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Abstract

Surface Structure and Dynamics of Bi(111) and

Sb(111) from Helium Atom Scattering Experiments

HAS measurements were performed to investigate the (111)-surfaces of the semimetals
bismuth (Bi) and antimony (Sb) with regard to their potential energy surface and their
surface dynamics. For both Bi(111) and Sb(111), angular scans show sharp di�raction
peaks up to third order, which match well with the predicted positions calculated from
the already known surface structure. Intensity measurements of the specular peak as a
function of incident energy were analysed to determine the distribution of terraces on
the surfaces. The results show quite �at Bi(111) and Sb(111) surfaces and step heights
consistent with the heights of bilayers obtained from recent calculations.
The electronic surface corrugation, which is the electron distribution slightly above

the surface, was derived by a comparison of the experimental results with theoretical ap-
proaches, namely the GR-method and close-coupling (CC) calculations. Best �t results
were obtained with peak-to-peak corrugation heights of 10% for Bi(111) and 13% (GR)
to 17% (CC) for Sb(111), each value with respect to the corresponding lattice constant.
These corrugations are rather large compared to other surfaces with metallic character
and may be caused by speci�c electronic states of the surfaces, e.g. electron pockets at
the Fermi level.
The analysis of selective adsorption resonance features, which are located between

the purely elastic di�raction peaks, led to three (Bi) and �ve (Sb) bound-state energies.
Based on the energies of these states, helium-surface interaction potentials with well
depths of (8.3± 0.8) meV (Bi), respectively (4.4± 0.1) meV (Sb) were determined.
The vibrational dynamics were investigated by measurements of the Debye-Waller

attenuation of the elastic di�raction peaks while varying the surface temperature between
98 and 447 K. Therewith, surface Debye temperatures of (84 ± 8) K (Bi) and (155 ±
3) K (Sb) were determined. In HAS measurements from Sb(111), occurring kinematic
focusing e�ects were in good agreement with surface phonon dispersion curves from
already published DFPT calculations.
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Kurzfassung

Struktur und Dynamik der Bi(111) and Sb(111)

Ober�ächen aus Helium-Atom-Streu-Experimenten

Zur Charakterisierung von Struktur und Dynamik der (111)-Ober�ächen der Halbmet-
alle Bismut (Bi) und Antimon (Sb) wurden Streuexperimente mit Helium (He) Atomen
durchgeführt. Aus den scharf zuordenbaren Positionen der Beugungspeaks konnten die
Gitterkonstanten der Ober�ächen ermittelt werden. Die erhaltenen Werte stimmen mit
der bereits bekannten Struktur der Ober�äche überein. Mithilfe von Messungen der
Modulation der Intensität des spekulären Peaks als Funktion der Strahlenergie konnten
Terrassen und Stufenhöhen auf den Ober�ächen analysiert werden. Die Ergebnisse of-
fenbaren relativ �ache Bi(111) und Sb(111) Ober�ächen, die ermittelten Stufenhöhen
be�nden sich in guter Übereinstimmung mit aktuellen Berechnungen.
Unter Verwendung der GR-Methode und Close-Coupling (CC) Berechnungen konnten

die Ober�ächenkorrugationen aus den relativen Peakhöhen der Messungen extrahiert
werden. Die Amplituden der resultierenden Korrugationen be�nden sich im Bereich
von 10% für Bi(111), beziehungsweise 13% (GR) bis 17% (CC) für Sb(111), jeweils
relativ zur Gitterkonstante der Ober�ächen. Diese, im Vergleich zu anderen metallischen
Ober�ächen relativ groÿen Korrugationen, könnten auf die elektronischen Strukturen am
Fermi-Niveau der Ober�ächen zurückzuführen sein.
Zwischen den rein elastischen Beugungspeaks konnten Resonanze�ekte beobachtet

werden, deren Analyse zu drei (Bi), beziehungsweise fünf (Sb) gebundenen Zuständen
der He Atome in den Interaktionspotentialen führte. Aufgrund der Energieniveaus dieser
Zustände konnten Interaktionspotentiale zwischen He und Ober�äche mit Tiefen von
(8.3± 0.8) meV (Bi) und (4.4± 0.1) meV (Sb) bestimmt werden.
Intensitätsmessungen der Beugungspeaks als Funktion der Ober�ächentemperatur im

Bereich zwischen 98 und 447 K wurden dazu verwendet, Debye-Waller Faktoren und
somit Informationen über Gitterschwingungen der Bi(111)- und Sb(111)-Ober�ächen
zu gewinnen. Aus den Analysen dieser Messungen konnten die Ober�ächen-Debye-
Temperaturen zu (84 ± 8) K (Bi) beziehungsweise (155 ± 3) K (Sb) bestimmt wer-
den. Weiters konnten aufgrund von "kinematic focusing" auftretende Resonanze�ekte
unlängst verö�entlichten Berechnungen von Phononenmoden auf Sb(111) zugeordnet
werden.

III





Articles related to this Work

(1) Elastic and inelastic scattering of He atoms from Bi(111)

A. Tamtögl,M. Mayrhofer-Reinhartshuber, N. Balak, W.E. Ernst, and K.-H. Rieder
J. Phys.: Condens. Matter 22, 304019 (2010)

(2) Vibrational dynamics and surface structure of Bi(111) from helium atom scattering

measurements

M. Mayrhofer-Reinhartshuber, A. Tamtögl, P. Kraus, K.-H. Rieder, and W.E. Ernst
J. Phys.: Condens. Matter 24, 104008 (2012)

(3) Surface and subsurface phonons of Bi(111) measured with helium atom scattering

A. Tamtögl, P. Kraus, M. Mayrhofer-Reinhartshuber, D. Campi, M. Bernasconi,
G. Benedek, and W. E. Ernst
Phys. Rev. B 87, 035410 (2013), Erratum: 159906(E) (2013)

(4) Resonance-enhanced inelastic He-atom scattering from subsurface optical phonons of

Bi(111)

P. Kraus, A. Tamtögl, M. Mayrhofer-Reinhartshuber, G. Benedek, and W.E. Ernst
Phys. Rev. B 87, 245433 (2013)

(5) Helium atom scattering investigation of the Sb(111) surface

M. Mayrhofer-Reinhartshuber, A. Tamtögl, P. Kraus, and W. E. Ernst
J. Phys.: Condens. Matter 25, 395002 (2013)

(6) Surface Debye temperature and vibrational dynamics of Antimony(111) from helium

atom scattering measurements

A. Tamtögl,M. Mayrhofer-Reinhartshuber, P. Kraus, K.-H. Rieder, and W.E. Ernst
Surf. Sci. 617, 225-228 (2013)

(7) The Helium-Surface Interaction Potential of Sb(111) from Scattering Experiments

and Close-Coupling Calculations

M. Mayrhofer-Reinhartshuber, P. Kraus, A. Tamtögl, S. Miret-Artés, and W.E.
Ernst
Phys. Rev. B 88, 205425 (2013)

V



Note: Articles (2) and (5)-(7) are contained within this work. The interested reader is
referred to the PhD thesis of Anton Tamtögl1, in which the contents of articles (1)-(4)
are summarised and the used HAS apparatus H.Å.N.S. is described in detail. Further
studies of the antimony(111) surface, especially results from inelastic HAS including the
surface phonon dispersion, will be published in the PhD thesis of Patrick Kraus, which
is expected to be published until end 2014.
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1 Introduction

1.1 Motivation

With the recent focus on nano-scale materials, the study of physical as well as chemical
properties of surfaces has become more and more important. There exists a broad va-
riety of surface sensitive techniques (LEED, HREELS, ARPES, XPS, AES, ...) which
promise an investigation of surfaces under di�erent aspects. Unfortunately, most meth-
ods exhibit a certain penetration depth into the bulk and the measured observables may
be contaminated by bulk properties. Furthermore, some techniques are restricted to
obtain only static or long time-scale characteristics.
In contrast, in Helium Atom Scattering (HAS) the impinging atoms of a supersonic

helium (He) beam are scattered approximately 2-3 Å above the �rst atomic layer by the
electron density. Therefore, this technique o�ers the advantage of an exclusively surface
sensitive method and has proven its merits within the scienti�c community of surface
science. Especially if the interest of research lies in the dynamics of surfaces, this special
technique unfolds its full power. Although HAS has been a very well developed method,
new technical e�orts towards better signal intensity and resolution yielded considerable
improvements during the last years2.
Since 2009, the Institute of Experimental Physics at the Technical University in Graz

is operating a new HAS apparatus3. After its characterisation, �rst HAS measurements
from the (111)-surface of the semimetal bismuth (Bi) were performed. The obtained
results were summarised in the thesis of Anton Tamtögl1.
The �rst part of the present thesis is based on this work and provides supplementary

information on the results of HAS from Bi(111). After the completion of the investigation
of Bi(111), HAS was used to characterise the antimony Sb(111) surface. The choice of
Sb(111) was motivated by the interesting �ndings of the HAS studies on Bi(111), like the
high surface corrugation4,5, detectable subsurface phonon modes6,7 or distinctive e�ects
from selective adsorption resonances8. Both Sb and Bi belong to the group of semimetals,
they have the same crystal structure and appear as building blocks in the interesting
group of topological insulators9. Hence, the experimental investigation of HAS from
Sb(111) represents an opportunity to prove and improve theoretical models, e.g. the
recently calculated surface phonon dispersion of Sb(111)10, as well as to support e�orts
towards a complete understanding of the group of semimetals and topological insulators.
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1 Introduction

1.2 Helium Atom Scattering

The technique of HAS has several advantages compared to other methods, as for example
X-ray-, neutron- or electron-di�raction. For momenta and de Broglie wavelengths of
interest in surface studies, He atoms require only low kinetic energies between 10 and
200 meV and will not penetrate deeply into the bulk material.
Hence, they are strictly sensitive to the electronic corrugation arising from the very

�rst layer of surface atoms. Due to the periodicity of this corrugation, di�raction peaks
of the He intensity can be observed. The relative heights of these peaks together with
resonance e�ects due to temporarily bound He atoms provide information on the shape
of the He-surface interaction potential11.
The energy-wavevector relation of He atoms is located in a region close to neutrons.

