 4.11: Bulk band structure calculated tvithin the tight-binding model [104] and projected onto the 

(Ul)-surface (shaded area). A thick dashed line displays the dispersion of the spin-orbit gap surface state 

(see text). Experimental peak maxima are plotted as large symbols vs k\\ along MTM for 300 K (triangles) 

and 10 K (p-polarized light, circles). 

mapping is unavoidable. The results are shown in Fig. 4.11. Data points, obtained from 
Fig. 4.10 and from spectra taken at low temperature (not shown here) are plotted vs k\\ 
and compared to the bulk band structure, projected onto the (lll)-surface. The band 
structure has been calculated using a tight-binding scheme [104]. The experimental data 
points have been determined using either lorentzian lineshapes or minima in the second 
derivatives of the energy distribution curves (EDC). The dispersion of the surface state in 
the spin-orbit gap, denoted by a dashed line in Fig. 4.11, was already analyzed for the 
direction TK [92,95]. Tanaka and co-workers have taken spectra in the direction TM, but 
they attributed erroneously peaks at higher binding energy to the surface state at the SBZ 
boundary [94]. Hence, their estimate of the band width (2.1 eV) exceeds by far the band 
width of about 750 meV found in the present work. The latter is in good agreement with 
results reported previously [92]. In connection with the analysis for TK [92,95], we can 
conclude that the dispersion of this state is practically isotropic within the SBZ. 

As anticipated above, the bulk Fermi surface of Bi consists of electron pockets centered at the 
six L-points of the bulk BZ and hole pockets at the T-points (see Fig. 4.6). Projected onto the 
(lll)-surface under investigation here, one expects therefore to observe a band with very 
small negative effective mass crossing the Fermi level twice symmetrically around normal 
emission and a free-electron like band along the TM-direction of the surface BZ centered 
at M, i.e. the hole and the electron bands, respectively. Spectra, taken with p-polarized 
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Figure 4.12: Valence band spectra, taken tvith p-polarized HeI photons at various symmetry points. Arrows 

indicate the features of interest. The inset shows a zoom onto the Fermi level at the border of the SBZ, where 

the electron bands are observed. 

Hel-photons at these symmetry points, are displayed in Fig. 4.12. The inequivalence of the 
two directions TM and TM is unambiguously reflected in the spectra. We want to focus our 
attention on the features highlighted by arrows in Fig. 4.12 and refer to the strong peak seen 
in normal emission as the hole band, to the weak structure at M as the electron band. As 
can be seen in the inset, this latter peak is observed in both directions. Because of the small 
signal intensity in the spectra taken around M , we restrict the analysis to the M-point. 

4.5.2 Electrons 

The spectra displayed in Fig. 4.13 show the appearance of a peak at about 13.5° dispersing 
slowly towards the point of maximal binding energy at 22.3°. This angle corresponds to the 
border of the SBZ or the projection of the L-point of the bulk BZ onto the (lll)-surface. 
At higher angles, a slow upward dispersion is observed. The spectra have been taken with 
the unmonochromatised lamp. Using the monochromatised source, the peaks appear only 
if excited with p-polarized light. The initial state belongs, therefore, to a wavefunction 
with even symmetry under reflection at the mirror plane. In accord with band structure 
calculations it can be attributed to the electron band with even Lj-symmetry at the border 
of the BZ [85,86]. A second band is observed at slightly higher binding energy. Its dispersion 
is roughly parallel to that of the electron band. No evidence of a band with expected mirror­
like dispersion [67] was found around the M point. The next observation is the peak intensity 
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Figure 4.13: Left (right) panel: series of selected spectra around the M symmetry point, taken with unpolar-

ized HeI photons at 12 K (SOO K) in the V TULX bulk mirror plane. 6 gives the emission angle with respect 

to the surface normal. The dashed lines underneath the spectra denote the featureless background. The low 

temperature spectra were normalized to the integral background intensity, the spectra at 300 K accordingly. 

which diminishes at the M symmetry point. The second band observed in the spectra even 
vanishes at this angle indicating that, probably, a gap in the final state bands opens up 
at the zone boundary corresponding to M. Attempts were made to measure the dispersion 
perpendicular to the symmetry plane by direct imaging of the second detector dimension, 
but the strong dispersion could not be resolved in angle. Spectra were taken (not shown here) 
showing a small hump right on the Fermi level which vanishes about 2° off the symmetry 
plane. 

Thus, at a first glance, the measured electron band resembles to what is expected from band 
structure calculations and measurements of the bulk Fermi surface. Centered at the border 
of the SBZ, it disperses in a quasi-parabolic manner towards the Fermi energy with the heavy 
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Figure 4.14: Plot of the peak maxima vs the wave vector k\ (solid triangles). Open triangles denote the 

Fermi momentum at SOO K, circles data from spectra taken with p-polarized light at 12 K. The bulk dispersion 

of the two bands is indicated by the thick lines. The dashed line corresponds to parabolic dispersion with an 

effective mass of 7.5 mo- It is obvious that the effective mass along the bisectrix is much higher than that of 

the bulk. 

mass direction along the bisectrix in the mirror plane (Fig. 4.14). The transversal effective 
mass. i. e. along the binary axis of the crystal lattice, is several orders of magnitude smaller. 
A comparison with Table (4.2) , however, shows that the heavy mass is much larger than 
the values found for the bulk electron band. Furthermore, the spectra at 300 K reveal that 
the Fermi wave vector does only slightly depend on temperature over the whole temperature 
range. 

4.5.3 Temperature Dependence 

Additional information about the dispersion of the electron band can be obtained from the 
temperature dependence of the electron Fermi energy. The change of the Fermi energy with 
the temperature gives some rough indication of the energy gap between the two bands at the 
L-point (M) and the effective mass tensor [67]. In our experiment, the electron Fermi energy 
is measured as the initial state binding energy relative to Ep at the M-point. Spectra, taken 
at 12, 60 and 300 K are displayed in Fig. 4.15. The background, as extrapolated from valence 
band spectra at higher binding energies, is indicated as dashed line. The peak shapes were 
then fitted with lorentzians. multiplied with the Fermi function, for the low temperature 
spectra. The values found were 24 ± 3 meV at 12 K and 28 ± 3 meV at 60 K, in excellent 
agreement with those reported for bulk Bi (about 27 meV for T < 80 K [67]). In the high 
temperature spectrum, however, the strong background and the thermal broadening render 
a reliable fitting almost impossible. The most successful, but nevertheless ambiguous, way 
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Figure 4.15: Left panel: spectra at the M-point (dots), taken with unpolarized Hel-photons at different 

temperatures. The dashed line under the topmost spectrum shows the background, as extrapolated from 

the valence band spectrum at higher binding energy. The fits (solid lines) arc described in detail in the 

text, the vertical lines denote the corresponding initial state energies. The dashed-dotted line in the SOO 

K-spectrum is the gaussian shape resulting from the fit. Right panel: Plot of the electron Fermi energy vs 

temperature, adulated for different temperature dependencies of the effective mass tensor (curves A through 

C) and obtained from measurements of the thermopovier (curve Dj (from Ref. {67}). Solid Circles denote 

results of the photoemission data. 

to find the peak position was to divide the spectrum by the Fermi function and to fit the 
result by a gaussian. In this way, a value of 12 ± 2 meV was found, thus a slight reduction 
of the occupied band width with increasing temperature. Heremans and Hansen computed 
the bulk electron Fermi energy assuming different temperature dependencies of the effective 
mass tensor [67] (see right panel in Fig. 4.15). A value of 12 meV, as found for 300 K, 
is in agreement with the calculation, if a temperature-independent heavy mass is supposed 
(curve C in Fig. 4.15). This is in contradiction to results from thermopower data (curve D 
in Fig. 4.15), which suggest an increase of the bulk electron Fermi energy with increasing 
temperature [67], but is in accord with the photoemission data along the heavy mass direction 
presented in the preceding section. Thus, the temperature dependence of the electron Fermi 
energy together with the observed large effective masses suggest that the dispersion of the 
electron band is strongly altered at the sample surface. 
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Figure 4.16: Spectra, taken around normal emission with s-polarized Hel-photons at 10 K; spectra are 

normalized to the measurement time. The three topmost spectra are enhanced by a factor of 3. 

4.5.4 Holes 

The band structure around normal emission is quite complex and contains certainly several 
features. The most contrasted spectra can be obtained by use of s-polarized light. Some 
selected spectra are displayed in Fig. 4.16. The spectra were taken at 12 K and are normalized 
to the measurement time. They show a peak at normal emission moving towards the Fermi 
level with increasing negative angle (direction TM), crossing EF at about —4° off-normal 
and moving back at about —8°. For positive angles, a similar behaviour is observed, but 
with less intensity. The same observations hold for p-polarized light, but the structures are 
smeared out due to the presence of a strong second peak dispersing in the opposite direction. 
The initial state contains therefore symmetric and antisymmetric contributions with regard 
to the mirror plane, as it should be for the bulk hole band (symmetry label A45 [86]). A more 
figurative view is obtained if the spectra are displayed as greyscale plot with the abscissa and 
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Figure 4.17: Greyscale plot of spectra (HeI, 10 K), taken around normal émission within along TM (see 

text), a) p-polarized light, b) s-polarized light; black = high intensity; arrows indicate where the picture (c) 

has been taken. The symbols correspond to peak maxima extracted from the spectra. The dashed line denotes 

the expected dispersion of the bulk hole band, c) Direct image of the detector, displayed for an emission angle 

9 = —6°. It represents the dispersion of the band perpendicular to the measurement plane (unpolarized 

light, 300 K). 

ordinate corresponding to the emission angle and binding energy, respectively (Fig. 4.17a 
and b). Some of the spectra have been interpolated in order to get a continuous picture. The 
calculated dispersion of the bulk hole band was added as dashed line for comparison. The 
intensity seen around normal emission at energies below -200 meV stems from the surface 
state in the spin-orbit gap [95]. It is obvious that the state near the Fermi level is centered 
off normal emission for negative angles. The band has a negative effective mass as shown in 
Fig. 4.17c by a direct image of our detector in the direction perpendicular to the symmetry 
plane (emission angle 0 = -6° , indicated by arrows in parts a and b). The image was 
taken at 300 K and reported on a logarithmic scale in order to follow the dispersion as far as 
possible beyond the Fermi energy. In a parabolic approximation, the dispersion corresponds 
to an effective mass of about —0.04 m0. The same holds for the opposite direction TM, 
whereas no indication for a bulk-like hole band is found. 

Finally, in order to establish the symmetry of the found Fermi surface and to exclude a 
possible sample misalignment, a Fermi surface mapping was carried out (Fig. 4.18). It was 
recorded with .s-polarized HeI-radiation at 12 K, integrating over an energy window of 20 
meV centered at the Fermi energy. It shows three intense ellipsoids elongated within the 
mirror planes in TM -direction and an analogue set related by inversion at the T-point with 
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Surlace Brillouin Zone HeI, s-pol., 12 K 

Figure 4.18: Fermi surface mapping of the hole surfaces. The photoemission intensity (right panel) at Ep 

(energy window ±10 me V, s-polarized HeI photons, IS K; black - high intensity) was probed as function of 

emission angle, corresponding to momenta within the dashed rectangle on the left-hand-side. Three ellipsoids 

with high intensity and a simüar set, rotated by 180° around the trigonal axis, are observed. 

weaker intensity. The surface has a priori no inversion symmetry, nor exists a reciprocal 
lattice vector to relate the two sets via umklapp scattering. The presence of the second 
set indicates that contributions of at least the two topmost bilayers must participate in 
the formation of the surface hole band, since one bilayer possesses trigonal symmetry (see 
Fig. 4.2). This explains at the same time the difference in intensity between both sets. 

4.5.5 Surface Electronic Structure of Bi(II l) 

Summarizing the results of this section we can propose a band structure for the Bi(IIl)-
surface, which is displayed in Fig. 4.19 beside the projection of the bulk band structure. 
Effective mass and Fermi wave vector of the electrons are much larger than the corresponding 
bulk values. Although no information is available on the third dimension of the Fermi surface, 
the suggestion of a much higher carrier density for the surface seems to be reasonable. 
The measured Fermi surfaces are very similar to the Fermi surfaces of bulk Sb (Fig. 4.6), i.e. 
six hole pockets in the reflection planes and large electron pockets around the L-points of the 
bulk BZ [85,109]. The only difference between the Sb and the Bi crystal lattice apart from 
the inter-atomic distances is the deviation from the cubic structure, larger by roughly 4% for 
Sb than for Bi. Supposed that the topmost layer of the Bi surface departs somewhat from 
its ideal structure by a slight relaxation of the surface atoms, the surface electronic structure 
of Bi could become to a certain extent "antimony-like1'. Since the carrier density in bulk Sb 
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Figure 4.19: Comparison of the bulk band structure of Bi, projected onto the (lll)-surface, and the proposed 

surface band structure. The grey parts of the bands could not be observed in our experiment. The dashed-

dotted line is related to the hole band by inversion symmetry and is seen as weak feature in the spectra. 

is roughly two orders of magnitude higher than that of bulk Bi, our results could explain the 
high density of states on the Bi surface [95]. This is partially confirmed by calculations of 
the surface electronic structure (113] using the Green's function transfer method [116]. The 
authors conclude that " . . . if we do not allow any kind of relaxation we do not obtain bona 
fide surface states". 