Although both probing particles are well suited for the interaction with phonons, in
contrast to the surface sensitive He atoms, neutrons penetrate deeply into the bulk and
are used for the investigation of bulk phonons12,13.
Furthermore, He atoms are chemically, magnetically and electrically inert, hence the

method of HAS is a completely non-destructive technique. The electrically neutral He
atoms also allow the investigation of insulating surfaces. In conclusion, HAS opens the
possibility for the investigation of surface structures and dynamics for various materi-
als11,12,14.

1.3 Organisation of this Thesis

The present work is organised as a cumulative thesis, i.e. the main scienti�c results are
included as published articles in peer-reviewed journals (chapters 5 - 8). Each of these
parts starts with a short description of the experimental work and analysis and set out
those parts of the publication written by the author of this thesis. Prior to this, a short
description of the used method of HAS and an introduction into the investigated surfaces
of bismuth and antimony are presented. Improvements and further characterisation of
the experimental setup is presented in chapter 3. Finally, the novel �ndings of this work
are summarised in chapter 9.
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2 Theoretical Background

2.1 The Helium Beam

As a prerequisite for HAS experiments, a beam of helium (He) atoms has to be gener-
ated. To achieve accurate measurements, its velocity distribution has to be as narrow as
possible. For that purpose a supersonic expansion is used to create a nearly monoener-
getic He beam15. The He gas is expanded through a nozzle from a high-pressure region
(pHe) into a low-pressure region (p1). If these pressures have a ratio pHe/p1 large enough,
sonic speed of the gas �ow is obtained (Mach number Ma = 1). Further increase of the
ratio leads to a supersonic expansion (Ma > 1). Due to the fast expansion through a
short converging nozzle, heat conduction and friction can be neglected and the process
is approximately adiabatic. Hence an adiabatic cooling of the gas occurs and most of
its internal energy is converted into translational kinetic energy of the atoms. Passing
through a continuum �ow regime just after the nozzle, the He atoms reach a region of
molecular �ow at a distance ds behind the nozzle15,16. There, a special aperture with
conical shape (skimmer) is used to select a part of the beam in which the atoms move
along a very well de�ned direction. By using equilibrium thermodynamics, it can be
shown that the energy Ei of the He beam approximately depends only on the internal
(thermal) energy of the He atoms given by the temperature T of the high-pressure He
gas,

Ei =
5

2
kBT, (2.1)

with kB the Boltzmann constant. Compared to the Maxwell-Boltzmann distribution of
a beam generated by an e�usive source, the supersonic beam has a much smaller energy
spread and usually a much higher intensity1.

It has to be noted that the basics of the supersonic expansion have been described
in a simpli�ed form. A more complete description of the process as well as occurring
e�ects can be found e.g. in the books by Pauly15,17 . In the experiments of this thesis,
He gas with a purity > 99.9999% was used, the nozzle diameter was d = 10 µm, typical
pressure values were pHe = 50 bar and p1 ≤ 1 · 10−6 mbar and the distance between
nozzle and skimmer ds ≈ 10 mm (Ma(T = 65 K) ≈ 100, energy spread ∆E

E
≈ 1.5%)1.
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2 Theoretical Background

2.1.1 Kinematic Parameters of the Helium Beam

The principle of wave-particle duality postulates that every particle is treatable as a
wave with the de Broglie wavelength λi,

λi =
h

p
(2.2)

with p the momentum of the particle and h the Planck constant. In terms of the kinetic
energy Ei = p2

2m
of the atoms with mass m, their wavelength is given by

λi =
h√

2mEi

. (2.3)

By using the wavevector ki (ki = |ki|) of the atoms and the relation λi = 2π/ki, the
energy may be expressed as

Ei =
~2k2

i

2m
(2.4)

with ~ = h
2π
.

2.2 Surface Description

Throughout the work of this thesis, HAS was used to investigate the structures and
dynamics of crystal surfaces. Hence, a short introduction into the framework of crystal
description is given in this section. Further and more detailed information can be found
in solid state physics textbooks (e.g.18,19).

2.2.1 Crystal Structure

In an ideal crystal, the atoms are arranged in a periodic lattice, which is a three-
dimensional arrangements of points. All necessary information of the crystals structure
is included in the unit cell, which is a subunit of this lattice. In the bulk, the unit cell is
de�ned by three vectors: a, b, c. When these unit cells are stacked together to �ll the
whole space, the crystal lattice is obtained. The crystal ful�ls translational invariance
along all three space coordinates. Hence, it looks exactly the same at the points r and
r′ as long as they ful�l

r′ = r + h · a + k · b + l · c (2.5)

with the integers h, k and l. If equation (2.5) is ful�lled for every point at which the
lattice looks the same, a, b and c are de�ning a primitive unit cell of the lattice.
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2.2 Surface Description

One popular choice of a primitive unit cell is given by the Wigner-Seitz cell, which can
be constructed by the following steps:

• Construct straight lines from an arbitrarily chosen lattice point to all neighbouring
lattice points.

• Construct perpendicular planes (in 2D: lines) through the centres of these lines.

• The Wigner-Seitz cell is the smallest volume (in 2D: area) enclosed by these planes
(in 2D: lines).

In addition to the lattice of the crystal, a basis de�nes the positions of the atoms within
the unit cell, hence also within the whole lattice18,19.

2.2.2 Surface Structure

By cutting a three-dimensional crystal along a certain plane, a surface of this crystal
is obtained. The surface is usually indicated with the three Miller indices of the cor-
responding bulk plane20. Again, points for translational symmetry within the surface
plane exist. Due to the reduction of dimensions, equation (2.5) is reduced to

R′ = R + h · a + k · b, (2.6)

where all occurring vectors lie in the plane of the surface. The coordinate system is
chosen in a way, that the z-axis with its unit vector êz is perpendicular to the surface.
In surface science, capital letters typically indicate vectors parallel to the surface (R,R′).
Note that in contrast to the symmetry points, the atoms of the surface do not necessarily
lie within one plane19. In the two-dimensional case of a surface, only �ve basically
di�erent lattice structures (Bravais lattices) exist1,20,21.

2.2.3 Reciprocal Space

In di�raction experiments usually the reciprocal lattice is used. To obtain the basis
vectors a∗,b∗ in a two-dimensional reciprocal space, the following equations have to be
applied18,19:

a∗ = 2π
b× n

a(b× n)
(2.7)

b∗ = 2π
n× a

a(b× n)
(2.8)

This is equal to the de�nition in three dimensions, except that the third basis vector (c
in equation (2.5)) is replaced with n, which is the unit vector normal to the surface. In
this reciprocal space, a general translation vector is given by

Ghk = h · a∗ + k · b∗, (2.9)

5



2 Theoretical Background

where the integer numbers h and k are denoted asMiller indices. These Miller indices are
also used to specify a particular direction, e.g. in scattering experiments. In reciprocal
space, a primitive unit cell, which is constructed in the same way as the Wigner-Seitz
cell, is referred to as Brillouin zone 18.

2.3 Surface Phonons

In the quantum-mechanical treatment of lattice vibrations, the quasiparticles of these
vibrations are called phonons. Each material gives rise to di�erent phonon modes and
their speci�c properties are expressed by their dispersion relation, in which the phonon
energy/frequency is given as a function of their wavevector for the entire Brillouin zone.
The energy and number of occupied phonon states often determine the characteristics,
e.g. the heat capacity or the thermal conductivity of a material18.
Phonons localised at the surface are referred to as surface phonons. Their amplitudes

decay drastically into the bulk due to the crystals broken translational invariance at its
surface. Hence, surface phonons exhibit a propagation direction parallel to the surface22.
The in�uence of surface phonons on HAS measurements can be taken into account by
including the Debye-Waller factor in the analysis of the measurements (see section 2.5.3).
Basic introductions as well as detailed descriptions of bulk and surface phonons can be

found in solid state physics textbooks18, or in specialised literature1,23. For theoretical
predictions of surface phonon modes, density functional perturbation theory (DFPT) is
often used. By using this method, the surface phonon modes had been calculated for
the Bi(111)6 and Sb(111)10 surfaces.

2.3.1 Surface Phonon Measurements

Since HAS has a high cross section for the creation and annihilation of surface phonons,
it is the most popular technique for the measurement of the surface phonon disper-
sion11. In the early times of atom scattering, surface phonon dispersion curves had been
extracted from angular distributions of He and Ne scattered from LiF and NaF crystals.
In these studies, small peaks in the surrounding of the elastic peaks had been analysed
and associated with one-phonon scattering processes24,25. Exploitation of kinematic fo-
cusing e�ects improved the results of the analysis of these measurements26. Because of
higher He beam intensities due to improved creation and detection techniques, during
the last decades time-of-�ight (TOF) measurements became the method of choice for
phonon measurements with a resolution of about 0.1 meV11,27. The He atoms gain or
lose energy due to the annihilation or creation of (surface) phonons at the sample sur-
face. Although multiphonon-processes are present in every HAS measurement with �nite
sample temperatures, for simpli�cation usually only single-phonon events are taken into
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2.4 The Atom-Surface Interaction Potential

account. Thus, the energy ∆E of a created or annihilated phonon is given by

∆E = Ef − Ei. (2.10)

The energy of the detected He atoms Ef and hence their energy gain compared to
their initial energy Ei are determined by a measurement of their �ight-time along a
well-de�ned path (chopper-sample-detector) at constant velocities in each section. The
multiphonon contribution mentioned above creates a small, but rather broad peak su-
perimposed to the relevant TOF or angular HAS measurements. To obtain comparable
and reasonable data, it has to be subtracted from the measured signals. In addition
the sample surface may be cooled down (e.g. with liquid nitrogen) to suppress this
perturbing in�uence as much as possible.
To obtain even better resolution, HAS with 3He and the spin-echo technique made it

possible to analyse the dynamics on a surface with neV resolution2,28,29.

2.3.2 Scancurve

With the HAS apparatus used during the work of this thesis, surface phonons can be
measured with the TOF technique. Due to kinematic conditions, i.e. the conservation
laws for energy and parallel momentum, at each angular position only phonons with
a speci�c wavevector ∆K and energy ∆E can be detected. This is expressed by the
so-called scancurve, which is given by11,12

∆E

Ei

+ 1 =
sin Θi

2

sin Θf
2

(
1 +

∆K

Ki

)2

. (2.11)

Examples for scancurves are illustrated in �gure 2.1. To obtain phonons throughout the
whole dispersion curve, the incident angle of the He beam has to be varied.
The measurement of surface phonon modes was not subject of the work for this thesis,

but the scancurve is also important for the analysis of angular HAS scans since resonance
e�ects in form of Kinematic Focusing (KF) may occur (see section 2.6.2).