The heavy effective mass of the electron band along the bisectrix can be understood on rather 
intuitive grounds. If the motion of the electrons is interpreted as hopping between nearest 
neighbour sites, the second nearest neighbours provide a non-negligible contribution. As can 
be seen from Fig. 4.2, the second nearest neighbours sit in adjacent bilayers. The hopping 
is done via the longer inter-layer bonds. The latter are broken at the surface, decreasing 
by this the hopping probability. Supposing parabolic dispersion, this yields an increase of 
the effective mass in the surface layer as observed in the PE spectra. On the same level, 
one could interpret the changes of the hole dispersion. The orbital character of the relevant 
band is mainly p£. Due to the breaking of the longer bonds, the pt dangling bonds rearrange, 
and the mobility diminishes considerably. As a direct consequence, the band width almost 
vanishes. The hole band can be observed over an energy range of about 170 meV between T 
and the M-point. Some tens of meV are certainly a reasonable approximation for the width 
in the unoccupied part, yielding roughly 200 meV of total band width. This, compared 
to about 2.6 eV for the bulk band [104], gives evidence for surface character of the carrier 
bands. 
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4.6 Sb(IIl) 

As for Bi, the plane of interest corresponds to the bulk mirror plane. The corresponding cut 
through the BZ, TTLUX, and its projection onto the (lll)-surface are shown in Fig. 4.20a. 
A sketch of the carrier band structure is given in Fig. 4.20b. The hole band is centered at 
the H-point of the bulk BZ, the corresponding point of the SBZ was named H for the sake 
of simplicity. The parameters important for the PE experiment are given in Table 4.4. The 

a) Bulk mirror plane b) E(k) - carrier bands 

k, (A-) K11 (A') 

Figure 4.20: a) Cut through the bulk BZ of Sb and its projection onto the (lll)-surface. The H-point is the 

centre of the hole surface, b) Anticipated carrier band dispersion with k\\, based on bulk calculations along 

high-symmetry directions. The electrons at L and holes at H are emphasized by shaded pockets. 

Table 4.4: Some parameters for the (lll)-surface used for the photoemission experiments. 

parameter 

work function (polycrystal, Ref. [115]) 
Debye temperature (bulk, Ref. [97]) 

distance TM (centre of the electron FS) 
centre of the hole FS 

distance TK 

Sb(IIl) 

4.55 eV 
211 K 

0.843 Ä"1 

^0.249A-1 (H-point) 
0.973 Â"1 

exact location of the H-point in the BZ is not known, since the usual methods to study the 
Fermi surfaces are only sensitive to shape and orientation of the surfaces [109]. Published 
band structure calculations predict different coordinates [68,85,88,104]. In the following the 
coordinates given by Liu and Allen [104] have been chosen since their calculation will be 
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compared to the experimental data. 

4.6.1 Valence Band Structure 

HeI (p-pol.). 300 K 

Energy (eV) 

Figure 4.21: Valence band spectra, taken with p-polarized Hel-photons at 300 K along the TM-direction. 

Spectra are normalized to the same total intensity for the sake oj clarity. The difference in angle between 

two spectra is 2.5°. 

The electronic structure of Sb is very similar to that of Bi except for the carrier bands. Figure 
4.21 shows valence band spectra, taken along the M TM-direction of the SBZ. No angle-
resolved PE study of Sb is published to the best of my knowledge, in particular no study 
making use of synchrotron light with variable photon energy. Attempts to take spectra with 
Hell-photons have failed for reasons of intensity. Thus, the attribution of the observed peak 
to bulk or surface states is less straightforward than in the case of Bi. The bulk band structure 
was computed in the same way as for Bi, using again the tight-binding scheme [104]. The 
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Figure 4.22: Bulk band structure calculated within the tight-binding model [104]- Shaded areas correspond 

to dispersion of the bulk bands perpendicular to the (lll)-surface. Experimental data points (HeI, p-polarized) 

are plotted as symbols vs k\\ for 12 K (open circles) and 300 K (open triangles). 
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Figure 4.23: Extended spectra, taken with p-polarized Hel-radiation at SOO K at the symmetry points, 

indicated in the figure. The arrows denote the features of the carrier bands (see text for details). 

dispersion of the peak maxima with fcy, extracted from the spectra, taken at 12 K (spectra 

not shown) and 300 K with p-polarized light, is plotted in Fig. 4.22. Superimposed is the 

projected bulk band structure, given by the grey shaded area. The overall agreement is quite 
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good. Like in the case of Bi, we will focus our attention on the actual carrier bands around 
r and M/M . Extended valence spectra at these symmetry points are depicted in Fig. 4.23. 
Arrows indicate the features, which will be discussed in the subsequent sections. 

4.6.2 Electrons 
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Figure 4.24: Spectra around the symmetry points M (left panel) and~M (right panel), taken withp-polarized 

Hel-radiation at 12 K. Each set of spectra has been normalized to the measurement time. The symmetry 

points and the approximate location of the Fermi level crossing are indicated. 

Photoemission intensity close to Ep can be found at both, the M- and the M -point of 
the SBZ. High-resolution spectra, taken within the mirror plane around these points, are 
displayed in Fig. 4.24. We start with the analysis at the M-point (left panel in Fig. 4.24). 
The spectra show the appearance of a weak structure at. Ep at 13°, which disperses slowly 
toward higher binding energies and reaches its maximum binding energy at 24°. The latter 
angle corresponds to the border of the SBZ (M). For higher angles, it disperses back towards 
the Fermi energy. Like in the case of Bi, we attribute this band to the electron pocket due 
to its even symmetry [85] and the observed location and dispersion [68,85,104]. The same 
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Figure 4.25: From the left to the right: SBZ in the extended zone scheme with the reciprocal lattice vector 

Gj0; peak maxima, found in the spectra of Fig. 4.S4 around the two symmetry points; idem, but with the 

peak maxima at M displaced by a reciprocal lattice vector (surface umklapp). Solid and dashed lines in the 

right panel respectively denote the bulk electron band and a parabolic band with effective mass of 3.5 m0. 

behaviour can be observed in the opposite direction around M . but only as a small peak on 
the high-binding energy side of a strong feature at Ep. If the binding energy of the observed 
peaks is plotted versus the parallel component of the momentum, the dispersion plot in 
Fig. 4.25 is obtained. The calculated bulk band dispersion and a free-electron-like parabola 
(EF — 180 meV, m* = 3.5m0) are superimposed. The weak peak, which is attributed to the 
expected electron band, shows nearly parabolic dispersion. As in the case of Bi, this peak 
is observed at M and M . A surface umklapp process can be invoked, because M and M 
are just separated by a surface reciprocal lattice vector, as shown in Fig. 4.25. Concerning 
the effective mass, the agreement between experiment and theory is quite good, whereas 
the experimentally found Fermi energy is about the double of that given by the calculation. 
Extrapolation of the dispersion to the Fermi energy yields a Fermi wave vector of 0.37-0.4 
Â"1, thus only slightly higher than the bulk value (0.3 A^1 [109]). 

The origin of the strong feature at Ep, observed in spectra taken at the M -point (Fig. 4.24), 
is less clear. The fact that the peak is not observed at M may be explained by effects of 
the optical matrix element. The latter changes due to the sample rotation, if p-polarized 
light is employed. A second possibility is the quality of the sample surface, which exhibits 
several domains. Due to our experimental geometry, different areas of the sample surface 
are probed, when the sample is rotated. Moreover, it was found that the spectral shape 
of the peak is not altered if the angular resolution or the sample temperature are varied. 
The form of the peak is reminiscent of a square-root function, similar to a 3D-DOS, and 
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the feature may be tentatively attributed to non-k-conserving transitions. The final answer 

must, however, await further experiments. 

4.6.3 Holes 

T 1 1 1 1 1 1 r 
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Figure 4.26: Near-Ep spectra (HeI, p-pol, 12 K) taken around normal emission in direction MVM. The 

spectra are normalized to the measurement time. 

Figure 4.26 presents low-temperature spectra, taken close to normal emission within the 
mirror plane. A broad feature can be seen at T with an intensity maximum at about 180 
meV binding energy. The large width and the apparent double structure result probably from 
the angular resolution, which is insufficient to resolve the strong dispersion perpendicular to 
the mirror plane. Off normal emission, the observed peak approaches the Fermi energy and 
reaches EF in the spectrum taken at -3°. An further increase of the emission angle results in 
a rapid decrease of spectral intensity suggesting that the peak crosses Ep. Due to location, 
symmetry and dispersion, the feature can be identified with the hole band of Sb. It was 
checked that the dispersion perpendicular to the mirror plane corresponds to that expected 
for a hole band (negative effective mass). 

In order to measure the extent of the hole FS, a series of spectra was taken at room tem­
perature. The thermal broadening of the Fermi function allows the peak dispersion to be 
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Figure 4.27: a) As Fig. 4.26, but at 300 K in direction FA?'. The solid black dot denotes the crossing of 

the Fermi level by the hole band, the open circle at 9 = -16° the appearance of the electron band, b) Same 

spectra as in (a), presented as contour plot with logarithmic intensity scale (black = high intensity). The 

calculated carrier bands (dashed lines) have been added. 

followed far above Ep [117]. A selection of spectra is shown in Fig. 4.27a. They are nor­
malized to the measurement time. The Fermi level crossing of the hole band is indicated 
by a black dot. No pronounced second crossing, which is expected from a band dispersing 
back iuto the occupied part, is visible in the spectra. The weak peak appearing at Ep for 
0 = —16° (open circle), which is barely discernible on this intensity scale, was identified 
as the electron band, discussed in the preceding section. However, it can not be ruled out 
that both observed bands belong to one single state. In Fig. 4.27b, the same spectra are 
presented as a contour plot as function of energy and momentum. The intensity scale is 
logarithmic in order to compensate for the Fermi function. Again, no second crossing of the 
hole band can be found in this representation. 

Up to now, the bulk Fermi surfaces of the holes have been treated as isolated pseudo-
ellipsoids. Arsenic, the group-V element above Sb in the Periodic Table of Elements, has 
many features in common with Sb. The hole Fermi surface of As is similar to that of Sb, 
except for some ring-like structure, which connects all ellipsoids within the BZ (see Fig. 4.28). 
These necks appear in the bulk band structure as Fermi level crossing on the TW-line [68,84]. 
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Figure 4.28: Perspective view of the hole Fermi surface of Arsenic. The vertical dashed line is the trigonal 

axis, the apepperoni"-like surfaces lie in the mirror planes (from Ref. (1Î8J). 

In Sb, no crossing should be found for the TW-direction of the bulk BZ. Falicov and Lin 
discuss the effect of spin-orbit coupling on the band structure around the T-point and find 
that the inclusion of LS-coupling opens a gap at Ep for wave vectors along TW [85] (see 
Fig. 4.29). However, no experimental evidence for the absence or presence of these necks 
in Sb has been found, since in conventional Fermi surface measurements, like de Haas-van 
Alphen-experiments, these necks are difficult to detect due to their very long period [118] 
(see the discussion in Ref. [109]). 

Figure 4.29: Calculated dispersion of the 5th and 6th valence bands band along TW (TK) and TH {V$) 

(directions sketched in the left part): a) without spin-orbit coupling, b) including spin-orbit coupling, h the 

latter case, no crossing of the Fermi level should be found perpendicular to the mirror plane (direction VK). 

From Ref. (85). 

The tight binding calculation of Liu and Allen fails to reproduce correctly the shape of the 
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Figure 4.30: a) High-resolution spectra in the direction FK (HeI, p-pol, IS K). Note that spectra, taken 

at negative and positive emission angles, are presented in series. This is allowed because of the mirror 

symmetry of the crystal with respect to the FM-line (Q = 0). A solid circle indicates the spectrum, where 

the peak probably crosses Ep. b) Two selected spectra (dots), taken from (a) and fitted with gaussian peak 

shapes (dotted lines) after subtraction of the background (dashed line). 

hole FS, as stated by the authors [104]. They obtain even a crossing of the Fermi level for 
wave vectors along TW, but they do not discuss this point. The direction TW corresponds 
to TK of the SBZ, thus the direction perpendicular to the mirror plane. Making use of the 
second detector dimension, spectra have been taken for a few angles from normal emission 
towards K. A series of high-resolution spectra, taken at low temperature, is presented in 
Fig, 4.30a. The spectra have been normalized to the measurement time. It was checked 
that the peak dispersion was symmetric with respect to the mirror plane. We are therefore 
allowed to plot spectra, taken in both directions FK, as series in emission angle irrespective 
of the sign of <p. 

From Fig. 4.30a, we can see a peak to disperse from its bottom at T towards Ep. The peak 
maximum seems to cross the Fermi energy between tp = 1.3° and 1.7°(spectrum marked by 
a black bullet), evidenced by the sudden intensity drop at Ep in the spectrum, taken at 
tp = 1.7°. In the following spectrum (tp = 2.3°), the peak is situated at Ep. The lineshape 
can be fitted by a gaussian after subtraction of some background, as shown in Fig. 4.30b. 
The dispersion of the peak for emission angles higher than 2.7°is difficult to discern due to 
the strong intensity of a feature at higher binding energy. Summarizing, these results give 
evidence for an unpredicted Fermi level crossing in the direction TK of the SBZ. Further 
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support of the crossing is obtained from valence band spectra taken at room temperature 

{spectra not shown here). The topology of the hole Fermi surface may therefore be similar 

to that of As. 

4.6.4 Surface Electronic Structure of Sb(IIl) 

In conclusion, the electronic structure of the Sb(lll)-surface is in extensive agreement with 
calculations and experiments probing the bulk band structure. The hole band seems to 
deviate from the bulk band, but the spectra and previous experiments are finally little 
conclusive. In order to establish a complete picture of the shape of the hole Fermi surfaces, 
a Fermi surface mapping with variable photon energy is necessary. On the other hand, 
the observed electron band agrees in location and effective band mass with the precisely 
measured bulk Fermi surface and with band structure calculations. The occupied band 
width is slightly larger than predicted. The origin of the strong DOS feature at EF could 
not be identified. Similarly to the case of Bi, one could invoke an inward-relaxation of 
the surface atoms. As a consequence, the lattice of the surface could approach the more 
distorted As-structure, explaining some apparent changes in the electronic structure. An 
overestimation of the importance of spin-orbit splitting in previous calculations could be 
quoted as second possibility to explain the observed hole Fermi surface. 

4.7 Bismuth and Antimony in Mesoscopic Dimensions 

I will address now the question whether these elements are suitable candidates for photoemis-
sion studies of low-dimensional metals. For such studies, the electron band is certainly more 
interesting than the hole band. In both cases, Bi(IIl) and Sb(IIl), it was found that the 
topology of the electron Fermi surface is preserved at the surface, i.e. it consists of elongated 
ellipsoids with the heavy mass direction roughly along the bisectrix. The electron density at 
the surface is higher than in the bulk, but still very small in comparison to typical metallic 
electron densities. Antimony is probably the better choice for photoemission measurements 
on metallic wires. The necessary dimensions can be estimated to a good approximation from 
the well-known bulk Fermi surface. This yields a lateral wire dimension in the order of 25 
Â, i.e. about 8 inter-atomic spacings, if the wire direction coincides with the bisectrix of the 
crystalline lattice. The band width, much larger in Sb than in Bi, allows the dispersion to 
be followed over a sufficient range in energy and momentum. 



Chapter 5 

Step Potentials on Vicinal Surfaces: 
Barriers for Surface States 

5.1 Short Review of Surface States and Goal of our 
Experiment 

Electronic states are usually obtained by solution of the Schrödinger-equation. If the crystal 
dimensions are taken to be infinite, the momentum of the electrons is a real vector. As 
a consequence of the periodic crystal potential, energy gaps open up between bands at 
the boundaries of the BZ. For energies within these gaps, the Schrödinger-equation has no 
solution. Due to the presence of a bulk termination, new states appear, whose energies lie 
within the gaps, and whose momenta possess a complex component perpendicular to the 
surface. The imaginary part describes the decay of the wave function inside the crystal. If 
the wave function amplitude vanishes inside the crystal, the new states are called "bona fide" 
surface states, if the amplitude reaches a finite value, they are called surface resonances [51]. 
Due to the finite amplitude in the bulk, the latter hybridize with bulk states. Energies and 
wave functions are schematically shown in Fig. 5.1. For the bona fide surface states, it became 
customary to make a distinction between Tamm states and Shockley states, depending on 
the model, which describes the crystal potential and the wave functions near the surface 
[119]. Tamm used a Kronig-Penney model with a boundary [120], a situation, which applies 
to tightly bound electrons like d- and /-like states [32]. He showed that, if the surface 
perturbation is "strong", states split off from the bulk states due to the surface potential 
shift. Some criteria, which are used to define the term "strong" can be found in the review 
of Davison and Levine [119]. For our purpose, it is sufficient to note that Tamm states 
can only exist in bulk band gaps opening up at boundaries of odd-numbered zones [119]. In 
contrast to Tamm's work, Shockley considered a nearly-free electron model [121]. He showed 
that surface states appear, if the potential corrugation at the surface is weak, but the bands 
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enclosing the band gap have certain symmetries. One then speaks of Shockley-inverted band 
gaps with p-like states at the lower and s-like states at the upper limit of the gap (sometimes 
named hybridization gaps [33,122]). 

Solid Vacuum Solid Vacuum 

Surface Resonance 

Surface state 

Bulk state 

Figure 5.1: Schematic representation of surface states and resonances, z is the spatial coordinate perpen­

dicular to the surface. The binding energy of a surface state lies within a bulk band gap (left panel); its wave 

function decays exponentially inside the bulk and in the vacuum and shows a pronounced maximum at the 

surface (right-hand-side). Surface resonances appear due to a resonant enhancement of bulk states at the 

surface. 

Due to their localization in the outermost layers surface states are very sensitive to defects 
or superstructure at the crystal surface. Surfaces cut from a crystal with a small miscut 
from a low Miller index direction, can exhibit large terraces usually separated by monatomic 
steps. The steps are running perpendicular to the miscut direction. This type of surface 
is named vicinal to the low-index surface. Motivation for the study of surface states on 
such surfaces comes from different quarters. Step sites may be catalytically more active 
than normal terrace sites [123.124]. Ferromagnetic thin films on stepped surfaces have been 
shown to yield a fixed orientation of the magnetic moment along the steps ("easy axis1') [125]. 
Submonolayer coverages of metals on vicinal surfaces may lead to the development of atomic 
chains allowing one-dimensional behaviour to be studied [23,65,66]. This, and the hope that 
a regular step array may lead to the observation of one-dimensional surface states associated 
with the step sites [126,127], have helped fuel interest in vicinal surfaces. However, it is only 
relatively recently that the quality of sample preparation necessary to produce convincing 
results has been achieved. This question of sample quality has undoubtedly been helped by 
the development of the scanning tunneling microscope. 

The Cu(100)-surface supports a well known T^mm-type surface state, which is localized in 
the topmost layer. It shows practically no interaction with the bulk states and, consequently, 
the previously measured lifetimes of the photohole are extremely long. The idea of our 



5.2 Surface Mesh and Brillouin Zone 69 

experiment was, therefore, to study the behaviour of this state in a regular step array. 
The step superstructure has been found to be thermodynamically stable on Cu(610) and 
Cu(811) [127], cut at roughly 10°from Cu(IOO) toward [010] and [Oil], respectively. Taking 
into account the geometry of our experiment and the fact that we want to examine the 
electron dispersion perpendicular to the steps, the (610)-surface is employed in this study. 
We will make use of the (811)-surface for comparison only. Of particular interest were the 
lineshape and the existence of split-off states due to the modified surface potential. Most of 
the results presented in this section have been published in Ref. [26]. Similar experiments 
have already been carried out on Cu(410) [128] and recently on Cu(610) [129]. In both cases, 
a peak was found for emission angles corresponding roughly to the M-point of the flat surface, 
shifted by the angular misfit. The peak exhibits no dispersion in the direction perpendicular 
to the step edges [128,129]. It was shown to be the analogue of the Cu(100)-Tamm state. 
Furthermore, in agreement with results from our study, transitions from bulk states have 
been shown not to be affected by the superlattice [33,128,129]. 

5.2 Surface Mesh and Brillouin Zone 

Copper crystallizes in the fcc-structure. We take a non-primitive unit mesh of the (100)-
surface, defined by a square lattice with one atom in the center (Fig. 5.2a). The corresponding 
bulk lattice constant equals a = 3.615 Â along the crystallographic directions [010] (x) and 
[001] (y) [130]. The surface was shown to reconstruct by a slight in-plane contraction of 
about 1-2% with respect to the bulk lattice [131,132], yielding a surface lattice parameter 
a„ = 3.58 Â [131]. The vicinal surfaces (NlO) and (Nil) can be represented as superstructure 
of monatomic steps running along [001] and [011], respectively. The relationship between 
step height h, terrace width w, and miscut angle 7 is given by tan 7 = h/w. Assuming 
h = 1.8 Â (monatomic steps) and 76io = 9.5°, we obtain for the (610)-surface w = 10.75 
Â, or a width of 6 atomic rows. For the (811)-surface (7sn = 10°) this yields w = 10.2 
A or 4 atomic rows. The corresponding surfaces, as seen from the terrace normal [100], are 
displayed in parts (b) and (c) in Fig. 5.2. Note that the steps on the (811)-surface run along 
a close-packed direction of the fcc-lattice. 

Figure 5.3 shows the (610)-surface in a ball-and-sticks model. The surface retains only one 
symmetry plane, (001), which is indicated. Spectra taken with the emission angle lying 
within this plane, correspond to the dispersion of the surface state perpendicular to the 
steps. The surface Brillouin zones are plotted in Fig. 5.4. Symmetry points are given in 
their usual notation (e.g. Ref. [31]). The step superlattice induces new reciprocal lattice 
vectors perpendicular to the step edge direction. The M-point is given on the flat surface by 
the coordinates (0,2^/0,,,0). 
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a) (100) b) (610) c) (811) 

> [001] 

Figure 5.2: Bird's-eye view of the atomic structure of different Cu surfaces; a) Cu(IOO), b) Cu(610), and 

c) Cu(811), as seen from the [100] direction. Unit mesh vectors ai and a3 are indicated for Cu(IOO). Black 

and grey shaded atoms belong to different (lOO)-layers. 

Figure 5.3: Perspective view of the (610)-surface. Crystallographic directions and the (OOl)-symmetry 

plane are indicated. Different colour shading refers to different (lOO)-layers. 

5.3 Sample Preparation and LEED Analysis 

All samples were mechanically polished with diamond paste of grain size 0.25 ft. Prior to 

introduction into the vacuum system they were given a careful electropolishing treatment. 
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a) (100) b) (610) C) (811) 
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Figure 5.4: Surface Brilbuin zones of 3 surfaces: a) Cu(WO), b) Cu(BlO)1 and c) Cu(SH). Lines denote 

the SBZ, dots T-points, common to all surfaces, and crosses reciprocal lattice points of the step superlattice. 

The diamonds represent the projection of the Xno onto the surface, e.g. M for Cu(IOO). 

This removes damage arising from the mechanical polishing of the sample and results in 

a surface requiring minimum in situ treatment. The acid solution used consisted of 63 
vol% ortho-phosphoric acid (concentration 85%). 9 vol% sulfuric acid (cone. 98%), and 28 
vol% distilled water [133]. A voltage of 1.85 V was applied to the samples with respect 
to a Cu cathode. The current density of about 1-1.8 mA/mm2 at the beginning decreases 
and stabilizes after 2 mins at 0.3 mA/mm2. The duration of the electro-chemical polishing 
was limited to about 2 and a half minutes. After that, the surface had mirror finish, and 
the sample was immediately inserted into the vacuum system. In situ, the preparation 
comprised standard sputter (Ar+, 0.6-1 keV. 15-30 mins) and anneal cycles. The annealing 
temperature was higher for the vicinal surfaces (about 650-6700C, 30 mins) than for the 
(lOO)-surface (about 58O0C, 30 mins). Moreover, after the anneal, slow cooling down to 
room temperature (30 mins) turned out to improve the quality of the vicinal surfaces. The 
level of surface contamination was checked by means of Auger spectroscopy and XPS. 

LEED was used to verify the surface structure. From the vicinal faces, clearly split double 
spots were observed, consistent with a regularly stepped surface structure [128,135]. The 
extinction of other superstructure spots is the consequence of the structure factor [51,128, 
135]. An image taken from such a pattern is displayed in Fig. 5.5a. It was shown that analysis 
of the spot profiles (SPALEED = spot profile analysis LEED) can be used to calculate the 
terrace width distribution [134,136]. Lorentzians were fitted to the intensity profiles of 
the split ToM-spot, as shown in Fig. 5.5b. Distance between and width of the spots give 
information about the average length and the regularity of the terraces, respectively. We 
obtain a terrace width distribution of 6±0.5 atomic rows, in agreement with other studies 
[129,137]. Note that the period perpendicular to the steps reflects the terrace width and the 
step height due to the translational symmetry of the surface [135]. The surface disorder can 
be explained by the inherent structure of the rows forming the steps and atomic relaxations 
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Figure 5.5: LEED pattern of the (610)-surface. a) Image taken at 300 K using electrons with kinetic 

energy 89 eV. Steps are running along [00Ï]. b) Intensity profile (dots) extracted from the pattern in (a) at 

the split spot at the top [corresponds to To2o on Cu(IOO)]. The line denotes the fit of two lorentzians [134], 

yielding a terrace width distribution of 6 ± 0.5 atomic rows. 

at the step edges [132]. 
As already mentioned above, the step edges on the (811)-surface correspond to close-packed 
atomic rows, whereas the step structure on Cu(610) is rather "fuzzy". This seems to have 
important consequences for the stability of the surfaces, as the (610)-surface was found to be 
highly unstable against surface damage induced by vuv-radiation at low temperature [27]. 
Deterioration of the surface order was observed as a decrease of the PE signal from the Tamm 
state within some minutes. The corresponding time scale for the (811)- and (lOO)-surfaces 
was considerably longer [27]. Therefore, only spectra from vicinal surfaces, which have been 
taken at room temperature, will be presented. 

5.4 Interfering Electron Waves 

In the following, we will first establish some microscopic picture of the charge arrangement 
at a single step, and then extent this picture to a regular step array. The coordination of 
surface atoms varies as function of the atom position with respect to the step. In a metal, 
the free charge will rearrange around the step sites in order to lower the total electronic 
energy (Smoluchowski-effect, [138]). The potential step is thereby smoothed by the charge 
distribution [138,139]. Electrons moving in the surface plane feel a potential, which is slightly 
higher at the steps and acts as repulsive barrier. Their motion can be described in terms of 
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reflection and transmission coefficients at these barriers [140]. The partial reflection of the 
wave leads to interference effects which can be well observed as ripples of the charge density 
in STM measurements [141,142]. One might argue as well in terms of electron hopping. The 
hopping probability across the step is lower than that between two neighbouring sites on 
the flat surface. As a consequence, the band width will be decreased, whereas the average 
potential will be increased. Assuming a free-electron like parabolic dispersion, this leads to 
an overall shift of the dispersion towards higher energy [143,144] and to an enhancement 
of the effective mass. This general trend has been confirmed in various experiments. For 
example, if we take the width of the surface state, as observed in photoemission spectra, to 
be indicative of the step density [136], then one finds indeed a strong correlation between 
width, binding energy, and effective mass of surface states [136,145]. 

Reconstruction [146] or angular miscut of surfaces [147,148] may induce an array of equidis­
tant monatomic steps, separated by large terraces. Electrons, moving in the direction per­
pendicular to the steps, are therefore submitted to a potential with two different periodicities. 
The atomic potential on the terraces corresponds to the potential on the fiat surface and 
determines the "unperturbed" electron motion in the surface layer. The second period is 
given by the potential corrugation due to the steps. The Kronig-Penney model [1,97,149] has 
been invoked to explain the modulation of the electron wave function by the larger step pe­
riod [140,141,146,150]. In this picture, the steps represent rather permeable barriers allowing 
contributions to the wave function from adjacent terraces to be coupled by the transmitted 
part of the electron waves [150]. As a consequence, surface state bands are folded back by the 
new reciprocal lattice vector due to the superstructure [137,146,151]. Calculations carried 
out for clean and adsorbate-covered vicinal surfaces confirm this view [152]. The authors 
of this study suggest that no total confinement of surface state electrons is feasible within 
artificially made structures. 