2.4 The Atom-Surface Interaction Potential

In contrast to other particles such as electrons or neutrons, which are scattered from
the ion cores of the atoms, in the scattering process of He, the atoms are scattered
by the charge density distribution slightly above the surface. Hence, the scattering
process is mainly in�uenced by the shape of the He-surface interaction potential, which
is composed of interaction potentials of the He atom with every surface atom of the
crystal. This total interaction potential V (r) depends on the lateral position R of the
He atom (parallel to the surface) and its distance perpendicular to the surface z with
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Figure 2.1: Illustration of scancurves (blue and green lines) for Ei = 14 meV and di�erent
incident angles Θi for a HAS apparatus with a �xed angle ΘSD = 91.5◦ be-
tween source and detector. The red line depicts the surface phonon dispersion
curve for LiF(001) along the 〈10〉 direction as determined by Brusdeylins et
al.30. At the intersections between the scancurves and the dispersion curve,
phonons can be detected. The green curve depicts the scancurve for an an-
gle, at which kinematical focusing occurs, i.e. the scancurve is tangent to a
surface phonon mode.
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2.4 The Atom-Surface Interaction Potential

r = (R, z). In general V (r) is also a function of time V (r, t), but for the theoretical
treatment of elastic scattering, the surface atoms can be assumed to be �xed at their
equilibrium positions at a certain temperature. Therefore, the time average 〈V (r, t)〉t is
su�cient for further analysis1,11.
Two di�erent forces which originate from the interaction with each individual surface

particle act on the approaching He atoms. London dispersion (van der Waals) forces,
resulting from instantaneously induced dipoles, accelerate the He atom towards the
surface. The interaction between electrons of the surface and the closed-shell of the He
atom causes a short-range counterpart, the Pauli repulsion1,8,31,32.
Although the approach �ts best for solids with a closed-shell character (e.g. ionic

crystals), usually also for other materials such as metals or semiconductors, gas phase
two-body potentials are summed up to obtain an atom-surface interaction potential33,34.
These two-body potentials are only known for a few systems, hence approximate models
have to be used to �nd an estimation for the interaction11,31. One of the most popular
choices for such a two-body model potential is the Lennard-Jones (12-6) potential:

VLJ(r) = 4ε

[(σ
r

)12

−
(σ
r

)6
]

(2.12)

with ε the well depth of the potential, σ the distance at which the potential is zero and
r the distance between the two particles35.

2.4.1 The 9-3 Potential

Since each He atom interacts with all atoms of the surface, all individual Lennard-Jones
potentials (2.12) have to be combined. Thereto, the discrete lattice is replaced with a
continuum, which allows to use integrals instead of sums. By the successive integration
over the space coordinates of the whole semi-in�nite lattice of these individual potentials,
the atom-surface potential as a 9-3 potential,

V (z) =

√
27

2
D

[(σ
z

)9

−
(σ
z

)3
]
, (2.13)

is obtained8. The well depth of the attractive part is given by D, z denotes the normal
distance from the surface and σ is the distance at which the potential is zero.
The distorted wave Born approximation36 can be used to obtain the eigenvalues En

(energy of the nth bound-state) for this potential:

En ' −D
[
1− π~

3.07

n+ 1
2

σ
√

2mD

]6

(2.14)

Although the asymptotic form of the attractive part of the potential is re�ected very
well with the 9-3 potential, the repulsion term is a sub-optimal approximation for an
interatomic interaction1,31. However, it was shown recently that the bound states of
semimetal surfaces can be described very well by using this approximation8.
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2.4.2 The Corrugated Potential

Note that in equation (2.13) the potential is only a function of z. This approximation is
strictly valid only for surfaces with a �at corrugation, e.g. for metal surfaces, at which
the Smoluchowski e�ect smooths out the charge density corrugation37. For ionic or
semimetallic surfaces, the potential follows the corrugation of the surface atoms, which
are arranged periodically. Hence, it can be written as a Fourier series

V (r) = V (R, z) =
∑
G

VG(z) · eiG·R (2.15)

with a sum over the surface reciprocal lattice vectors G11,31. Since in HAS experiments
the He beam is illuminating a rather large area on the sample surface, it is not possible
to distinguish between He atoms impinging on di�erent lateral positions. Thus, from
HAS experiments only the lateral average of the interaction potential can be determined.
This lateral average is expressed by the �rst term V00(z) of equation (2.15)1:

V (R, z) = V00(z) +
∑
G6=0

VG(z) · eiG·R (2.16)

2.5 Elastic HAS

Usually HAS is used to study surfaces with periodic structures. Due to their periodic-
ity di�raction occurs. The so-called Laue equations act as a description and give three
conditions for this di�raction. They state that the change from the incident wavevec-
tor ki to the �nal wavevector kf of the atoms has to be equal to a reciprocal lattice
vector g. Together with the condition for elastic scattering, where the energy of the
incident atoms Ei and the outgoing atoms Ef stays the same, they form the following
four equations1,35,38:

kf = ki + g (2.17)

Ef = Ei (2.18)

These equations have to be ful�lled for di�raction peaks in elastic HAS.
In surface science, a wavevector k is usually split into two components k = (K, kz),

where kz denotes the component perpendicular to the surface (the unit vector êz of the
coordinate system points outward) and K is the component parallel to the surface. The
unit vectors êx and êy lie in the plane of the surface. Together with êz, they form a
right-handed (standard) Cartesian coordinate system. The direction of incidence of a
certain wavevector is de�ned with two angles: The azimuthal angle φ is de�ned as the
angle between the wavevector and êx, whereas the polar angle Θ is measured towards
êz.
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Figure 2.2: The Ewald construction for di�raction from surfaces illustrates the Bragg
condition (2.19). At a particular angle Θi, di�raction peaks can be observed
at the directions of kf . The vertical lines represent the periodicity of the
surface. Vectors are shown for Ghk = G01.

Scattering from a surface, which is de�ned by the reciprocal lattice vectorsGhk, occurs
if the Bragg condition

Ghk = Kf −Ki (2.19)

is ful�lled35,38. As an illustration for this condition, the Ewald construction for Ghk =

G01 is shown in �gure 2.211.

2.5.1 Calculation of HAS Peak Positions

For the special case of in-plane di�raction, where the incident wavevector ki, the �nal
wavevector kf and the z-axis (ez) are all lying in one plane,

Kf = |kf | sin Θf (2.20)

Ki = |ki| sin Θi (2.21)

holds. Together with the conservation of energy equation (2.18) and a �xed angle be-
tween source and detector of the apparatus

ΘSD = Θi + Θf , (2.22)
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the Bragg condition (2.19) yields1

Θi =
ΘSD

2
− arcsin

[
Ghk

2 · |ki| · cos ΘSD

2

]
. (2.23)

This equation provides the incident angles of the He beam (|ki|), at which di�raction
peaks can be detected with an apparatus having a �xed source-detector angle (ΘSD) and
a sample crystal with a known surface structure Ghk. Equation (2.23) may either be
used to determine an unknown surface structure from di�raction peaks measured at Θi

or to calculate the positions of the di�raction peaks (h, k) for given surface reciprocal
lattice vectors Ghk lying in the plane of ki and kf . Since the HAS apparatus used for the
measurements of this thesis has its source and detector arm �xed in one plane, in-plane
di�raction measurements were the method of choice in the presented experiments.

2.5.2 Surface Corrugation

As described in section 2.4, in HAS experiments the He atoms are scattered by the charge
distribution at the surface. The periodicity of this electronic corrugation gives rise to
the occurrence of di�raction (Bragg) peaks. Furthermore, the shape of the distribution,
e.g. its peak-to-peak values in�uences the height of the Bragg peaks.
Usually a mathematical function ξ(R) is used to model this shape and is referred to as

electronic surface corrugation. The common procedure is to use the surface corrugation
as a model for the investigated surface and calculate expected di�raction probabilities,
i.e. the heights of the di�raction peaks, by theory. In order to �nd the best �tting
function, ξ has to be optimised by comparing theoretically and experimentally obtained
peak heights.

Schrödinger Equation

If the beam energy is in a low energy range, like in the experiments presented in this
thesis, quantum theory can be used to describe the scattering process. Hence, the
Schrödinger equation [

− ~2

2m
∇2 + V (r)

]
Ψ(r) = EΨ(r) (2.24)

has to be solved35,39,40. Thereto, the helium-surface interaction potential V (r) has to be
speci�ed. Since the complexity and therewith the possibility of solving the Schrödinger
equation, depends on the choice of V (r), several di�erent approaches and approximations
exist and will be discussed in the following sections. In the di�raction from a crystal
surface, i.e. a structure with a two-dimensional periodicity, parallel to the surface the
wavefunction Ψ(r) can be described by Bloch waves 11:

Ψ(r) = Ψ(R, z) = eiKi·R +
∑
G

eiG·RΨG(z) (2.25)
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HCW Model

As a �rst simple approximation of an atom-surface interaction potential V (r), a hard
corrugated wall (HCW) model is often used35,39. Three main assumptions are made in
this model11:

• The potential has no attractive part.

• The repulsive part has an in�nitely steep slope.

• The surface atoms are motionless.

Hence, the potential is de�ned as

V (r) = V (R, z) =

{
0 for z > ξ(R)

∞ for z ≤ ξ(R)
. (2.26)

In the HCW model, the wavefunction Ψ has to vanish inside the hard hard corrugated
wall to ful�l the boundary condition (2.26):

Ψ[R, z ≤ ξ(R)] = 0 (2.27)

Rayleigh Ansatz

The Rayleigh ansatz is an approximate approach for the calculation of the intensities
of HAS di�raction peaks39. Far away from the surface (z >> ξ(R)), the He beam
can be treated as a plane wave. In the assumption developed by Lord Rayleigh, this
description for the incident and �nal beams is used for the whole range z > ξ(R)41.
Thus, the wavefunction Ψ(r) from equation (2.25) becomes11

Ψ(r) = Ψ(R, z) = ei(Ki·R − ki,z ·z) +
∑
G

AGe
i[(Ki+G)·R + kG,z ·z]. (2.28)

The incident beam is represented by the �rst term, whereas the sum is over all recip-
rocal lattice vectors G, i.e. all scattered beams. ki,z and kG,z denote the perpendicular
components of the wavevectors for the incoming and outgoing beams. The coe�cients
AG give the scattering amplitudes, which are proportional to the scattered intensities
(see equation (2.38)).
On the way to solve the scattering problem, the boundary condition for the wavefunc-

tion Ψ[R, z = ξ(R)] = 0 is applied to obtain∑
G

AGe
i[G·R + kG,z ·ξ(R)] = −e−i(ki,z ·ξ(R)). (2.29)

This equation has to be ful�lled for every R throughout the unit cell. Therewith the
scattering amplitudes AG can be determined theoretically for a given surface corrugation
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ξ(R). Usually ξ(R), as a representation of the surface, is adjusted until the best �t
between theoretical and experimental data is obtained. Although the convergence of the
Rayleigh hypothesis seems to be restricted to corrugation with a maximum amplitude
of 18.8% of the lattice constant (in two dimensions)35, alternative methods for valid
solutions beyond this limit exist42.