Although such simple models seem to describe the physics of electron confinement, a subtle 
problem has to be solved concerning the fundamental relationship between the translation 
vectors of the surface and the Bloch wave vector of the electrons. Invoking the translational 
symmetry and referring to section 5.2, the wave vector has to refer to the macroscopic surface. 
In the limit of large terraces, however, we have to come back to the flat surface, where the 
wave vector lies within the terraces [140-142,153]. In early photoemission experiments, it 
was realized that the surface states have to be associated with either the terraces or with 
the macroscopic surface, depending on the terrace width [154,155]. Recently, Ortega and 
co-workers elucidated this point in a systematic photoemission study of vicinal surfaces, 
covering several miscut angles [156]. A critical angle was found at which the "states switch 
their character". It is interesting to note that the corresponding terrace width does not 
coincide with the lateral coherence length of the surface state wave function, estimated from 
previous work on the corresponding flat surface [136]. 
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5.5 The M-Tamm State on Cu(IOO) 

At the M-point of the SBZ of Cu(IOO), the bulk d^-band reaches a local minimum in binding 
energy (2 eV). x and y are here rectangular coordinates from the origin to the corner atoms 
of the fee unit cell, as defined in section 5.2. The effective band mass is negative at M1 and 
the band encloses a 4 eV-wide absolute band gap with an unoccupied sp-band (Fig. 5.6a). 
M is amongst others the projection of the bulk Xn0-point onto the (lOO)-surface (Fig. 5.6b), 
the latter lying at the intersection of two Bragg-planes, (100) and (010). This location 
favors the appearance of a split-off d^-state, localized within the topmost surface layer of 
Cu(IOO). As a consequence, a Tamm state appears about 200 meV above the parent dxy-
band, dispersing with negative effective mass (m* ~ — 2m0) along TM [157]. In Fig. 5.7a. a 

B.) (100) surface r M 
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Figure 5.6: a) Surface electronic structure of Cu(IOO). The gap in the projection of the bulk band structure 

is bounded by the hatched area. The line with the data points denotes the dispersion of the Tamm state Si, 

the dashed line is the result of an earlier calculation (taken from Ref. [157]). b) Out through the bulk mirror 

plane TXWK in the extended zone scheme and projection (dashed lines) of the bulk V- and Xuo-points onto 

the (lOO)-surface (horizontal thick line above). -Xno corresponds to the symmetry point M of the surface. 

series of spectra, taken previously with Hel-photons along the rM-line of the SBZ, is shown. 
8 = 62° corresponds to emission from the M-point (work function ¢=4.59 eV [32]). The 
symmetry of the Tamm state wave function with respect to the mirror plane is odd, i.e. 
the state is observable in a PE experiment using s-polarized light. A spectrum, taken with 
s-polarized light (HeI, 10 K) from M is depicted in Fig. 5.7b. S1, Bi, and S2 denote the peaks 
of the Tamm state, the parent bulk band, and a second surface state within the spin-orbit 
gap [158]. The binding energy of the Tamm state is lower by 200 meV than that of the 
parent bulk band. 
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Figure 5.7: Left panel: ARUPS data from Cu(IOO) alongVM at 60 K, taken with unmonochromatised HeI-

light. Note that these spectra have been taken from another sample (D. Purdie, 1995, unpublished results). 

Between 4G*and 72°, angular steps are S°. Right panel: data from Cu(IOO), taken at 9 = 62° with s-

polarized HeI radiation. The spectrum was recorded at 10 K. The labels of the peaks are referred to within 

the text. 
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Figure 5.8: The M Tamm state on Cu(IOO) measured at SO K with s-polarized Hel-photons (dots). The 

fit to the data (see text) gives a lorentzian peak of FWHM 7 meV (line). 

Due to the special symmetry of the M-point, electron states in adjacent layers are expected 

to decouple, excluding in particular any interaction of the Tamm state with the bulk [159]. 

The Tamm state is thereby perfectly localized within the topmost surface layer. As further 

consequence of the symmetry, the photohole, created in this band, possesses a rather long 
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lifetime and is observed as extremely sharp lorentzian peak in the PE spectra. Linewidths 
between 23 meV [158] and 50 meV [160] have been reported in earlier studies. In a recent 
study a value of 13 meV has been deduced by extrapolating to 0 K and taking into account 
the energy resolution of the spectrometer [136]. Figure 5.8 presents our measurement of 
this state obtained at 10 K from a freshly prepared surface and with an angular resolution 
of ±0.5°. The peak has been fitted to a lorentzian function convoluted with a gaussian 
of 5 meV FWHM. representing the analyser contribution. The FWHM of the lorentzian 
extracted from this fit (Fig. 5.8) is 7 meV, corresponding to a hole lifetime of 100 fs [27]. 
Kevan et a/.suggested that the Tamm state penetrates far into the bulk in order to explain 
an apparent discrepancy between the calculated and experimentally found binding energy 
[122], Spin-orbit coupling could weaken the symmetry at M and render this process possible 
(see also the discussion in Ref. [128]). More recent fully relativistic calculations, however, 
obtained very good agreement with the measured dispersion [161]. The authors state that the 
surface state is localized solely in the topmost surface layer. In the PE spectra, computed in 
the same work using a non-relativistic code, the surface state is well reproduced, emphasizing 
the insignificance of spin-orbit coupling". Moreover, the extremely narrow line shown in 
Fig. 5.8 corroborates the lack of hybridization. It is interesting to note that the existence of 
a quasi-particle with a lifetime corresponding to about 100 fs and an energy of E — EF s» 
-1.8 eV is merely explicable by Auger decay or thermalization by phonons. 

5.6 Dispersion Parallel and Perpendicular to the Step 
Edges: Cu(610) 

All spectra presented here were taken with the reflection plane (001) corresponding to the 
principal measurement plane (Q-direction). Parallel to the step direction, the dispersion was 
mapped using the second detector dimension (^direction). Sample temperature was 300 K1 

unless otherwise stated. The work function was found to be 4.69 eV, somewhat higher than 
that of the flat surface, in agreement with results of Wang et al. [137]. 
Figure 5.9a shows a series of spectra recorded from Gu(610) at different emission angles in the 
downhill-direction. Approximate identification of the majority of the peaks can be made with 
reference to the well documented photoemission features of Cu(IOO) (see preceding section): 
Bi is part of the Cu bulk band structure; peaks Si and S2 are both surface features, the 
first being closely related to the Cu(IOO) M Tamm state, and the latter corresponding to a 
Shockley state which exists in a spin-orbit induced band gap on Cu(IOO) [158]. An analogous 
state on Cu(IOO) can not be found for the peak Ss, and this will be addressed further below. 

"The second surface state S2 is only reproduced including relativistic effects due to its position within a 
spin-orbit gap. 
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Figure 5.9: a) A selection of HeI ARUPS spectra taken in the downhill direction in the mirror plane of 

Cv1(GlO). The emission angle is given with respect to the normal of the macroscopic surface (see inset in the 

upper right corner of the figure). The peak designations are referred to in the text. Apart from the bottom 

two spectra, the angular difference between spectra is S3. b) HeI ARUPS data from Cu(GlO) and Cu(IOO) at 

the angle of electron emission where the surface state is at its closest approach to the Fermi level. 

The presence of a regular step structure is seen to affect Sib. Figure 5.9b shows ARUPS 
spectra from Cu(IOO) and Cu(GlO), measured at the emission angle where the Tamm state 
has its lowest binding energy. This comparison highlights two important points. The first 
of these is that the peak position is clearly shifted by 40 meV to higher binding energy on 
the vicinal surface. The second point concerns the angle at which Si has its lowest binding 
energy position on Cu(610), 47° in the downhill direction. The difference between this angle 
and that at which the Tamm state is measured at M on Cu(IOO) (62° for HeI) does not 
correspond to the miscut of the vicinal surface. The microscopic picture of Cu(610) simply 

bAlthough the Shockley state S2 is also affected by the step structure, because of its presence inside the 
bulk d-bands its dispersion can only be followed over quite a limited range. 
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being composed of (100) terraces is not adequate, therefore, and the whole macroscopic 

surface must be considered in its unity. 

(610) surface r„ r„ ... 

-+.[160] 

Figure 5.10: The surface Brillouin zone of Ou(OlO) and its relation to the TXWK mirror-plane of the 

bulk Brillouin zone of copper in the extended zone scheme. The projection of the bulk Xuo-point onto (610) 

corresponds to kn=1.4$ Â~*. 

On Cu(IOO), the Tamm state is associated with a gap in the Cu bulk band structure existing 
at the symmetry point Xn0. As illustrated in Fig. 5.10, the projection of the appropriate 
Xuo-point onto Cu(610) lies at fc||=1.43 A - 1 , corresponding to an emission angle Q = 47° 
for Hel-photons. In the uphill-direction, the projection of X,y0 onto the (610) surface is 
fcj|=-2.02 Â - 1 . thus not accessible for Hel-excitation. Using Hell-photons, the minimum in 
binding energy is indeed found at -2.08 Â - 1 (0=-44°). 

Further evidence of the effect of the step super-structure on the surface state is obtained by 
plotting out the dispersion curve, E(k\\), for Si. This is done in Fig. 5.11a. In this figure 
the values of fy are calculated with respect to the macroscopic (610) surface, an imposition 
required by the observation that Cu(610) cannot simply be considered as a combination of 
Cu(IOO) surfaces. The data points presented were obtained from the HeI photoemission 
spectra of Fig. 5.9(a), although the corresponding data points from HeII photoemission 
spectra (not shown) fall on the same dispersion curve, providing further confirmation of the 
surface nature of Si. The most immediately striking aspect of the Si dispersion curve is the 
reduction in the band width compared to that of the analogous Cu(IOO) Tamm state. The 
band width of Si is ~50 meV, as compared to ~200 meV for the state on Cu(IOO) over the 
same k range [158]. This we take to be a signature of gap opening at the step superstructure 
zone boundary, something which is supported by the period of the dispersion curve. The 
separation of the two curve minima is 0-58 A - 1 , which corresponds to the reciprocal lattice 



5.6 Dispersion Parallel and Perpendicular to the Step Edges: Cu(610) 79 

a) b) c) 

1.0 1.2 1.4 1.6 1.8 -n/d it/d1.0 1.2 1.4 1.6 1.8 
kll ( M Wave Vector k„ (A"') 

Figure 5.11: Dispersion perpendicular to the step edges, a) Experimental results Effcy) for the state S3 on 

Cu(610) (triangles]. The dispersion of the state Ss is also shown (circles). Dashed-dotted vertical lines denote 

the center and the border of the SBZ. b) Schematic band structure showing the effect of a one dimensional 

potential on a free electron of negative effective mass. The energy gaps at the zone border are given by 

the Fourier components of the step potential UG- C) Result of the tight-binding calculation for Cu(OlO); 

parameters are taken from Réf. (I6êj. The gap between the bands (s=l) and (s=2) is denoted by vertical 

dashed lines. 

vector of the step superstructure. Observation of the step periodicity in Sj indicates that 
electronic states are interacting across the step edge. Put another way, the confinement 
of state Si between the steps is not complete, in accord with previous calculations [152] 
and experimental results [137,150,151]. Around the point of minimum binding energy, the 
dispersion can be fitted with a parabola, yielding an effective mass of about -4.2 Tn0. 
We note that the effect of the periodic step potential provides an explanation for the state Ss 
[Fig. 5.9a]. Figure 5.11b shows schematically the dispersion of an electron band with negative 
effective mass. The introduction of new zone boundaries, such as those created by a regular 
step structure, causes gaps to open as illustrated and, in a reduced scheme, the appearance 
of back folded bands. A comparison of the E(k\\) relation for Ss given in Fig. 5.11b with 
the schematic band diagram suggests that the peak may originate in the surface band back 
folded by the reciprocal lattice vector of the step super-structurec. The middle band of the 
three shown would be obscured by the bulk band structure. Recently, the dispersion of the 

This band structure was produced using the Kronig-Penny model, as given by Singh [149], with an 
arbitrary potential strength. Output of this model are usually transmission coefficients and phase shift of 
the wave function across the barrier [1,97). 
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Tamm state on vicinal surfaces has been computed within the tight-binding scheme [162]. 
The hopping integrals for hopping.between terrace sites and across a step were estimated 
from two-center integrals [103]. Results of this calculation are displayed in Fig. 5.11c for 
Cu(610). The dispersion of the Si-state is clearly reproduced (s=l), but the energy shifts 
due to confinement are overestimated, when compared to experimental data [26,129], as well 
as the gap at the zone boundary between the (s=l) and (s=2) bands. The band labeled 
(s=2) should correspond to the state Ss in our nomenclature. According to Beckmann et 
al., this overestimation results from the neglected change of the atomic potential at the steps 
owing to reduced coordination and charge neutrality [162]. 

-2.3 -2.2 -2.1 -2.0 -1.9 -1.8 -1.7 k, (A') 

Energy (eV) 

Figure 5.12: Surface state dispersion parallel to the step edges, a) Spectra, taken with Hell-photons 

perpendicular to the mirror plane (angles tp are given). Symbols indicate the position of the peak maxima. 

The emission angle within the mirror plane was Q = 25°, thus close to the point of minimum binding energy. 

b) Dispersion of the peak maxima in the spectra, shown in (a), vs wave vector k£ar along the steps. Data 

points are added, extracted from Hell-spectra around the point of minimum binding energy in the uphill-

direction, 9=-^5°. The line denotes the parabola resulting from the fit (see text). 