GR Method

Based on the Rayleigh assumption, the GR method converts equation (2.29) by multi-
plying both sides with exp[iki,z · ξ(R)] into43,44

∑
G

AGMGR = −1 (2.30)

with
MGR = ei[G·R + (kG,z+ki,z)ξ(R)]. (2.31)

The equations (2.30) can be seen as an interpolation problem with a condition for a
unique solution to exist that is given by

|MGR| 6= 0. (2.32)

For all lattice points R and reciprocal lattice points G, the amplitudes AG have to
ful�l equations (2.30) and (2.31). It can be shown that equation (2.32) is automatically
satis�ed if

R′ 6= R +ma + nb, (2.33)

with m and n integers and any two (di�erent) points R and R′ 43. Hence, the solution
has to be calculated for all points R within the unit cell and can thereafter be extended
to all points of the surface due to the translational symmetry of the crystal. Although
these equations have to be solved for all points R and G, in practice a "large enough"
number N of points is chosen to discretise the problem. Convergence is achieved, if the
solutions only change negligible for a further increase of N 43,44. Stoll et al.45 improved
the stability of the GR method by introducing further conditions for the selection of the
R and G vectors, even beyond the Rayleigh limit.

Beeby Correction

As an improvement for the strict HCW model, a slightly better approximation can
be obtained by applying the Beeby correction. For this correction the always existent
attractive part of the potential, which is neglected in the standard HCW-approach, is
included in a simple way39,46: The attractive well is assumed to have a spatially uniform
well depth D, which is added to the energy of the incident beam energy. Hence, the
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2.5 Elastic HAS

incident wavevector ki as well as Θi have to be replaced in the calculations with an
e�ective k′i given by

k′i =

√
2m(Ei +D)

~2
= ki

√
1 +

D

Ei

(2.34)

and a smaller e�ective angle of incidence Θ′i with

sin(Θ′i) =
sin(Θi)√

1 + D
Ei

. (2.35)

These corrections have to be also applied to the �nal wavevector kf and the �nal angle
Θf . Therefore, the perpendicular momentum transfer kz is replaced by39,47

∆k′z = ki

[√
cos2(Θf) +

D

Ei

+

√
cos2(Θi) +

D

Ei

]
. (2.36)

Close-Coupling Method

Beyond the HCW approach, e.g. for large surface corrugations, the scattering problem
has to be treated fully quantum mechanically. Thereto, the attractive part of the poten-
tial as well as a non-in�nitely steep slope have to be taken into account. The inclusion
of this attractive well gives also rise to the occurrence of bound-states, in which the
impinging He atoms get trapped for a short time (see section 2.6.1), which also in�u-
ences the scattering process signi�cantly40. In the close-coupling (CC) formalism, the
Fourier expanded wavefunctions (2.25) and the Fourier expanded atom-surface interac-
tion potential (2.16) are inserted into the Schrödinger equation (2.24). Therewith, for
the di�racted waves the following set of coupled equations is obtained:48[

d2

dz2
+ k2

G,z − V0(z)

]
ΨG(z) =

∑
G′ 6=G

VG′−G(z)ΨG′(z) (2.37)

V0(z) denotes the laterally and thermally averaged atom-surface interaction potential.
Wolken49,50 had been the �rst to apply the CC method, namely he investigated He and

H2 scattering from LiF. In this as well as in the following applications of the CC approach
in atomic and molecular scattering from surfaces51�53, the boundary conditions for the
wavefunction ΨG(z) are now de�ned by a vanishing wavefunction deep inside the crystal
(z → −∞) and an outgoing scattered wave far away from the crystal (z → ∞). While
in theory the coupled equations have to be solved for an in�nite number of G vectors,
for computation they are limited to a number large enough for numerical accuracy11.
In CC calculations it is important to include not only energetically accessible G vectors
(di�racted waves, open channels with k2

G,z > 0), but also evanescent waves (closed
channels with k2

G,z < 0).
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Calculation of HAS Intensities

With the previously described methods it is possible to calculate the scattering ampli-
tudes AG. However, in HAS experiments peak intensities PG are measured, which are
related to these amplitudes via39

PG =
kG,z
ki,z

|AG|2. (2.38)

For this equation to be true, the experiment must be set up in a classical Rutherford
con�guration, in which the acceptance angle of the detector is large enough to "see" the
whole illuminated He beam spot on the surface54. As a check for validity of the per-
formed calculations, the unitarity condition (incoming intensity has to equal to outgoing
intensity) can be used35: ∑

G

PG = 1 (2.39)

Turning Points

In addition to the aforementioned methods, the corrugation function is assumed to be
the equipotential surface

V (r) = V (R, z) = Ei,z (2.40)

at the coordinates of the classical turning points of the He atoms, with Ei,z the component
of the incident energy perpendicular to the surface39.
It is obvious that for di�erent incident energies of the He beam, di�erent corrugation

functions are obtained. He atoms with higher incident energy will have their turning
points nearer to the surface than atoms with less energy40. Furthermore, vibrations of
the surface in�uence the measured peak intensities. Although measurements at temper-
atures up to 300 K yield results accurate enough for certain applications55, temperature
corrections should be applied. To minimise these e�ects, the surface corrugation ξ(R)

should be determined for a surface temperature TS = 0 K. Since real-life experiments are
performed at �nite temperatures, Bragg peak intensities have to be measured at di�erent
TS and extrapolated to zero surface temperature with the inclusion of the Debye-Waller
factor39.

2.5.3 Debye-Waller Factor

In the scattering process from a real surface at non-zero temperature TS, the measured
Bragg peak intensities are attenuated due to the thermal vibrations of the atoms. Com-
pared to the theoretically predicted intensities, the measured peaks have less intensity
because of more inelastically scattered He atoms at higher values of TS. To account for
this temperature dependency of the intensities, the calculated intensities I0 for a surface
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2.5 Elastic HAS

at rest have to be multiplied with the Debye-Waller factor to obtain intensities I(TS)

comparable to the experiment39:

I(TS) = I0 · e−2W (TS) (2.41)

The exponential function denotes the Debye-Waller factor and is given by

2W (TS) =
〈
(u ·∆k)2

〉
TS

(2.42)

with u the displacement vector of a crystal lattice atom out of its equilibrium position.
The transfer of momentum during the scattering process is given by ∆k. For the scalar
product the thermal average has to be taken, which is indicated by the outer brackets39.
If there is no momentum transfer parallel to the surface, equation (2.42) yields

2W (TS) =
〈
u2
z

〉
· (∆kz)2, (2.43)

with 〈u2
z〉 the average displacement of a surface atom along the z-direction.

If a classical harmonic oscillator (frequency ω) is assumed, the average displacement is
related to the temperature T via18

1

2
Mω2

〈
u2
〉

=
3

2
kBT ⇒

〈
u2
〉

=
3kBT

Mω2
. (2.44)

The mass of a surface atom is given byM for a monoatomic surface. For non-monoatomic
surfaces, an e�ective mass has to be used instead56. In the Debye model the Debye-
temperature ΘD is related to the Debye frequency ωD via18

~ωD

kBT
=

ΘD

T
⇒ ωD =

kBΘD

~
. (2.45)

The combination of this relation with equation (2.44) yields〈
u2
〉

=
3~2T

MkBΘ2
D

. (2.46)

By inserting this result into equation (2.43), the Debye-Waller factor

W (TS) =
3~2TS

2MkBΘ2
D

∆k2
z (2.47)

is obtained.
The Beeby correction can be applied to the Debye-Waller factor to account for the
attractive part of the atom-surface interaction potential with a particular well depth D.
For scattering at the specular position (Θi = Θf), ∆kz is corrected with equation (2.36),
which yields

∆kz = 2ki

√
cos2(Θi) +

D

Ei

⇒ ∆k2
z = 4k2

i

(
cos2(Θi) +

D

Ei

)
. (2.48)
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2 Theoretical Background

By replacing ki with Ei =
~2k2i
2m

,

∆k2
z =

8m

~2
[Ei cos2(Θi) +D] (2.49)

with m the mass of an impinging particle is obtained.
Equation (2.47) can then be written as

W (TS) =
12m[Ei cos2(Θi) +D]

MkBΘ2
D

TS. (2.50)

This expression for the Debye-Waller factor can be also used for geometries, in which
the incident and �nal angles are not too di�erent. In the experiment, W (TS) can be
determined by measuring the He intensity of the Bragg peaks as a function of the
surface temperature TS. From the semi logarithmic plot of the intensity versus the
surface temperature, the slope of a linear �t is used to calculate the Debye Waller factor
and the Debye temperature. Although the considerations of the thermal attenuation
with an application of the Debye-Waller and the potential well depth with the Beeby
correction are good approximations, for an exact theoretical model further attenuation
e�ects, e.g. due to multiphonon processes have to be taken into account39.

2.5.4 Surface Steps and Terrace Height

In contrast to the ideal case of completely �at surfaces, real surfaces often have steps and
terraces, e.g. due to the sample preparation process. The spot size of the He beam on the
investigated surface may be larger than the typical area of these terraces. Interference
e�ects can be used to examine their heights and distributions with HAS. Constructive
and destructive interference occur due to the interaction of He beams scattered from
di�erent terrace levels39. When the phase shift ∆ϕ between He beams emerging from
di�erent levels is an integer n · 2π, they interact constructively (in-phase scattering).
On the other hand, destructive (antiphase) scattering appears with a phase shift of a
half-integer n · 2π.
To obtain the best signal-to-noise ratio, usually the specular peak (Θi = Θf) is moni-

tored while changing the phase-shift between the He beams from di�erent terraces with
changing experimental parameters. The position of the specular beam is not only used to
simplify the mathematical description, but also because the interference e�ects in�uence
the narrow, coherent di�raction peaks while the broad di�use elastic and multiphonon
contribution remains mostly constant. The phase di�erence ∆ϕ of beams from di�erent
terraces at the measurement position of the specular peak is given by57

∆ϕ = 2hki cos Θi (2.51)

where h denotes the step height. The wavevector component perpendicular to the surface
is given by ki,z = ki cos Θi. Equation (2.51) can also be given in terms of the wavevector
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2.5 Elastic HAS

transfer ∆kz = 2ki,z perpendicular to the surface and then reads

∆ϕ = h∆kz. (2.52)

In the experiment, ∆ϕ can be varied by changing either Θi or ki, while keeping the
other �xed. In the �rst case also the �nal angle Θf and hence the total scattering angle
ΘSD have to be changed in order to stay on the measurement position of the specular
peak. Due to the need of changing the total scattering angle, this type of measurement,
which is also called rocking curve, is not possible with the �xed source-detector geometry
of the apparatus used for this study. Hence, the second type of measurement was
performed by varying the nozzle temperature. As can be seen from equations (2.1) and
(2.4), therewith the wavevector of the incident He beam can be tuned.
In the presence of terraces, the phase shift (2.51) "runs" through constructive and

destructive interference in the experiment, ful�lling periodically in-phase and antiphase

conditions. Hence, a periodic change in the intensity of the monitored specular peak is
observable.
With increasing ki, the measured He intensity of the narrow coherent specular peak

decreases due to the higher nozzle temperature (less intensity of the He beam) and the
Debye-Waller e�ect 58. Because of these attenuations, the modulations due to di�erent
terrace levels produce less distinct features with higher ki.
To �nd the height of the steps on the surface, a theoretical model is used to calculate

the expected modulations of the intensity and compare them to the actual measurement.
As a �rst attempt, plane waves can be assumed. By considering a coherent overlap of
these waves, the expected intensity I(∆kz) can be calculated with57,59

I(∆kz) = I0e
−2W

∣∣∣∣∣
∞∑
j=0

aje
−ijϕ(∆kz)

∣∣∣∣∣
2

. (2.53)

I0 denotes the specular peak intensity for a completely �at surface without steps and
ϕ(∆kz) is the phase shift as de�ned in equation (2.52). The coe�cient aj is the visible
fraction of a terrace at level j. Assuming that the He beam "illuminates" a representative
region of the surface, the values for aj give the distribution of the terraces. To account for
the aforementioned attenuation due to the Debye-Waller e�ect, the exponential prefactor
e−2W is included in this model.
Although it has been shown that this model is a good approximation57,59,60, it has to

be mentioned that it neglects the possible occurrence of selective adsorption resonances
(see section 2.6.1). Their in�uence gives rise to various �ne peaks and dips superimposed
onto the signal originating from the di�erent terraces, especially for low values of ki

8. In
the theoretical model for the prediction of the He intensity signal, they are included by
using close-coupling calculations (see section 2.5.2), as was done in the present study (see
section 8). Beside the terrace height and distribution, a measurement of the intensity
variation may also be used to determine growth modes in deposition processes61.
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2 Theoretical Background

2.6 Resonances in HAS Measurements

In addition to above considerations, several resonance e�ects may a�ect HAS measure-
ments. Due to the attractive part of the He-surface interaction potential, He atoms may
get trapped in bound-states and produce detectable signals in angular as well as TOF
measurements. These e�ects are summarised under the term Selective Adsorption (Des-

orption) Resonances (SAR). Furthermore, signals may arise because of special kinematic
conditions, in which the scan curve of the experiment is tangent to the dispersion curve
of a surface phonon mode. This e�ect is referred to as Kinematic(al) Focusing (KF).

2.6.1 Selective Adsorption Resonances

With an energy Ei of the incident He atoms in the range of the well depth D of the He-
surface interaction potential, impinging atoms may get trapped temporarily in bound
states of this potential31,39.
After a short lifetime of approximately 10−12 s, the He atoms leave the bound state be-

cause of interactions with the lattice62,63. During this process, the quantum-mechanical
phases of the atoms get changed. Hence, these He atoms have a phase shift compared
to atoms which have been re�ected directly. Due to their otherwise indistinguishabil-
ity, interference e�ects result in a modulation of the measured He intensity at certain
angular positions31,64. Di�erent possibilities for the above mentioned interaction with
the lattice when entering or leaving the bound state exist and are described in detail in
literature1,64�66. Two of them were analysed during the work of this thesis, hence they
are speci�ed in the following paragraphs.
In the �rst case, the trapped He atom interacts with a G-vector of the lattice. Then it

leaves the surface and interferes with atoms that have been scattered elastically without
any temporary bonding to the surface. This process results in intensity modulations
of the Bragg di�raction peaks64. To measure these e�ects, usually the incident energy
of the He beam is scanned through by varying the nozzle temperature. The kinematic
conditions for the occurrence of SAR e�ects is "moving" through the positions of the
Bragg peaks, resulting in the described modulation of intensity. In the experiment,
mostly the intensity of the specular peak is probed since higher order di�raction peaks
change their angular position when the beam energy is changed.
In the second case, the trapped He atom interacts with a surface phonon before leaving

the surface. Subsequently, it interferes with atoms that have been scattered inelastically
without any temporary bonding to the surface. The interfering atoms have to be again
indistinguishable. Hence, in their interactions they have to create (or annihilate) surface
phonons with the same wavevectors and energies. This process results in intensity mod-
ulations at angular positions in-between the positions of the Bragg peaks67,68. SAR of
this type are usually probed with angular HAS scans, where the energy of the impinging
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2.6 Resonances in HAS Measurements

He atoms is held constant while their incident angle is changed.
Although phonons are involved in the second case, their energies and wavevectors

are not a�ecting the kinematic conditions for the resonances. Hence, both e�ects are
referred to as elastic SAR or the latter also as phonon assisted SAR.
In the described processes, usually a laterally averaged potential in the limit of zero-

corrugation (free atom approximation) is assumed and the energy and momentum bal-
ance is given in the following way8,31,39: The impinging He atom has a wavevector ki,
which can be split into two components, one parallel (Ki) and one normal (ki,z) to the
surface. Due to an interaction with a G-vector of the lattice, the kinetic energy of the
He atom parallel to the surface is increased from ~2

2m
K2

i to
~2
2m

(Ki +G)2. Having in mind
the conservation of energy, the kinetic energy perpendicular to the surface is decreased
by the same value from ~2

2m
k2

i,z to the energy of the bound state −|En|. In this model of
a laterally averaged potential with zero-corrugation, SARs can be observed if1,69

Ei =
~2k2

i

2m
=

~2

2m
(Ki + G)2 + En. (2.54)

An illustration for this condition is shown in �gure 2.3. If the condition for SAR is
ful�lled in the experiment, sharp peaks or dips may be detectable. The appearance of
maxima or minima depends on whether the atoms interfere constructively or destruc-
tively31,66. Although equation (2.54) is accurate enough for most applications, one has
to keep in mind that it is an approximation for freely moving atoms. But in fact the
He atoms are interacting with the charge density distribution slightly above the sur-
face, which has a non-zero corrugation. Hence, the resonances (bound state energies)
are described by a band structure70,71. Vargas and Mochán showed, that the free atom
model usually results in higher energies than calculations which include a full three di-
mensional potential70. To take this into account, the so called Celli diagrams72 or full
close-coupling calculations69 may be useful approaches .
However, since for a reasonable consideration of these noteworthy, but rather small

in�uences the necessary resolution is beyond the abilities of the HAS apparatus used,
they were neglected in the work of this thesis. Nevertheless, the laterally averaged
potential can be determined from the measured bound-state energies and was proven to
be a signi�cant and useful result8,31,69.

2.6.2 Kinematic Focusing

In the angular distribution of a HAS measurement, inelastic peaks in-between the po-
sitions of the Bragg peaks may not only arise from SAR e�ects, but also due to Kine-

matic(al) Focusing (KF). This e�ect appears if the experimental conditions (ki, Θi)
position the scan curve (equation (2.11)) on analytically critical points of the surface
dispersion relation, namely on Van Hove singularities of the surface phonon density73,74.
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Figure 2.3: Illustration of the condition for SAR within the free-atom approximation. If
equation (2.54) is ful�lled, i.e. the normal energy of the He atom matches a
bound state (energy En), He intensity modulations due to SAR appear. The
potential is usually taken to be the lateral average.

Enhanced He beam intensity due to the KF e�ect is detectable for kinematic conditions
in which the scancurve and the dispersion curve are approximately tangent, i.e. they
have about the same curvature at their contact point. In the distribution of an angular
scan, the inelastic part of the He intensity I is obtained by an integration of the dif-
ferential re�ection coe�cient d2R

dωdΩ
along the scancurve (see equation (2.11), ∆E = ~ω,

ω = ωs(K))26:

I =
dR

dΩ
=

∫
ω=ωs(K)

d2R

dωdΩ
dω (2.55)

with dΩ the acceptance angle of the detector. If only one-surface-phonon processes are
considered, equation (2.55) becomes

I =

∫
ω=ωs(K)

∂ωs

∂K
A(K)δ(ωs(K)− ωd(K))dK. (2.56)

A(K) describes the dynamic coupling of the atoms to single surface phonons with ener-
gies Ed = ~ωd. By using an expansion of ωs and ωd around the point K (Θf = Θf), at
which the scancurve is tangent to the dispersion curve, the δ-function in equation (2.56)
can be rewritten and

I(Θf) =
vdA(K) tan

1
2 (Θf)[

ωf(1 + ki
kf

)(Θf −Θf)(wd − w)
] 1

2

(2.57)

is obtained for a �xed θSD ≈ 90◦ apparatus26. ωf is the �nal energy (Ef = ~ωf) and
v denotes the �rst, w the second derivative of ω with respect to K. Equation (2.57)
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2.6 Resonances in HAS Measurements

shows the inverse square-root singularity. When the scancurve and the dispersion curve
have approximately the same curvature (w ≈ wd) at their contact point, the KF e�ect
has a large in�uence on the intensity in the angular distribution. A scancurve for a
special incident angle, at which KF occurs, is plotted as a green curve in �gure 2.1.
In the analysis of angular HAS measurements, it is important to distinguish between
peaks originating from SAR and KF e�ects. Furthermore, in the early times of HAS,
KF e�ects instead of TOF measurements had been used to determine surface phonon
dispersion curves26. Although this is not the most practical method, KF e�ects may
still be used as a rough estimation for the surface phonon dispersion or as a veri�cation
of theoretically calculated values (see e.g. section 8.4.4).
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3 Experimental Setup

All HAS experiments of this thesis were performed on the apparatus H.Å.N.S. (Helium
Atom Nondestructive Scattering), which is depicted as a 3-dimensional illustration in
�gure 3.1. It had been constructed at the FU Berlin, then transfered to Graz, where
it was remounted3. To characterize the apparatus, �rst measurements of LiF were per-
formed in 20091,3 Several improvements and adaptions75 succeed in �rst measurements
of the Bi(111) surface4 and a thorough analysis of its surface dynamics1,5,6,8,76.
In the following, a short description of the apparatus is given. Further information, a

detailed overview of the construction (CAD), the vacuum system and the beam-de�ning
geometry were documented by Anton Tamtögl1.