Finally, we can make use of the second detector dimension in order to map the dispersion of 
the Tamm state parallel to the step edges. Since the range in emission angle, which can be 
covered in this mode, is limited, the spectra are taken with Hell-photons, accepting a worse 
resolution in angle. A selection of spectra, taken at 0 = 25° for various emission angles (p 
perpendicular to the symmetry plane (001), are shown in Fig. 5.12a. The peak dispersion, 
marked by symbols in Fig. 5.12a and plotted in part (b) as function of the wave vector 
H° r , exceeds 130 meV, even in this small range in fcT"". The band width is, therefore, much 
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larger parallel to the steps than perpendicular, giving evidence for an unperturbed motion 
on the terraces parallel to the step edges. Using a parabolic function to fit the dispersion in 
Fig. 5.12b. an effective mass of rri* as — 2m0 is found as for the flat (lOO)-surface. The same 
behaviour can be seen in Hel-measurements along [001], i.e. parallel to the step edges, after 
re-orientation of the sample. The band bottom is shifted to higher binding energy, and the 
effective mass of Si found for Cu(610) is again -2 m0. Surprisingly, the second surface state 
Sg could not be observed in the Hell-excited spectra. The reasons for this are still not clear. 

5.7 Lineshape Analysis and Comparison to Cu(811) 

k)| (A'') Energy (eV) 

Figure 5.13: Peak broadening due to electron confinement on Cu(GlO). a) Experimental peak dispersion 

(triangles) of the S\ -state; error bars indicate the energy at half maximum intensity of the asymmetric peak 

shape. Calculated peak dispersions (162) (shifted by +SOmeV) are added as lines for surfaces (610), (5.51 0), 

and (6.5 1 0), corresponding to the finite terrace width distribution, b) Calculated line shapes (lines) using 

the measured terrace width distribution, together with experimental data (dots) for k\\ corresponding to band 

extrema (see text). The spectra have been corrected for background intensity. 

Using again the tight-binding calculation of Beckmann et al, the line shape of the surface 
state can be computed [162]. In this model, the shift in energy of the surface state results 
from the smaller hopping probability across the steps. A small terrace size, and consequently 
a high step density, results in large energy shift. Broadening therefore arises from overlap 
of contributions from terraces of different size. This is sketched in part (a) of Fig. 5.13: 
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the measured peak dispersion is plotted together with the calculated dispersion on terraces, 
which are 5.5, 6, and 6.5 atom rows wide. For the sake of convenience, the theoretical curves 
have been shifted by 30 meV towards Ep. The peaks at the band extrema have a pronounced 
asymmetry with the larger tail towards the center of the band, visualized by error bars, which 
indicate the energy at half maximum intensity (Fig. 5.13a). Continuing with the analysis 
within tight-binding, Beckmann et ai obtain an expression for the peak shape, given as 
imaginary part of a function g(u), which is defined by the following integral [162]: 

- O O 

Here, 7 denotes the natural line width of the surface state, as measured on the flat surface, 
V(L) gives the terrace width distribution, and Ew(L) describes the shift in energy of the 
surface state due to confinement on a terrace of width L. We note that the life time is 
still given by 7, i.e. the broadening of the peak shape is due solely to non-lifetime effects 
in this model. Using EN(L) from Ref. [162], 7=16 meV (at 300 K), and V(L) from the 
LEED-analysis described above, we can compute the peak shape without further fitting. 
The results are superimposed to experimental data in Fig. 5.13b for k\\ corresponding to 
two band extrema, i.e. 0=47°and 65°. The experimental spectra have been corrected for 
background, and the calculated spectra have again be shifted by 30 meV. The agreement is, 
at least qualitatively, satisfactory for both spectra. Even better agreement was obtained by 
use of the Kronig-Penney model as done in the previous analysis, Ref. [26], The confinement 
shift was used there as fitting parameter. However, the values obtained for EN(L) were 
too high to be justified by confinement of the surface state between monatomic steps (see 
discussion in Ref. [162]). 

At the end of this section, the spectrum taken from Cu(SIl) at the point of minimum binding 
energy will be analysed. The emission angles, corresponding to the projection of Xn0 onto 
the (Sll)-surface, are O « 50° and ip ^ 8° . To reach this point with our experimental 
setup, the use of a wedge underneath the sample was necessary. It has been checked that the 
projection of X n 0 coincides with the point, where the surface state has minimum binding 
energy. The spectrum is shown in Fig. 5.14, superimposed to the equivalent spectrum taken 
from Cu(610) (0 = 47°). This comparison highlights two important points. The shift in 
energy with respect to the fiat surface is larger for Cu(811) than for Cu(610). This might be 
expected since the step edges correspond to a close-packed direction of the fcc-lattice. The 
confinement is therefore more complete than on the (610)-surface. The second point of note 
is the line width, found to be 55 meV for Cu(811), which has to be compared to 40 meV on 
Cu(610). Following the analysis within the confinement model, this is reasonable, because 
a larger confinement shift results in larger broadening, if the terrace width distributions are 
comparable [162], Unfortunately, the latter could not be measured for Cu(SIl), because the 
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Figure 5.14: Photoemission spectra, taken from CM(SIQ) (dots) and Cu(SIl) fiine] at the respective -Vno-

points. The spectra have been normalized to the same maximum intensity for S1. 

CCD-camera system was not at hand when the measurements were carried out. 

5.8 Summary: Superlattice Effects 

The following picture emerges from our results. The surface state observed on Cu(610) is 
analogous to the M Tamm state of Cu(IOO). Its energy position is determined by the degree 
of confinement on the terraces. This localization is not complete and the spatial extent 
of the state is greater than the average terrace width. The surface state is related to a 
particular X symmetry point of the bulk reciprocal lattice, and its momentum is determined 
by the surface projection of this point. This statement is valid for all surfaces investigated 
here, i.e. Cu(610), Cu(811), and Cu(IOO). The dispersion of the surface state reflects the 
step-induced superlattice. The surface state wave function can be pictured as superposition 
of propagating waves, which are partially reflected at and transmitted through the potential 
barriers at the step edges. The back folded bands fall into the projected bulk band DOS, 
reflecting a hybridization of the surface state with bulk states. 

A tight-binding scheme was shown to provide the basic physics of stepped surfaces, but 
self-consistency and inclusion of the charge rearrangement at the step sites in the calculation 
are required in order to improve agreement with experimental data. Finally, the asymmetric 
broadening of the surface state peak shape arises solely from confinement shift due to the 
non-uniform terrace width distribution, and is therefore a non-lifetime effect. 



Chapter 6 

Electron-Phonon Coupling: Be(OOOl) 

Up to now, we have seen how superstructure lattices influence the line shape, dispersion, 
and lifetime of electronic excitations. In this chapter, we will go one step further including 
many-body effects. As example serves the well-known T-surface state on Be(OOOl). After a 
short survey of the bulk and surface properties of Be, and of the experimental procedure, 
the photoemission results will be shown and compared to many-body calculations. Large 
parts of this chapter have been published in Refs. [28,29]. 

6.1 Beryllium Bulk Properties 

!»•WM 

Figure 6.1: Left panel: hep-lattice with S atoms per unit cell. Right panel: BZ of the hep-lattice; the 

main symmetry points are indicated. Above the BZ, the SBZ of the (OOQl)-face is shown, together with the 

projection of the symmetry planes. TK corresponds in real space to the nearest-neighbour direction within a 

(OOOl)-plane. The distance TK of the SBZ is about 1.8 A~'. 

Beryllium (No. 4 of the Periodic Table of Elements) is an alkaline earth metal, iso-electronic 

85 



86 Electron-Phonon Coupling: Be(OOOl) 

to Mg1 which is considered as "simple metal" [I]. It crystallizes in the hexagonal close packed 
(hep) structure with 2 atoms per unit cell {left panel in Fig. 6.1). The lattice constants are 
a = 2.28 Â and c = 3.582 Â [163]. thus a c/a ratio of 1.57. somewhat smaller than the 
value of 1.63 for an ideal hep-lattice (164]. The corresponding Brillouin zone (BZ) is shown 
together with the BZ of the (OOOl)-surface in the right panel of Fig. 6.1. The main S3'mmetry 
directions of the (000I)-SBZ axe indicated. 

a) Bulk Fermi surface b) Bulk density of states 

holes 
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Figure 6.2: Electronic properties of bulk Be. a) Fermi surfaces: ring-like corona of the holes and one 

quasi-ellipsoid at each corner for the electrons (from Ref. [165}). b) Density of states in comparison to the 

free-electron model (square-root function). Note that EF lies in a dip of the DOS; the corresponding DOS 

value (indicated by a vertical grey line) is lower by a factor of 4 than that of the free-electron model (from 

Ref. [1631). 

Since the atomic electron configuration is a closed s-shell ls22s2, the metallic behaviour is 
dominated by the fraction of 2s-electrons promoted into 2p-states [164]. This leads to strong 
deviations from the free-electron model, reflected in a complicated Fermi surface topology 
and in a very low density of states at EF [163,166], plotted in Fig. 6.2. Due to the low 
number of states participating in the low-energy properties Be is a very poor conductor. It 
is beyond the scope of this work to enumerate all the unique properties of Be, which can 
be found e.g. in Refs. [163,164,166], but we note en passant the unusually high Debye 
temperature of bulk Be (about 1400 K) and the weak electron-phonon coupling constant 
X = 0.23a, estimated from the superconducting transition temperature [163]. Photoemission 
experiments from Be bulk bands show good agreement with band structure calculations, 
only if the electron-plasmon interaction is accounted for [167,168]. 

"This coupling parameter X. will be defined later. 
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6.2 The "Specimen": Exotic Behaviour at EF 

Be is an almost paradigmatic example of a solid whose surfaces "live their own lives". 
The widely studied (lOlO)-surface, for instance, exhibits strong relaxation of the surface 
atoms [169], and the electronic response is dominated by a surface state at the border of 
the SBZ [153,170-172]. The (OOOlJ-surface of Be does not reconstruct, but drastic modifi­
cation of the properties with respect to the bulk can be anticipated from the reduction in 
coordination at the surface. Low-energy-electron diffraction (LEED) measurements reveal 
large deviations of the inter-planar spacing at the surface compared to the bulk. Large val­
ues for the mean square displacement and thermal expansion are also unveiled [173], and 
all of these physical parameters are well described by density-functional theory [174]. The 
surface phonon modes investigated by electron-energy-loss-spectroscopy (EELS) could only 
be reproduced by calculations which assume substantial variations of the nearest neighbour 
force constants, inducing in the surface layer a reduction of the inter-planar bonding and an 
increase of the in-plane bonding [164,175]. A detailed calculation of the electronic structure 
of Be(OOOl) [176] predicts the existence of surface states in large gaps of the projected bulk 
density of states (DOS), in good agreement with angle-resolved photoemission data [177,178]. 
The charge density originating from the surface states is essentially localized within the first 
two layers [176,179] (Fig. 6.3) and dominates the DOS at Ep by a factor of four over the bulk 
density. As a consequence of the valence charge redistribution at the surface, the binding 
energy of the Is core level, which probes the local charge density [179], is shifted with respect 
to its bulk value. Four distinct components resolved by x-ray photoemission spectroscopy 
could be related to emission from layers at different depths below the surface [180-182]. 
Finally, the electron inelastic mean free path of 2 Ä at low kinetic energies (10-40 eV) is 
anomalously small compared to about 10 Âof the universal curve due to a high electron-hole 
pair and/or surface plasmon creation rate [183]. 

The T-surface state of Be(OOOl) is widely decoupled from the bulk states and forms a 
nearly-ideal 2-dimensional (2D) electron gas on a poorly conducting substrate. The al­
most isotropic parabolic dispersion of the state is fitted with an effective mass which varies 
between 1.17 [164] and 1.53 [178] times the electron rest mass. The Fermi circle of the surface 
state has a radius of 0.93A-1, corresponding to roughly half the distance TM of the surface 
Brillouin zone (SBZ). In a recent scanning tunneling microscopy (STM) study, the surface 
image obtained for small bias potential showed a complex pattern of electron density waves 
resulting from scattering at impurities and defects [184]. These so-called energy-resolved 
Friedel oscillations are now well understood and can be used to map out the dispersion of 
the surface states involved [141,142,185,186]. As an example, the pattern obtained for small 
bias voltage (i.e. collecting electrons from Ep) is shown in Fig. 6.4 together with its Fourier 
transform into reciprocal space. The Fourier transform maps perfectly the FS of the surface 
state, if one takes into account that this method always measures twice the wave vector of the 
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a) Charge distribution b) Band structure - Be(OOOI) 

Figure 6.3: Properties of the V-surface state on Be(OOOl). a) Charge distribution of the surface state, 

projected into the (1120)-plane of the crystal. The vertical axis corresponds to the [OOOlj-direction; note the 

inter-planar spacing between the two topmost layers 1 and S, larger by 6% than the bulk value, b) Bulk band 

structure projected onto the (QOOl)-surface (hatched area); the thick solid line denotes the T-surface state, 

dashed lines other surface resonances (both figures from Ref. [176]). 

a) STM measurement b) Fourier transform into k-space 

Figure 6.4: Energy-resolved friedet oscillations on Be(OOOl), as measured by means of STM. a) STM 

pattern in real space, recorded at 150 K; only electrons from the Fermi level are collected (from Ref. [184}). 

b) Fourier transform of such a pattern into reciprocal space; sketch of the SBZ with the FS of bulk and surface 

states on the left, and the transformed pattern on the right. The measured circle is identical to the FS of the 

V-surface state (thick line) [taken from Ref. [186]}. 

electrons involved [186]. This means that the surface state clearly dominates the electronic 

response. However, the Be study exhibits two exceptional features: the amplitude of the 

electron density waves near Ep is huge when compared to observations made on other sur­

faces [141,142], and this amplitude decreases dramatically by orders of magnitude for larger 
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bias voltage. The authors propose an enhancement of the DOS at EF due to electron-phonon 
coupling, or else, an accumulation of states due to the opening of a gap, to be responsible 
for the strong amplitude at EF- The latter requires the pinning of the Fermi energy at the 
lower edge of the gap [184]. The formation of a charge density wave (CDW) was suggested 
as driving force for the gap opening. Such a CDW phase transition should occur at higher 
temperature than 150 K, where the STM-measurements were carried out. 