3.1 The Source Arm

In the �rst chamber of the source arm, the He beam is generated by using a supersonic,
adiabatic expansion (50 bar → ≈ 10−6 mbar) through a nozzle with a diameter of 10
µm. A skimmer between the �rst and the second chamber is used to select the central
part of the beam. Di�erent skimmers with ori�ces between 310 and 380 µm were used
throughout the work of the present thesis. In the second chamber, a chopper disc can be
moved into the beam to perform TOF experiments. As an advantage compared to regular
single-slit TOF systems, a pseudo-random chopper disc may be used75. Furthermore, in
this chamber di�erent apertures with diameters between 0.2 and 3.0 mm can be used to
manipulate the spot size of the He beam. To provide the necessary mean free path for
the He atoms of the beam, there is a maximum pressure in the region of high-vacuum
(p < 5 · 10−6 mbar) in all parts of the HAS apparatus.

3.2 The Main Chamber

In the main chamber, the crystal is placed on a six-axes manipulator, which can be used
for positioning and rotation of the sample. To avoid contamination of the sample surface,
the pressure in the main chamber is in the ultra-high vacuum (UHV) region, namely
p < 2 · 10−10 mbar. To obtain clean sample surfaces, an Ar+-ion sputtering system is
mounted at the main chamber. Furthermore, the crystal can be heated electrically with
a thermocoax and an electrical button heater (HeatWave Labs, UHV Button Heater)
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3 Experimental Setup

Figure 3.1: 3-dimensional illustration of the HAS apparatus H.Å.N.S., which was used
during the work for this thesis. Image taken from1.
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3.3 The Detector Arm

placed directly behind the sample. Cooling of the sample can be achieved by using liquid
nitrogen.
The composition of the residual gas can be checked with a quadrupole mass spectrom-

eter. In this chamber, a LEED as well as an AES system are installed to adjust the
orientation of the sample and to prove the quality of the surface, respectively. The con-
struction of the apparatus is optimised for in-plane scattering measurements, in which
the surface normal and the wavevectors of the incident and the detected beam are in
one plane. As an important value for the analysis of HAS measurements, the angle ΘSD

between source arm and detector arm is �xed, having a value of ΘSD = 91.5◦.

3.3 The Detector Arm

To detect the He atoms which are scattered in the direction of the detector arm, a
quadrupole mass analyser (QM) is used. It is placed at the end of a di�erentially
pumped vacuum system, which is necessary to distinguish between He atoms scattered
directly from the sample surface and particles in the background. For TOF experiments,
the QM is also equipped with a multi-channel analyser (MCA) system. To have a very
well-de�ned path length for TOF measurements, the QM-MCA is mounted in cross beam
geometry (90◦ angle between beam and acceleration path of the QM-MCA).

3.4 Additional Characterisation and Monitoring of

the Apparatus

In addition to the thorough characterisation documented by Anton Tamtögl1, in the
following supplementary information about the HAS apparatus H.Å.N.S. is provided.

3.4.1 Cool-Down of the Nozzle

The energy of the He beam can be adjusted with the temperature of the He nozzle
(see equation (2.1)). A coldhead, which uses the Gi�ord McMahon-process, is used
to cool down the nozzle via oxygen-free copper braids. To obtain a particular nozzle
temperature, the nozzle is heated resistively as a counterpart to the cooling. After
switching on the coldhead (Leybold RGD510) for the cooling of the nozzle, it takes
several hours until the �nal temperature of the nozzle is reached. The characteristics
of the cooling process are shown in �gure 3.2. While the second stage of the coldhead
reaches a �nal temperature of 25 K (Si-diode and LTC 60 temperature controller),
the minimum achievable nozzle temperature is 47 K (Pt100 resistance thermometer),
corresponding to a beam energy of ≈ 10 meV. If the temporal characteristics di�er
signi�cantly from the shown �gure, a service of the coldhead should be considered.
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Figure 3.2: Cool-Down of the Nozzle with the installed coldhead. While at the top of the
coldhead a �nal temperature of 25 K is achievable (a), the minimum nozzle
temperature is 47 K (b).

3.4.2 Determination of LCD

Since the documentation of the characteristics of the HAS apparatus in1, the coldhead
described in section 3.4.1 was renewed. Hence, it was possible to achieve lower nozzle
temperatures, i.e. lower energies of the atoms in the He beam, than documented so
far. To experimentally obtain a more accurate path length LCD between chopper and
detector, TOF measurements were performed, including these lower temperatures of the
nozzle. The velocity v of the He atoms can be calculated by dividing LCD by the �ight-
time TOF . Furthermore it is given by the temperature of the nozzle TN via the kinetic
energy Ei = mv2

2
= 5

2
kBTN (see eq. (2.1)). However, the therewith obtained velocity may

have a large error due to the inaccuracy of the temperature measurement. Thus, the
exact positions of di�raction peaks in angular HAS measurements were used to calculate
v by using eq. (2.23) and eq. (2.4). The �ight-time was obtained from Gaussian �ts of
the detected intensities from elastically scattered He atoms.
These relationships can be used to determine LCD with plotting v over TOF−1 as

depicted in �gure 3.3. The slope of the best linear �t through this data yields the value
for LCD:

LCD = (1650± 3) mm (3.1)

This result is somewhat larger than the length determined in1 (LCD,1 = (1643±5) mm).

3.4.3 Web Monitoring

The operation and maintenance of a HAS apparatus is often challenging because dif-
ferent in�uences, such as leakages or power blackouts may a�ect the UHV, the cooling
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Figure 3.3: Determination of LCD with TOF measurements.

Figure 3.4: Screenshot of the web monitoring interface. The most important pressures
and temperatures of the HAS apparatus can be checked on this site.

of the vacuum pumps, the He nozzle or the sample. Furthermore, each TOF mea-
surement during the determination of surface phonon dispersions lasts at least several
hours. Therefore, a web monitoring based on an Apache Webserver77 was developed.
All critical pressure values as well as temperatures are recorded every 10 minutes via
RS232 and USB interfaces of the controllers. This data and the corresponding graphs
can be accessed via the URL http://heliumstreuung.tugraz.at (see �gure 3.4) and act as
a valuable improvement, especially for measurements with a long duration.
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4 Sb(111) and Bi(111)

Both antimony (Sb) as well as bismuth (Bi) belong to the same group 15 (group-V) of
the periodic table. Having atomic numbers of 51 (Sb) and 83 (Bi), respectively, spin-
orbit interaction has major in�uence on their (electronic) properties78�80. Especially
when looking at nanoscale structures, interesting features such as superconductivity or
tunable band gap and spin polarisation had been observed recently81�83. Furthermore,
both materials appear in the compounds of topological insulators, which are promising
candidates for applications in future electronics9,84�86.
In the following sections, an introduction into the main properties of these surfaces

with regard to HAS measurements is given. Furthermore, the used cleaning procedures
as well as the methods used for the characterisation of the surfaces are presented.

4.1 Structure and Properties of Sb(111)

The structure of bulk antimony (Sb) under standard conditions was investigated for the
�rst time by W. H. Bragg and W. L. Bragg with the technique of X-ray di�raction87. R.
W. James, N. Tunstall and A. Ogg analysed these results more carefully and were able to
number interatomic distances correctly88,89. In the second half of the twentieth century,
re�ned investigations improved the accuracy of the lattice constants90�92. Nowadays it
is known that antimony crystals are built in the rhombohedral A7 (space group R3m)
structure with two atoms per unit cell. In the hexagonal notation, which is the most
intuitive choice when focusing on the (111) surface, the lattice constants are a=(4.3084±
0.0002) Å and c=(11.2740± 0.0005) Å at a temperature T=298 K and a pressure p<1
bar91,92. Each atom has three nearest neighbours, the distance to the three next nearest
neighbours is slightly higher. The main features of this formation are puckered bilayers
of atoms with an orientation perpendicular to the 〈111〉 direction. Within these bilayers
the bonding is of a covalent type whereas the inter-bilayer bonding is of van der Waals
character. Due to these weaker inter-bilayer bonds, Sb easily cleaves between two bilayers
along the (111) planes93. This type of bilayer stacking is a main structural characteristic
of the group-V semimetals6,10,94.
In �gure 4.1 a model of the geometric structure of the Sb(111) surface is shown. The

corresponding Wigner-Seitz cell and the two high-symmetry directions for the �rst layer
are depicted in �gure 4.3. Recent measurements based on photoelectron di�raction95
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Figure 4.1: Structure of the Sb(111) surface with lattice constants as determined by
Bengió et al.95. After the cleaning procedure, a LEED beam energy of 38 eV
was used to show sharp spots, which exhibit the symmetry of the �rst layer
atoms.

and scanning tunnelling microscopy93 yielded no substantial relaxations with respect
to the bulk. A clear LEED pattern shows the very �rst layer atoms and is in good
agreement with the LEED measurements of Sb(111) reported by Jona96. Furthermore,
the sharp and intense di�raction spots in the LEED picture are a �rst indication for the
cleanliness of the surface. For scattering experiments, the lattice in reciprocal space is
of high importance, hence the bulk Brillouin zone of Sb is depicted in �gure 4.2.