Very recently, an electron-phonon coupling parameter of A = 1.15 was extracted from a 
photoemission study of the temperature dependence of the surface state linewidth [187], 
thus five times the bulk valueb. The authors claim this to be a possible indication for 
the existence of surface superconductivity with a high critical temperature. Summarizing, 
both, STM and photoemission experiments, suggest the occurrence of a quite unconventional 
mechanism modifying dramatically the nearly free electron behaviour of the surface state 
near EF-

Before entering the description of our experiment, it is worth to see what is to be expected 
in the case of a CDW-formation or a metal-superconductor transition. A CDW introduces 
a new reciprocal lattice vector at 2kF, which causes the opening of a gap at EF- The 
electronic energy gain due to the gap stabilizes the phase transition [H]. In photoemission 
spectra, the gap can be observed as a depletion of spectral weight at Ep in line with an 
accumulation of weight at the low-energy edge of the gap. Such gaps, or pseudo-gaps for 
only partial depletion [189], were already observed with photoemission [17,190,191] and 
inverse photoemission [192], Spectra of sodium [193], were claimed to be signature of such 
behaviour [194], but these results are subject to very controversial discussion [195-197]. We 
note that the gap could be anisotropic, but this should be rather improbable in the case of 
the isotropic F-surface state on Be(OOOl). As second evidence for a CDW transition, the 
LEED pattern may exhibit additional spots due to the new reciprocal lattice vectors induced 
by the CDW. The case of superconductivity is much clearer. An example of a line shape 
observed with photoemission at and below the transition temperature is given in Fig. 6.5. 
The depletion of spectral weight at EF in the superconducting phase is signature of the gap. 
Based on an electron-phonon coupling strength of A = 1.15. Balasubramanian and co-workers 
estimated the critical temperature to be 70 K for the Be-surface [187]. The real value should 
be smaller than stated, since the appropriate formulae for the strong-coupling limit have to 
be taken [202], However, according to the BCS-theory of conventional superconductivity, 
this would correspond to a gap of A = 1.76 kBTc = 11 meV at T = 0 or of A(12 K) « 10 
meV [1] for the temperature which can be reached with our equipment. Since the excitation 
of a photoelectron corresponds to the breaking of a Cooper-pair, we should observe a gap of 
the order of 10 meV and the concomitant QP peak in the spectra. 

bThe value has been meanwhile corrected for an error in the original analysis. It yields X = 0.8 [188]. 
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Figure 6.5: Photoemission spectra, taken from the high-temperature superconductor BISCO (Tc Ä 90 K) 

at (top spectrum) and below the transition temperature (bottom spectrum). The well-known line shape in the 

superconducting state (e.g. (198-201}) exhibits a famous "dip" at the low-energy tail of the strong QP-peak 

(arrow) and no spectral weight at Ep, indicative of the gap (K. Breuer, U Neuchâtel, unpublished results). 

6.3 Sample Preparation 

The sample was mechanically polished (diamond grain size 0.25 ft) and cleaned in situ by 
cycles of Ar+ sputtering (1.5 keV) and annealing. Sputtering at elevated temperature (850 
K) was found to be particularly efficient to remove oxygen, whereas carbon could be removed 
by sputtering at room temperature. The annealing temperature was slightly lower (800 K) 
and the subsequent cooling to room temperature has been done very slowly (over 30 mins). 
Typically, one sputtering cycle was necessary each day because of contamination by oxygen. 
After the treatment, contamination lines (carbon and oxygen) were barely discernible in 
Auger spectra recorded with highest sensitivity, yielding a contamination level of less than 
0.3% with respect to the Be Auger lines. As expected, a sharp hexagonal LEED pattern was 
observed. 

For the PE experiment, the sample was oriented with the measurement plane corresponding 
to emission from wave vectors either along the FM-line or along the TK-line of the SBZ. 
The angular resolution turned out to be the crucial experimental factor. For the variable 
polar angle, where the dispersion is fast, we estimate the resolution to be 0.2°. For electrons 
emitted from Ep by Hel-photons this corresponds to Afcjj « 0.009Â-1 (¾ 0.014Â-1 for 
Hell-photons). In the perpendicular direction, tangential to the constant energy curves 
of the surface state, the resolution is less important and was fixed electronically to 0.5-1° 
(Ait,, < 0.036Â"1 for HeI or 0.055 Â"1 for HeII). 

The peak of the surface state at T was measured with a linewidth of about 340 meV, 
indicating an excellent surface quality, if compared to data available in literature [178,187], 
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The wave function symmetry is even under reflection at the mirror plane [177]. In the 
following, all spectra presented are therefore taken using p-polarized light, unless otherwise 
stated. 

Using the capillary lamp as light source, the sample surface was found to be stable for at 
least 15 mins under constant vuv-illumination at low temperature. As already discussed, this 
time limitation is due to radiation induced surface damage [27,203], and the surface order 
can be restored by one annealing cycle (about 1 hr including warmup and cooling). Using 
the monochromatised source, the time scale was considerably longer, allowing reproducible 
spectra to be taken during 3-4 hrs. 

6.4 Experimental Results 

In Fig. 6.6, a set of spectra is shown, covering the whole band dispersion of the T-surface 
state along TM. The spectra were recorded with Hel-photons from the unmonochromatised 
source and the sample held at 60 K. An analysis yields the following band parameters for 
FM (PK, spectra not shown): a parabolic dispersion with an effective mass of 1.19 (1.14) 
times the electron rest mass, and a Fermi wavevector of 0.924Â-1 (0.90Â-1). The occupied 
bandwidth was found to be 2.73 eV, in good agreement with published data [177,178]. 
Within our experimental accuracy, the general trend of the measured dispersion curve E(k\\) 
of the surface state is unaffected by the sample temperature in the range 12 - 300 K. This 
allows a direct comparison of equivalent spectra recorded at different temperatures. One 
remarkable trend can be pointed out in this set of spectra: upon increasing the emission 
angle from normal emission towards fcp, the maximum intensity of the peak diminishes 
and the linewidth becomes larger. This is essentially due to the increasing slope of the 
dispersion curve in line with the minor angular resolution employed [37]. Close to kF , 
however, we observe a steep increase in intensity instead of a continuous decrease, suggesting 
an enhancement of the DOS at Ep, reminiscent of the results of the STM measurements 
mentioned above [184]. We will focus our attention now to the energy region near EF- Figure 
6.7a shows a set of data in a narrow k range near the Fermi level crossing, taken with Hel-
photons (left panel). The relative intensities are normalized to the measurement time, and 
spectra are labeled by emission angles with respect to the surface normal. From the bottom 
of the figure, the first two spectra, © = 23.7° and 24.7°, have the expected form and evolution 
for a surface state moving toward Ep. This trend can still be recognized in the following 
two spectra, G = 25.2° and 25.7°, but a new weak structure emerges around 60 meV. The 
relative intensity of this new feature becomes important in the next spectrum, 6 = 26.2°, 
and finally dominates completely the spectral function at kp (G = 26.7°), obtained from the 
extrapolation of the full dispersion curve of the conventional surface state. This extrapolation 
is allowed since an isotropic Fermi surface is not altered by interactions [46]. For wave vectors 
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Figure 6.6: Photoemission spectra of the V-surface state on Be(OOOl) showing its parabolic dispersion along 

TM. The spectra were recorded with unpolarized Hel-photons at 60 K. 0° corresponds to normal emission, 

and the angular resolution is 1°. The difference in angle between two neighbouring spectra is £.5°. 

larger than kp (0 > 26.7°), the peak remains pinned at Ep with a rapidly decreasing 
intensity. The same lineshapes can be observed around — kp (spectra not shown) and in the 
corresponding spectra excited with HeII-radiation (Fig. 6.7b). The latter are broadened due 
to the worse resolution in k at higher electron energies. 

In order to better characterize the narrow peak, we measured spectra with maximum resolu­
tion in energy and angle in the small energy range of 140 meV (Fig.6.8). These data clearly 
show the weak dispersion of the peak reaching Ep in the spectrum for 0 = 26.7°. For k > kF, 
the lineshape remains unchanged, whereas the amplitude decreases and an intensity excess 
above EF is observed (0 = 27.2°). The true peak position in the spectra at k > kp cannot be 
observed due to the cut-off by the Fermi function, but it can nevertheless be anticipated that 
the excess in intensity above Ep and the shape of the peak indicate that the maximum lies 
above the Fermi energy. Furthermore, measurements at 300 K clearly confirm the thermal 
population of a high density of states for these values of k and one can safely conclude that 
the state crosses EF (Fig. 6.9). This observation, together with the experimental position 
and sharpness of the Fermi edge, exclude the existence of a gap at Ep larger than 4 meV at 12 
K. Since the spectral function remains basically unchanged at least up to 60 K (Fig. 6.10b), 
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Figure 6.7: Spectra taken at IS K along VM. Left panel: HeI1 p-polarization. Right panel: HeII, unpolarized 

source. All spectra are normalized to the measurement time, the emission angles and kp are indicated. 

where a 4 meV gap should be closed due to thermal excitation, the opening of even such a 
small gap becomes unlikely. The suggestion of surface superconductivity [187] can therefore 
be discarded, despite the resemblance of the spectra to photoemission measurements from 
high-temperature superconductors (Fig. 6.5 and Refs. [198-201]). For the same reason we 
can rule out an interpretation based on the formation of a charge density wave (CDW), since 
this requires the opening of a gap. Even if the lower band edge is pinned to EF, this model 
is incompatible with our observation of the Fermi level crossing. A further indication of the 
inadequacy of this mechanism is the lack of extra diffraction spots in LEED-images observed 
at 60 K, as shown in Fig. 6.10b. 

Moreover, the existence of an anisotropic gap can be ruled out. because the evolution of 
the spectra is the same for TK and for TM (Fig. 6.11): as the surface state approaches Ep 
(spectra at 0 = 24.4° through 25.9° in Fig.6.11), a second peak appears at -70 meV. Its 
intensity increases dramatically towards kp, where it finally dominates the spectral function 
{0 = 26.4°). For k > kF ( 9 = 26.65° to 27.4° in Fig.6.11), the whole spectral intensity 
decreases rapidly. However, the spectra show a sharp peak remaining pinned at EF and a 
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Figure 6.8: As in Fig. 6.7, only for Hel-photons. Highest resolution in energy and angle was employed. 

Energy steps are 1 me V. 

second weak structure at about -70 meV. 

The electron-phonon interaction is known to profoundly modify the electronic states near 
EF in a characteristic energy region of the order of the phonon bandwidth upfl [129,204]. 
The same mechanism has been invoked to explain an anomalous intensity observed in pho-
toemission spectra from Q-Ga(OlO) [205]. Recently, many-body effects have been found to 
renormalize the electronic energy of a surface state on Mo(IlO), but the electron-phonon 
coupling was weak and the QP picture was claimed to be appropriate on the whole energy 
scale [206]. For Be(OOOl), W1̂  can be estimated from EELS-measurements to about 60-70 
meV [175]. This strongly suggests that uph sets the correct energy scale for the unconven­
tional lineshape evolution observed in our spectra. A many-body ground state results from 
the electron-phonon interaction and the excitations of this observed with photoemission cor­
respond to the spectral function derived from the initial state by a perturbation treatment [6]. 
Several years ago, electron-phonon systems were treated within this formalism based on the 
coupling between an additional electron and phonon modes within the Debye-model (207]. 
These results have been extended to finite temperature and more realistic models, and their 
relevance in different measurements has been discussed [208,209]. By taking advantage of the 
symmetry between electron and hole addition, these spectral functions (e.g. Figs. 14-17 in 

1 • ' ' I • • ' ' I • • ' ' 
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Figure 6.9: Spectra taken around kp along TA/ at SOO K (HeI, p-pol). Right panel: raw data; curves are 

normalized to measurement time, and emission angles are given. Left panel: same spectra, but divided by 

the Fermi function at 300 K (see text) in order to emphasize the Fermi level crossing. 

Ref. [207]) can be compared to our spectra. The agreement between experiment and theory 
is at least qualitatively quite satisfactory: a sharp peak appears near Ep when the energy 
of the hole with respect to the Fermi energy becomes comparable to the phonon bandwidth. 
The quasi-particle picture of the electron-phonon coupling is only valid for energies either 
very near to or far away from the Fermi energy on the scale of the phonon bandwidth, but 
it breaks down for E — EF ~ wPh [207-209]. Close to Ep. this quasi-particle can be more 
conventionally described as a hole excitation with a mass enhanced by a factor of (1 + A). 
In order to estimate the mass renormalization factor and, from this, the electron-phonon 
coupling parameter, it is necessary to compare the dispersion at EF with that at energies 
far below. These can be linearized in the small region of interest. In Fig. 6.12a, the energy 
positions of the peak maxima for TM and TK are plotted together with the fitted dispersion. 
Additionally, points extracted from spectra taken at 300 K have been added to emphasize 
the crossing of the Fermi level. For k > kp these high temperature points were obtained 
by recording spectra with sufficient statistics in the tail above Ep to allow a subsequent 
division by the Fermi function (see Fig. 6.9). The thin solid line denotes the dispersion 
of the band e(k) in the energy range where only the electron-electron interaction plays a 
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a) LEED @60 K b) Photoemission 

Figure 6.10: Temperature dependence, a) LEED pattern recorded at 60 K and kinetic energies of HS eV 

(top) and 122 eV (bottom); note the exposure time of 5 mins for the bottom image. No extra spots can be 

found in the low-temperature pattern, when compared to images taken at 300 K. b) PE spectra (HeI, p-pol.), 

taken from kp (direction FM) at different temperatures, o3 indicated. 

role and the quasi-particle description is adequate. Its dashed continuation toward kp is 
the extrapolation used in the calculation. The thick solid Une near kp is the quasi-particle 
dispersion lowered by the electron-phonon coupling, Z^e[V). The size of the symbols scales 
with the relative intensities of the peaks. It is obvious that the experimental points follow 
the quasi-particle dispersion at Ep only in a small range below the Fermi energy, where the 
corresponding peak dominates the spectral function. This behaviour is strongly reminiscent 
of pictures found in solid state physics textbooks, as shown in Fig. 6.12b [I]. Lines were 
fitted to the band dispersion for energies E — EF > ojph and to the renormalized dispersion 
close to Ep. The ratio of the slopes is (1 + A). This yields A = 1.18 ±0.07, in excellent agree­
ment with the first value determined from the temperature dependence of the surface state 
linewidth [187]. Common values among the elements are mostly smaller than unity (for bulk 
Be A = 0.24), except for some exceptional cases, large gap superconductors like Pb, where A 
lies between 1 and 1.6 [202,210]. Our data thus demonstrate that the Be(OOOl)-surface has 
an individual behaviour distinct from the bulk, with a strong electron-phonon coupling at 
the surface. These conclusions will be strengthened by many-body calculations presented in 
the next section. 
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Figure 6.11: Spectra taken at 3S K along VK close to kp (HeI, p-pol). Curves are normalized to mea­

surement time; kp and emission angles are indicated. 