The LEED spots also show the arrangement of the surface atoms in reciprocal space, in
which Sb(111) also has a hexagonal structure. Figure 4.3 depicts the �rst Brillouin zone
of this surface structure. Furthermore, the two high-symmetry directions are indicated
with arrows. All angular HAS scans in this study were performed along one of these
directions.

Although bulk Sb has semimetallic properties, there are metallic states on the Sb(111)
surface97,98. ARPES measurements revealed a central hexagonal-shaped electron pocket
in the electronic band structure near the Fermi level. Furthermore, six hole pockets with
ellipsoidal shape encircle this electron pocket97,99.
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Figure 4.2: Bulk Brillouin zone of Sb in three-dimensional reciprocal space. At this
orientation of the crystal, the (111)-surface lies in the horizontal plane. The
depicted Brillouin zone is also valid for Bi.
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Figure 4.3: Surface Wigner-Seitz cell and Brillouin zone of Sb(111) in two-dimensional
real and reciprocal space together with the two high-symmetry directions.
The direction ΓM in reciprocal space is equivalent to the direction [10] in
real space, ΓK corresponds to [11]. The depicted illustration is also valid for
Bi(111).
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4 Sb(111) and Bi(111)

4.1.1 Characterisation of the clean Sb(111) Surface

In HAS measurements, the cleanliness of the sample surface is of high importance,
since impurities distort the detected signal signi�cantly. While a �rst indication of a
clean surface are the sharp LEED spots as depicted in �gure 4.1, a more thorough
characterisation of the clean Sb(111) surface was obtained with AES measurements.

Due to the manufacturing process, the antimony sample crystal is initially contami-
nated by carbon. In �gure 4.4(a) the AES result for the as-received Sb crystal is shown.
In addition to the carbon signal at 272 eV, a peak originating from an intrinsic oxygen
layer is clearly visible at 510 eV. The found contaminations are in agreement with an
investigation by Shan et al.100, who investigated the adsorption of water on Sb(111) and
preliminarily performed AES measurements of their samples.

Ar+-ion sputtering (1.7 kV, 3 µA/cm2, 15 min) and annealing at 470 K for up to
twelve hours was used to obtain a clean sample surface. Although the oxygen peak
vanished after just one application of the cleaning procedure (see �gure 4.4(b)), for a
chemically clean surface at least three repetitions of the cleaning cycle are indispensable
(see �gure 4.4(c)). The positions of the measured dips (334, 342, 388, 440, 454, 462, 492

and 499 eV) are in good agreement with the data from an AES standard handbook101.

4.1.2 Surface Steps and Terrace Height of Sb(111)

The investigations of the height of surface steps and the terrace distribution were part
of the publication presented in chapter 6 and can be found in detail in section 6.3.3.

4.2 Structure and Properties of Bi(111)

Bismuth (Bi) crystallises in the same rhombohedral A7 structure as antimony80. The
structural parameters of the Bi(111) surface had been determined by Mönig et al. with
LEED measurements and ab-initio calculations103. In �gure 4.5, the Bi(111) surface
with the most important lattice constants is shown, �gure 4.3 shows the Wigner-Seitz
cell and the �rst Brillouin zone with the two high symmetry directions. Due to the
weaker inter-bilayer bonding, Bi easily cleaves between two bilayers along the (111)
planes80.

A more detailed description and investigations of the Bi(111) surface can be found in
the PhD thesis of Anton Tamtögl1 and the corresponding publications4�8. Additionally,
the results of the investigation of the surface step height and distribution at Bi(111) is
presented in the following section.
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Figure 4.4: AES spectra of the Sb(111) sample crystal. (a) Spectrum of the crystal as
received from Metal Crystals & Oxides Ltd102. Oxygen and Carbon con-
taminations are clearly visible. (b) AES spectrum after one cleaning cycle
(Ar+ ion-sputtering + annealing). (c) The spectrum of the clean Sb(111)
sample crystal as obtained after several cycles of sputtering and annealing.
The cleanliness of the samples were checked before and after every HAS
measurement.
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Figure 4.5: Structure of the Bi(111) surface with lattice constants as determined by
Mönig et al.103.

4.2.1 Characterisation of the clean Bi(111) Surface

Because of the simple cleaving along the (111) planes, Bi(111) crystals are commercially
available easily. The crystals, which were investigated during the work of this thesis,
had been bought from Metal Crystals & Oxides Ltd102. Ar+-ion sputtering (1.5 kV,
2 µA/cm2, 15 min) and annealing at 420 K for up to twelve hours was used to obtain
a clean sample surface. The purity of the Bi(111) crystals was checked with X-ray
photoelectron spectroscopy (XPS)1,4,5. A description of this method can be found in the
PhD thesis of Anton Tamtögl1.

4.2.2 Surface Steps and Terrace Height of Bi(111)

As described in section 2.5.4, the surface step height and the distribution of terraces
can be determined from HAS measurements. Thereto, the He intensity of the specular
peak is measured while changing the incident energy of the He atoms with tuning the
nozzle temperature. With this procedure the wavevector transfer ∆kz normal to the
surface can be varied, resulting in a modulation of the specular intensity. By using
equation (2.53) and the inclusion of the Debye-Waller attenuation as well as the nozzle
temperature dependence of the He intensity, the expected He intensity can be modelled.
In �gure 4.6(a) the result of the best-�tting calculation together with the normalised

measured intensity is shown. The increasing di�erence between the theoretically and
experimentally obtained values for decreasing wavevector transfer is due to the in�uences
of SAR (see section 2.6.1) at low incident beam energies. The positions of the strongest
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Figure 4.6: (a) Specular intensity as a function of the vertical wavevector transfer ∆kz
of the He beam for the Bi(111) surface. The measurement was performed
along the ΓM azimuth while the crystal was kept at a temperature of 123 K.
The experimental data points (open red circles) were �tted using equation
(2.53) for values between 7.8 and 13 Å−1 (solid blue line). The positions of
recently determined positions of SAR e�ects8 are indicated by black arrows.
(b) The distribution of the terraces as obtained from the best �t result.

SAR had been calculated recently8 and are indicated in the �gure. Deviations for high
values of the incident beam energy originate from a bad adjustment of the nozzle, which
occurs during the heating of the nozzle and always is a challenging task for such a
large range of nozzle temperatures. Nevertheless, the model is able to reproduce the
measured values in the region between 8 and 11.5 Å−1 very well. The surface step
height determined from the �t is h = (3.9± 0.1) Å, which is in good agreement with the
step height of a bilayer (3.94 Å, see �gure 4.5) determined from experiments80,103 and
recent DFPT calculations6. The distribution of terraces, �gure 4.6(b), shows that the
Bi(111) surface seems to be quite �at, although these results should be considered with
care because of the simplicity of the model.
A detailed description of the �tting procedure can be found in section 6.3.3, in which

the investigation of surface steps and terrace heights of Sb(111) is presented.
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5 Vibrational dynamics and surface

structure of Bi(111) from helium

atom scattering measurements

The following corresponds to a publication by
Michael Mayrhofer-Reinhartshuber, Anton Tamtögl, Patrick Kraus, Karl-Heinz
Rieder and Wolfgang E. Ernst in Journal of Physics: Condensed Matter, 24:104008-1-6,
February 20125.

The author of this thesis was responsible for

• the main parts of the angular HAS measurements with the Bi(111) sample crystal
cooled down with liquid nitrogen,

• the main parts of the temperature-dependent HAS measurements of Bi(111) (see
�gures 5.2 and 5.5),

• the analysis of the corrugation with the GR method (see table 5.1 and �gures 5.3
and 5.4),

• and the authorship of the abstract and sections 5.1.1, 5.3.1, 5.3.2, and 5.4.

The contributions of the co-authors are listed below:

• A. Tamtögl: Introduction, HAS-measurements, Implementation of the Eikonal-
Method, DW-analysis

• P. Kraus: HAS-measurements, Check of the implemented algorithms

• K.-H. Rieder: Bismuth: preparation and properties, Help with the implementation
of the Eikonal-Method

• W.E. Ernst: supervision (experiment, theory, publication), laboratory, funding
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5 Vibrational dynamics and structure of Bi(111)

Abstract

The Bi(111) surface was studied by elastic scattering of helium atoms at temperatures
between 118 K and 408 K. The observed di�raction patterns with clear peaks up to third
order were used to model the surface corrugation using the eikonal approximation as well
as the GR-method. Best �t results were obtained with a rather large corrugation height
compared to other surfaces with metallic character. The corrugation shows a slight
enhancement of the surface electron density in between the positions of the surface atoms.
The vibrational dynamics of Bi(111) were investigated by measurements of the Debye-
Waller attenuation of the elastic di�raction peaks and a surface Debye temperature of
(84 ± 8) K was determined. A decrease of the surface Debye temperature at higher
temperatures that was recently observed on Bi nano�lms could not be con�rmed in the
case of our single crystal measurements.

5.1 Introduction

The semimetal bismuth (Bi) has attracted increasing interest accompanied by the dis-
covery of a phase transition in Bi that occurs at the quantum limit and involves electron
pockets which host Dirac electrons104. For an explanation of the transition to a metal,
the Bi(111) surface plays a central part since it is a much better metal than the bulk due
to the presence of metallic surface states80,105,106. Bi surfaces are frequently mentioned
as prime candidate to study the quantum size e�ect in solids80,105,107 and superconduc-
tivity of Bi cluster �lms, nanowires and Bi bicrystals has been observed81,82,108,109. Apart
from the fact that the strong spin-orbit interaction in Bi is challenging from a theoretical
point of view, it is a promising property of Bi surfaces and interfaces with respect to
applications in spintronics80.
Helium atom scattering (HAS) experiments are of particular interest on Bi surfaces as
the di�raction patterns do not only contain information about the geometrical positions
of the surface atoms but also about the electronic structure since the impinging helium
atoms are scattered at the surface electron density and thus provide a mapping of the
electron density. Furthermore, the properties of He atom scattering are ideal for the
investigation of the dynamics of inelastic processes. Thereby the vibrational dynamics
of the surface atoms give rise to a thermal attenuation of the scattering peaks which
allows the determination of the surface Debye temperature35,39,110.