6.5 Comparison of the Spectra with Calculations 

A pictorial view of the electron-phonon coupling was already given in Chapter 2.3. It was 
then shown that the whole many-body physics is included in the self-energy of the interacting 
system. We can therefore skip this part here and go directly into médias res. 

In an isotropic system, the electron-phonon part of the self-energy can be well approximated 
by averaging the electron-phonon coupling function over the Fermi surface [209]. The phonon 
modes then enter into the calculation through the so-called McMillan or Eliashberg function 
O2F(Q)1 approximated here as a product of coupling strength and phonon DOS. The latter 
is taken to be linear in energy in two dimensions. The coupling strength is a smooth function 
of energy [208,209,211] and is taken here to be constant. The basic idea of our approach 
is, therefore, the linearization of the Eliashberg function submitted to the constraint that 
the maximum phonon energy equals the experimentally observed value o;m [164,175]. It is 
this value which sets the relevant energy scale of the interaction. The value of the coupling 
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Figure 6.12: Renormalization of the band energy, a) Dispersion of the experimentally determined peak 

maxima vs wave vector with respect to kp. for different directions (TM - circles, T~R - triangles) and tem­

peratures (12K- open symbols, 300 K - solid symbols); the symbol size scales with the peak intensity. The 

band dispersion for energies higher than the maximum phonon bandwidth mm is shown by a thin line and 

extrapolated to Ep (dashed line). The many-body correction near Ep is plotted as thick solid line and may 

be compared to the picture in (b). um is indicated, b) Sketch of the band renormalization near Ep due to 

electron-phonon coupling (from Ref. [I]). 

parameter A, which is defined by the following integral [47] 

- 7 2¾¾*, (6.5.1) 

then gives Q2F(Q). The experimental value of A is obtained from photoemission data either as 
the renormalization factor of the band dispersion at Ep as shown above or, equivalently, from 
the temperature dependence of the surface state linewidth near the Fermi surface [187,204]. 
A straightforward evaluation of Eq.(6.5.1) yields then Q2F(OJ) = ^/(2W1n). 

Since the self-energy is only weakly fc-dependent, T.ph(k,ui) can be replaced by its value at 
kp (MigdaTs theorem, [212]). One then arrives at the standard expression, dropping the 
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index kF [209]: 

OO Uln, 

EPV) = I de f dui Ot2F[U) 

Jl-IbT) + N^T) HcT)+N(UT) 1 
( u-e-cû + i6± w-e + v + iS* J ^ ' 

where f(e, T) and N(U, T) are the Fermi-Dirac and Bose-Einstein factors, respectively, u = O 
refers to the Fermi energy, and S^ = sgn(u)5 is an infinitesimal number. Assuming particle-
hole symmetry, the limits of the e-integration are set to ±EF. 

In order to simulate the photoemission lineshapes, we adopt the procedure described in 
section 2.3 and the formulas given above with the following parameters: um = 70 meV was 
taken from electron-energy-loss measurements [164,175], and A = 1.18 was determined by 
comparison of the quasi-particle dispersions in the present spectra (Fig. 6.12). The high 
Debye temperature of the sample (~1000 K) with respect to the sample temperature (12 K) 
allows us to compare the experimental spectra with calculations performed for T = O. The 
Eliashberg coupling function and the phonon contribution to the self-energy are evaluated 
using Eqs. (6.5.1) and (6.5.2) (see Appendix B for the analytical form of the self-energy at 
T = 0). Sp h from Eq.(6.5.2) at T = 0 is displayed in Fig.6.13. Its behaviour is strongly 
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Figure 6.13: Self-energy of the coupled electron-phonon system for an average coupling strength of X — 1.18. 

Real and imaginary part are plotted as solid and dashed thick lines, respectively. The real part can be linearized 

close tow = 0 with slops -Aw, as indicated by the thin line. The phonon band widthwmax is indicated. 

reminiscent to results of other calculations [207-209] except for the imaginary part in the 
limit w —>• 0. In contrast to calculations in three dimensions, where /mS p h has a a;3-
dependence [207], the 2D results reveal a w2-law. The real part shows the expected linear 
dependence with slope —A and vanishes at Ep- At energies further than the maximum 
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phonon frequency from EF, the real part decreases towards zero, whereas the imaginary part 
remains constant. The strong influence of the electron-phonon coupling on the structure of 
the spectral function is thus seen to be confined to a small energy region of the order of um 

around the Fermi energy. 

Up to this point, interactions other than the electron-phonon coupling have been neglected 
(see Appendix B). In our particular case, the self-energy must further comprise the electron-
electron interaction and damping due to hole scattering at sample impurities and defects. 
To lowest order in the various interactions, the different contributions are simply summed 
up [6]: 

£ = Eph + Ecl-el + X:imp. (6.5.3) 

The isolation of the interesting electron-phonon term Eph is a rather difficult task, because 
it necessitates an a priori estimation of the last two contributions. However, in the present 
situation, the conditions are favorable and offer a simple way to circumvent this difficulty. 
Firstly, the impurity term is purely imaginary and nearly constant in the small energy range 
of interest [143]. Secondly, the real part of the electron-electron term can be linearized close 
to the Fermi level on the scale of the electron bandwidth [24], leading to a constant change 
in the Fermi velocity Vp. If the experimentally observed dispersion E{k) = hvp x(k — fcf) is 
extrapolated from binding energies higher than the phonon bandwidth but small with respect 
to the electron bandwidth, fieE'1"*1 is taken into account: e(k) = e°(k) + Äe£e'-et(k,w). In 
order to implement the imaginary parts, aparameter A(k) = ImY^]'t[[k7u = £,(k)] + /m£ , m p 

is introduced, which is used in the first step of the analysis as a fitting parameter of the 
spectra] function to the momentum resolved spectra (see App. B). A depends on energy 
through e(k). The electron-electron contribution can be calculated in two dimensions to 
yield [213]: 

M ^ f k . w j a w3 1+a53K£)l (6.5.4) 

where uj is measured from Ep• Equation (6.5.4) results in an almost parabolic function. 
When analyzing the experimental data, this function can not be distinguished from the 
well-known quadratic dependence in three dimensions (6,42]. The proportionality factor can 
be related to the electron density and the plasmon energy [24,42], but this link is much 
less evident in two dimensions than in three. We will therefore analyze our data using 
both the 2D- and the 3D-formalisms. The resulting energy dependence of A[e(k)] should 
reflect Eq.(6.5.4). with the addition of a constant term accounting for impurity scattering. 
Eq.(6.5.3) leads then to 

2(k,w) = £ph(k,u;) +î'A(k), (6.5.5) 

which is inserted into Eq.(2.3.19). 
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Back to the spectra, the emission angle 0 is fixed by the experiment and e{k) is given 
by extrapolation. With A as the only variable parameter, G<(k{0),u') is calculated from 
Eqs. {2.3.19) and (6.5.5) and multiplied by the Fermi function at 12 K. An example calcu­
lation is given in Appendix B. The resulting spectrum is then convoluted in k-space with a 
Gaussian of width Sk to account for the experimental angular resolution [37,38], the energy 
resolution being neglected. The intensity of each calculated spectrum is adjusted to the 
experimental counterpart by multiplication with a factor, found to vary only slightly with k 
(standard deviation 10%; see upper panel in Fig.6.15). This underlines the stability of the 
experimental conditions and the reproducibility of the spectra, which were recorded over a 
period of several weeks. 

Energy (meV> Energy (meV) 

Figure 6.14: Experimental spectra (dots) from Figs. 6.7 (left panel) and 6.11 (right panel), superimposed 

to the fitted line shapes (solid lines, see text for details). Spectra are labeled with the wavevectors Ak = 

k(EF) — kp- Insert: spectrum for k = 0.063 Â~l, enhanced in order to show the sharp peak pinned at Ep. 

The final results are superimposed to the experimental spectra as lines in Fig. 6.14 in order 
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to facilitate comparison. The calculation reproduces almost perfectly the double structure 
and the intensity ratio between the two main peaks. Anticipating Appendix B we can notice 
that the sharp peak at Ep for k > kp does not appear in the spectral function, if only 
electron-phonon coupling is included, in contrast to the weak structure at slightly higher 
binding energies (at ~ wm, see inset in Fig. 6.14). It was found to be the remnant of the 
strong quasi-particle peak, centered far above Ep and broadened by A. It serves, thereby, 
as a sensitive probe for the fitting procedure. 
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Figure 6.15: Upper panel: intensity values used to adjust the calculations to the experimental spectra 

of Fig. 6.7 (open circles) and 6.11 (open triangles). Lower Panel: a comparison of experimental values 

(symbols) and theory (solid lines) for the momentum distribution n(k). The thin line (a) is calculated for 

T = 0, A = 0 and infinite angular resolution, the thick line (b) for T = O, A(Z;) (from the fit results) and a 

resolution of 0.2". 

In the lower panel of Fig.6.15 the theoretical momentum distribution n(k) at T = 0, ob­
tained by integration of the spectral function according to section 2.3, is plotted. Curve 
(a), calculated for the pure electron-phonon coupling, exhibits the expected discontinuity 
of height Z = 1/(1 + A) at kF. Curve (b) takes both the experimental resolution and the 
parameter A(A*) into account, the latter coming from the results of the lineshape fits (see 
below). The experimental values, obtained by integration of the photoemission spectra, are 
given by the symbols in the plot. The raw spectra have been used without any adjustment of 
their relative intensities. The errors due to the cutoff of the spectra at high binding energies 
and the inelastic background were found to be small, compared to the error radius of the 
experimental normalization procedure. The discontinuity is smeared out, but the intensity 
excess above kF, typical for an interacting fermion system, is clearly reproduced. 

With known parameter A. the only variable fit parameter is A. The physical meaning of 
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Figure 6.16: Plot of the fit parameter A versus e(k); symbols like in Fig.6.15. The lines are fits using a 

two-dimensional (curve 1, thick line) and a three dimensional (curve S, thin dashed line) model (see text for 

detail). 

A becomes clearer if one plots the values obtained as a function of the band energy e(k) 
(Fig.6.16). As anticipated above, this term can be decomposed into a constant offset value 
A0 = 75 meV and a pseudo-parabolic function (with curvature ß). Fig.6.16 demonstrates 
that this functional form of A is a good approximation of the experimental values, and 
that only three parameters, A, A0. and ß, are sufficient to fit the whole set of spectra. 
Using Eq.(6.5.4), a value of 0.063 eV - 1 is found for the prefactor /J213 [curve (1) in Fig.6.16], 
whereas the calculation in three dimensions yields /?3D = 0.12 eV - 1 [curve (2)]. Following 
the interpretation given in Ref. [24]. the plasmon energy of the Coulomb gas can be derived 
from /33D. A value of 13.3 eV is obtained from our analysis, which compares favorably with 
both bulk and surface plasmon energies of Be (19.5 eV and 11.3 eV, respectively [214]). A 
well founded prediction for Ao is more speculative. The contribution of the electron-electron 
and electron-phonon interactions due to the finite measurement temperature are less than 
1 meV and can, therefore, be neglected [213] (see App. B for the phonon part). Scattering 
due to surface disorder and impurities is taken to be the dominant mechanism. Ao can be 
translated into a mean-free path Amfp in the surface plane: 

^mfp = VFT = 
d\Zke(k)] 

Ok 
[2ZkA0]_I « 32 A. (6.5.6) 

A similar value was obtained in a recent study [188]. Such a correspondence can hardly be 
accidental and seems to indicate an inherent limitation of the quality of the Be(0001)-surface 
resulting from the preparation. 
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6.6 Different Approach, Discrepancies, and Improved 

Calculations 

Quite often, one is confronted with anisotropic systems, where either the electronic disper­
sion, the coupling matrix element, or the phonon modes are highly dependent on absolute 
value and direction of k. In particular, this situation is realized in quasi-lD chain structures, 
where the strong coupling leads to phonon softening and strong nesting of the Fermi surface, 
so-called Kohn-anomalies. It is then desirable to extract important parameters directly from 
the experiment without supposing a model phonon DOS, for instance. Recently, photoe-
mission spectra taken from Be(OOOl) were analyzed in a way allowing the self-energy to be 
determined experimentally [18Sj. The basic idea of this approach is to fit peak shapes ob-

a) Spectral Intensity at fixed energy b) Lorentzian line shape in k 

Energy (moV) 

F i g u r e 6 .17: Approach to find the self-energy Y. experimentally [188J: PE intensity is measured at fixed 

electron energy as function of the emission angle (solid circles in a) and reported vs the properly calculated 

wave vector (b). The function in k is a lorentzian; width and position can be used to deduce the imaginary 

and real parts of E , respectively. 

tained as function of momentum at fixed energy. This way of analysing the data is sketched 
in Fig. 6.17: the intensity is taken from the data for a certain energy (a) and reported ver­
sus the wave vector (part b). One then speaks of momentum distribution curves. Assuming 
again that the k-dependence of the self-energy can be neglected for a small range of wavevec-
tor around a particular kF , the spectral intensity depends on k solely by the band energy 
e(k) = kvfk. The peak has lorentzian form. Width Afe and position /¾ of the lorentzian 
yield the imaginary and real parts of the self-energy, respectively: 

RéZ{w) = oj - ftupfco, 

2/mS(w) = hvFAk. 
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For Be(OOOl) along TK1 this analysis yields the self-energy presented in Fig. 6.18. Note that 
the instrumental resolution has not be taken into account. The real part can be fitted using a 
straight line close to Ep — 0. The slope was found to be A = 0.8, in good agreement with the 
results in Ref. [188]. It is not clear where the discrepancy in the coupling parameter comes 
from. The neglected k-dependence of E or the unknown influence of impurities could cause 
shifts in both, the energy and momentum distribution curves, and thereby falsify the results. 
Jensen suggested that the energy range, used in Fig. 6.12 to fit the QP peak dispersion at 
Ep, could be too large (it was about 30 meV around Ep) [215]. Since this dispersion becomes 
rapidly flat, the resulting A could be larger than the real one. An analysis of the momentum 
distribution curves should therefore yield more reliable quantitative results. 
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Figure 6-18: E, as found experimentally using our raw data and the approach ofLaShell et al. (188). Upper 

panel: real part (dots) compared to the real part used in the calculations presented above (line); the dashed 

Une is a fit to the real part close to the Fermi energy, from which a value X ft; 0.8 can be deduced. Lower 

panel: idem for the imaginary part; note that the angular resolution has not be taken into account. 

Such a "measured" self-energy contains information about the structure of the Eliashberg-

function. At T = 0, the imaginary phonon part of the electron self-energy can be written in 
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a more simple formc: 

W 

JmE(w) oc ! Oh)Q2F[U). (6.6.7) 

o 

It should thus be possible to extract the Eliashberg-function by calculating the derivative of 

the imaginary part of the self-energy. 

Enemy C™V| 

Figure 6.19: 13-layer slab-calculation of the phonon DOS of Be(OOOl). The DOS is plotted separately for 

the different layers, visualized by the grey shading: layer #1 and #15 are "surface layers" (dark grey), layer 

# 7 the "bulk" (white). (Courtesy of JB. Hannon / E. Jensen) 

Furthermore, we can use Eq. (6.6.7) to estimate the influence of the fine structure in the 
phonon DOS on the self-energy. The imaginary part of the self-energy will be calculated 
assuming a more realistic phonon DOS. The results will then be compared to those of our 
simple model presented in the preceding section. For the Be(OOOl)-surface, the phonon modes 
have been computed by Hannon using a 13-layer slab. Layers 1 and 13 are the "surfaces" 
of Be, the central layer (#7) is considered as "bulk". The results are presented in Fig. 6.19. 
The surface character is given by the grey scale, the dark shaded corresponding to the 
topmost surface layers. The Eliashberg-function (assuming a constant coupling strength) 
and the imaginary part of S, resulting from Eq. (6.6.7), are displayed in Fig. 6.20. The 
Eliashberg-function is normalized by its first reciprocal moment, which yields X, according 
to Eq. (6.5.1). The results of the simple linear model are added as dashed lines. Despite the 
differences in the Eliashberg-function, the structure in ImT. is hardly discernible, and data 
with excellent statistics will be required in order to obtain detailed information about the 
phonons from the experimentally determined self-energy. The only remarkable difference is 

'This follows from Eq. (6.5.2) by using the Dirac-identity. The Bose-Einstein factor can be neglected at 
T = O. 
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Figure 6.20: Comparison of Eliashberg-function (a) and imaginary part of the electron-phonon self-energy 

(b), derived using the calculated surface phonon DOS of Hannon (solid thick line) and the simple model 

presented in this work (dashed lines). 

the functional form for u —*• 0, yielding some ^-dependence, reminiscent of results for a 
3D-system [207]. The apparent similarity between the imaginary parts of £ emerging from 
the two models, confirms a posteriori the correctness of the simple model presented in this 
work. 

6.7 Summary: Electron-Phonon Coupling in Two Di­

mensions 

The results presented in this chapter show in an impressive way how many-body interactions 
influence line shapes in photoemission spectra. A very simple model, which requires only 3 
parameters A, ß, and Ao as input parameters, was proven to be sufficient to fit the whole 
set of spectra. The evolution of the peak shape with wave vector and energy, observed here, 
is universal and allows further systematic studies of interacting systems. This is confirmed 
by recent findings of other groups [188,206]. It is interesting to note that similar calcula­
tions have been presented in order to model the line shapes observed in high-temperature 
superconductors [200]. Norman et al constructed a somewhat modified Eliashberg-function 
reflecting electron-electron coupling mediated by collective modes and the energy gap, which 
opens up at the metal-superconductor phase transition, and they obtained good agreement 
between calculated and measured spectra. 
It would be very interesting to look out for systems related to Be(OOOl). Some possibilities, 
which will be tackled in near future, are listed here: 
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• The Mg(0001)-surface provides a surface state similar to the T-state of Be(OOOl) [176]. 
The band width was found to be smaller than on Be(OOOl), and the analysis is rendered 
difficult by the small band gap in the projected bulk band structure [216]. 

• Li evaporated onto Be(OOOl) acts as electron donator [217,218]. The surface undergoes 
a structural phase transition upon .evaporation from the sub-monolayer (%/3 x \/3i?30o) 
to the monolayer (ML) regime [219], where an quasi-commensurate 2 x 2 structure 
was found. At the same time, the Be surface state shifts to higher binding energies, 
reaching a band width of about 4 eV for 1 ML. A second, Li-induced state appears at 
roughly half a ML, and many-body effects have been shown to be important for the 
understanding of the observed peak shape [217]. This state is fully unoccupied at low 
coverages and becomes partially occupied at 1 ML [220]. 

• Be(OOOl) can be saturated by exposure to hydrogen [221,222]. The phonon modes 
change drastically due to the interaction of H with Be surface atoms [221]. The peak 
shape of the Be surface state becomes larger upon exposure to H, and disappears at 
about 1 Ld. A new surface state, induced by H, appears at slightly higher binding 
energy (about 4 eV). The latter shows similar dispersive behaviour as the F-state on 
Be(OOOl) [222]. 

In all cases, the line shape evolution of similar surface states may be studied systematically 
as function of band width, phonon modes and coupling strength. 

d l L = 1 Langmuir = 10"6 Torr sec. 



Appendix A 

Spectral Functions and Finite 
Temperature 

As we have seen in Chapter 2.3 many-body problems can be tackled conveniently with the 
help of the Green's function formalism. It has been anticipated that, aside optical matrix 
elements, the photoemission spectrum 7(w,k) is linked to the spectral function A(u,k) by 

/(w, k )« .4Kk)Z(W1T), 

where /(w,T) denotes the Fermi-Dirac distribution at energy w and temperature T. w = 0 
refers to the Fermi energy. This relation has to be justified for interacting systems, what is 
the concern of this appendix (a detailed demonstration can be found in Ref. [48].). 
Starting point is the Green's function G< , which we will show to yield the electron-removal 
spectrum. For the sake of simplicity, space and momentum variables will be omitted in the 
following. Green's functions have 2 time variables t and £', but they can be shown to depend 
solely on the difference t—t', if the Hamiltonian of the system does not depend on time [47]. 
We will therefore set t' = 0. G< is then defined by [48]: 

G<{t)~ i(a\0)a{t)}, t <0. 

This means that we annihilate an electron at time t < 0 and map the new (iV — l)-particle 
state onto the iV-particle state at t = 0 by recreating the electron. The brackets denote that 
we have to take the average in the grand-canonical ensemble, yielding: 

G<(t) =i{a*{Q)a{t)) (A.0.1) 

n,Tti 

In the last step we used the representation due to Lehmann by introducing complete sets of 
eigen states n and m between the operators [48]. H, //, and N denote the partition function, 

109 



110 Spectral Functions and Finite Temperature 

chemical potential, and number operator, respectively, ß = (kßT) 1 gives the temperature. 

Using the Fourier ti me-frequency transform, 
o 

G < (w)= / dte^e-t'G^t) 

in the limit S -> O+, Eq. (A.0.2) can be evaluated: 

G<(w) = Ì 5 ] | < A - - l , m | a | J V I n ) | 3 t f [ w - ^ - £ ^ - / i ) J e - f l e i ' - ' , J v l . (A.0.3) 

A comparison of Eq. (A.0.3) to Eq. (2.1.5) in section 2.1 shows that the photoemission 
spectrum is indeed directly proportional to G<. 
On the other hand, the excitation spectrum of the system is given by the spectral func­
tion (sometimes called propagator) A(u). In simple words, the spectral function gives the 
probability amplitude at time t that the system is still in the excited state created at 
time t = 0 (43]. It can be found for example by calculating the self-energy by means of 
diagrammatic techniques or by solution of the equation of motion of a suitable Green's 
function. Three important kinds of Green's functions are usually found in the literature. 
Gadv and GTet are named advanced and retarded Green's function, respectively, Gc is the 
causal Green's function. The differences are subtle but important because they influence the 
analytic properties of the functions. Temperature can be included in any kind of Green's 
function by calculating the thermal trace instead of the ground state expectation value [48]. 
For our purpose, we choose the advanced Green's function, which is related to the spectral 
function by 

A{u) = - ImG^(U - iS) 

in the limit <5-» O+. 

Starting from the definition G*v(t) = : 6 ( - ( ) / [4(0,Ok(O)] \ [43], where G denotes the 

unit step function, we obtain: 

ImGadv(u)= ^^\(N-1,TnIa^n)]2S[U-(En-E1n-^)^^-^(1 + 6^) . 

(A.0.4) 

It is easily seen that the right-hand-side of Eq. (A.0.4) differs from that of Eq. (A.0.3) just 

by the factor (1 + e0"), i.e. 

G<(u)= ZmG 0 ^ (W)( I+e* ' ) " 1 = ImCT^(u>)f{u,T) q.e.d. . (A.0.5) 

Hence, even for interacting systems, the occupation probability is given by the Fermi-Dirac 
distribution at temperature T [43,48]. Provided that the spectral function JmGodu(ùj) has 
been properly calculated for temperature T, the photoemission spectrum is obtained by 
multiplying by the Fermi-function f(u>,T). 



Appendix B 

Example Calculation of a 
Photoemission Spectrum 

In a photoemission spectrum, the emission angle is fixed and the momentum varies as func­
tion of the measured electron energy. Since we assumed the self-energy to be k-independent, 
the spectral function depends on k only through £(k). Hence, we can start directly with the 
self-energy given by Grimvall [209]: 

Ep h(t j)= I de IdUa2F(U) 

71 -Vr) + N(U T) + f(e,T) + NP,T)| 
-EF 

/ (e,T) and N(Co,T) are the Fermi-Dirac and Bose-Einstein distributions, respectively. The 
Eliashberg-function a2F(u) was approximated by a2F(Q) = \ù/(2wm) with a cut off at um. 
We will restrict ourselves to T = 0 and u> < 0, thus to* = —i5. Extension to energies above 
EF is trivial due to the symmetry of the self-energy. Moreover, at T = 0, the Bose-Einstein 
factors can be omitted. Exchanging the two integrations in Eq. (B.0.1) over ù and e leads 
to 

Eph(u/)= - * - [dû à 
2wm J 

0 
OO 

M 1 ^ ) +
 9'-;> ,}. (B.0.2) 

J {u — e — u — io ui — e + w — io) -EP 
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©(a;) is the unit step function, i.e. equal to 1 for x > 0 and 0 otherwise. With Q as upper 

limit of the electron band width, the e-integration can be calculated analytically to yield: 

J [(J- € —L)-10 (J-6 + (J-IO) 

LU+ÛJ + EF)2 

-Bp 

W-UJ ~\2 

2 l n J (w + Uf + 62 + 2 I n 1 (w + w - ay + 62 + 

+ i arctan 
(J + CJ 

+ arctan 
(J-U 

(B.0.3) 

The integration over the phonon frequencies has been evaluated numerically. One interesting 
property of the real part in Eq. (B.0.3) has to be pointed out: the real part does not vanish 
on the Fermi surface (w = 0) unless Q = Ep 3> <Jm. This condition means that the band has 
to be half filled, and that particle-hole symmetry is supposed. The self-energy finally takes 
the following form: 

ReT1[U)) = 

ImE(u) = 

4(j„ 

2u, 

u>ir 

I 
0 

; / 

dû) CJ In 
(u) — CJ) •~,\2 

dùiCj 

(u+cjy + s2 

û + CJ 

-fin 
(u) + CJ + EF)2 

(u + CJ - Ü)2 + 62 

arctan -I- arctan 

, (B.0.4) 

(B.0.5) 

Extension of the calculation to finite temperature necessitates the solution of the Sommerfeld­
expansion [1], which is a rather difficult task. We only note that the imaginary part behaves 
at u = 0 to leading order as (kBT)2ju)m times a factor of order unity. Grimvall showed that, 
at high temperature and close to EF, ImT oc XkBT (21O]. 

The photoemission spectrum for emission angle 6C is then given by (see e.g. Chapter 2.3 
and App. A): 

G<(ee,u)= -
ImE(U)) 

ir [û- s(kQc) - ReT(U))]2 + [ImT(U))]2 /(w, T ) , (B.0.6) 

with ket = 0.512y/hv + u - <£sin(6e). G<(Qe,tj) has to be convoluted with a Gaussian 
of width ôk, accounting for the finite angular resolution of the spectrometer. A selection 
of spectra, calculated in this way, is plotted in Fig. B.l together with the corresponding 
experimental curves. As already mentioned in Chapter 6, the sharp peak pinned at EF for 
k > kp is not reproduced. Electron-electron and impurity scattering have to be incorporated, 
as shown in Chapter 6. 
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Calculation A = O Experimental spectra 
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Figure B . l : Comparison of the spectral function (left panel), calculated using only the pkonon part of the 
electron self-energy, to the experimental spectra for k < kp (top panel) and k> kp (bottom panel). Note the 
directions of increasing k, indicated on the right. 
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