5.1.1 Structure and Properties of Bi(111)

Bismuth crystallizes in the rhombohedral A7 structure. The major characteristics of
this structure are the puckered bilayers of atoms arranged perpendicular to the [111]
direction. Within those bilayers the bonding is much stronger than in between, where
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Figure 5.1: Top view of the Bi(111) surface structure showing the 1st layer together with
the two scattering directions. The dashed rhombus indicates the unit cell
with a lattice constant of a = 4.538 Å103.

the bonds have more of a van der Waals character. Due to those weak bonds the crystal
is easily cleaved along the [111] direction.
The �rst LEED patterns of the Bi(111) surface were presented by Jona96. Mönig

et al.103 investigated the detailed structural parameters using LEED and ab-initio cal-
culations and displayed that the only relaxation at the surface is a small deviation of
the interlayer distances from the bulk values. Besides the rhombohedral structure, Bi
can also be described by a pseudocubic or a hexagonal structure. The latter one is the
natural choice when describing the Bi(111) surface since it describes its �rst layer in
an intuitive way. The unit cell in this notation is highlighted in �gure 5.1. The sixfold
symmetry of the surface structure described by �rst layer atoms is reduced to threefold
symmetry if second layer atoms are included. However, with the applied energies in our
HAS experiments in�uences of other than �rst layer atoms are negligible. Both the 〈10〉
and the 〈11〉 direction can be treated as mirror planes. Most of the previous experiments
on the Bi surfaces focused on photoemission studies78,105�107,111�114. A very interesting
aspect of the previous outcomes is that the number of surface charge carriers is much
higher than the corresponding number of bulk carriers80. For this reason, the surfaces
of Bi are a far better metal than the bulk. This can be explained in terms of the strong
spin-orbit splitting occurring in Bi78.

5.2 Experimental Details

The experimental work of this study was conducted using a HAS apparatus with a 91.5◦

source-target-detector geometry. A nearly monochromatic He beam was generated in a
supersonic expansion of helium through a 10 µm nozzle and the central part of the beam
was then selected using a 310 µm skimmer. The whole apparatus has been described in
greater detail in a previous publication4.
The Bi(111) single crystal used in this study was a disc with a diameter of 15 mm and
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5 Vibrational dynamics and structure of Bi(111)

a thickness of 2 mm. The crystal was mounted on the sample holder which can be
heated resistively using a button heater. The sample temperature was measured using
a chromel-alumel thermocouple. Prior to the measurements the surface was cleaned by
Ar+ sputtering (1.5 kV, 2 µA) and annealing to 423 K. After this treatment no surface
contamination could be detected with XPS.

5.3 Data and Results

5.3.1 Elastic Scattering

For the Bi(111) surface with its sixfold symmetry of the very �rst layer there are two
low-index, namely the 〈10〉 and the 〈11〉, directions which are shown in �gure 5.1. They
exhibit periodic structures with spacings of 1/2a and

√
3/2a with the lattice constant

a = 4.538 Å80. Angular HAS-scans were performed along these directions after the az-
imuthal orientation of the sample had been adjusted using LEED. It was already shown
in our previous work that scattering of HAS on Bi(111) gives rise to sharp di�raction
peaks. However, those measurements were carried out with the crystal at room temper-
ature and only �rst order di�raction peaks could be observed4. By cooling the sample
down to a temperature of 123 K and using incident energies of Ei = 31.7 meV (〈10〉 az-
imuth) and Ei = 24.1 meV (〈11〉 azimuth) of the helium beam di�raction patterns with
peaks up to third order were observable. They are depicted in �gure 5.2 as a function
of the incident angle with the zero-order di�raction peak at θi = 45.75◦.
The positions of the peaks are in excellent agreement with the already known structure
of the top-most layer as obtained by Mönig et al.103. As an advantage of the cooling,
much higher intensities compared to the measurements with the sample at room tem-
perature could be achieved. There is a slight asymmetry in the angular scans which is
likely to be caused by steps in the Bi(111) surface115 and alignment problems.
As already pointed out by Tamtögl et al.4 a large fraction of the scattered He atoms is
found in the di�raction peaks which is unusual for a surface with metallic character. Con-
sidering the reported metallic character of the surface one would expect a smoothening
of the contour due to the Smoluchowski e�ect37, yet the large di�raction peaks imply an
increased importance of the surface corrugation for HAS on Bi(111) compared to other
metals. To provide a more thorough investigation of this e�ect we have carried out a
detailed analysis of the di�raction peak intensities.

5.3.2 The Surface Corrugation

In order to determine the corrugation of the He-Bi(111) surface interaction potential,
di�raction intensity calculations based on the hard corrugated wall model were per-
formed. We have used the assumptions of the eikonal approximation35,39 as well as
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Figure 5.2: Scattered intensity of He vs. incident angle for He di�racted from Bi(111)

along the 〈10〉 azimuth (upper part) and along the 〈11〉 azimuth (lower part).
The crystal has been cooled down to 123 K.
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Figure 5.3: Scattered intensity of He vs. incident angle for He di�racted from Bi(111)

along the 〈10〉 and 〈11〉 azimuth for Ei = 17.7 meV. The shown measure-
ments were performed with the crystal at 300 K. The circles correspond to
the experimentally determined peak areas, the triangles indicate the calcula-
tion using the eikonal approximation and the squares show the results using
the GR method.
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the GR-method43,45. The surface was modeled using the simple two-parameter Fourier
ansatz for the surface corrugation function

ξ(x, y) = ξ01 ·
(

cos
[

2π
a

(
x− y√

3

)]
+ cos

[
2π
a

(
x+ y√

3

)])
+ξ01 · cos

[
2π
a
· 2y√

3

]
+ ξ11 · h.o. (5.1)

with x and y being rectangular coordinates with respect to the oblique geometry of the
surface and h.o. corresponding to higher order Fourier terms. Hard wall intensities were
calculated for various ξ01 and ξ11 and compared to the relative experimental di�raction
possibilities. The best-�t coe�cients have then been determined by varying the ampli-
tudes ξ01 and ξ11 until optimum agreement between the measured and the calculated
intensities was reached. The accuracy of the agreement is usually judged by evaluating
a reliability factor R39:

R =
1

N

√∑
G

(
P exp
G − P calc

G

)2 (5.2)

where N denotes the number of experimentally observed di�raction peaks, and P exp
G and

P calc
G are the experimental and calculated di�raction intensities for each G which have

been normalized by dividing by the intensity of the specular peak. The �tting procedure
has been applied to angular HAS scans with the Bi crystal at room temperature and
cooled down to 123 K to account for dynamic e�ects that may be related to the struc-
ture. As shown by Conrad et al.55 and certi�ed by Farias and Rieder39 this approach
for �tting hard wall corrugation functions is su�ciently accurate. Figure 5.3 shows the
corresponding angular scans along the 〈10〉 and the 〈11〉 azimuth with a beam energy
Ei = 17.7 meV.
For comparison with the calculated intensities the experimental peak areas were deter-
mined. The reason for using the peak areas is due to the broadening of the elastic peaks
caused by the energy spread of the He beam and a broadening caused by the apparatus
and the domain size of the crystal surface116,117. Therefore the elastic peaks were �tted
with two Gaussian functions to account for the narrow coherent elastic contribution and
for the broad di�use elastic and multiphonon contribution47. The area of the narrow
coherent elastic peaks was then compared with the calculations. The asymmetries in
the measurements were attributed to a poor alignment. Peak areas of corresponding
peaks were averaged. In �gure 5.3 the peak areas are indicated as circles while the solid
curves show the experimental count rates versus incident angle. Figure 5.3 also shows
the calculated intensities obtained by the eikonal approximation, indicated by the tri-
angles and those obtained by the GR method designated by the squares.
To account approximately for the attractive well near the surface, the Beeby correction
has been applied in the calculations39. In both cases (GR and eikonal approximation),
a Beeby correction of 8 meV was found to provide a good �t. The best �ts to the data
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5 Vibrational dynamics and structure of Bi(111)

Table 5.1: Best �t corrugations in percent of the lattice constant a corresponding to the
experimental measurements at TS = 123 K and TS = 300 K obtained with
the eikonal approximation and the GR method by modeling the surface with
the Fourier ansatz (5.1). All calculations were performed with the Beeby
correction (D = 8 meV).

R-factor (%) corr. height/a (%)
TS (K) Eikonal GR Eikonal GR

123 4.0 2.8 10.6 9.7
300 1.6 1.4 11.2 10.1

are summarized in table 5.1 with the reliability factor according to (5.2) and the peak-
to-peak corrugation in percentage of the surface lattice constant a. The experimental
results agree well with the calculations, in terms of R the deviation is smaller than 2.8%
for the GR method and smaller than 4.0% using the eikonal approximation. However,
it should be mentioned that the application of the eikonal approximation for such a
large corrugation should be treated with caution whereas the GR method has proven its
reliability for corrugations as large as 0.18a39.

In a �rst estimation Tamtögl et al.4 obtained a corrugation height of 16% of the
lattice constant for the crystal at room temperature. In the presented analysis we �nd
a corrugation of ≈10% which is smaller than the previous value. However, in the �rst
estimation by Tamtögl et al. the Beeby correction was neglected, which would imply a
larger corrugation, and the inclusion of higher order di�raction peaks in our calculations
should give rise to a more accurate result. Nevertheless the tendency towards a large
corrugation for scattering of He on Bi(111) has been con�rmed since a peak to peak
corrugation of 0.10a is still large for a surface which exhibits a metallic character. The
observed corrugation of the electron density is by no means expected at a metal-like
surface112.
In �gure 5.4 a surface plot together with a density plot of the best �t corrugation is
shown. At a closer look it is quite remarkable that a linearly shaped enhancement of
the electron density between the positions of the Bi atoms seems to appear. This is not
due to any contribution of atoms in the second layer since the interaction of He atoms
with the second layer can be neglected for an incident energy of 17.7 meV. Therefore it
would be interesting to perform ab-initio calculations of the surface electron density of
Bi(111) and derive the corresponding di�raction probabilities.
Furthermore it should be mentioned that the calculation of the corrugation shows a
slight increase of the corrugation height with increasing surface temperature. While this
tendency is still within the uncertainty of the calculations both calculation methods,
the eikonal approximation as well as the GR method show the same trend. However,
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Figure 5.4: Plot of the hard-wall potential surface for the Bi(111) surface at an incident
energy of Ei = 17.7 meV and a temperature of 300 K. The corrugation
was obtained by �tting the observed helium di�raction intensities within the
eikonal approximation. The peak to peak amplitude is 0.51 Å.

this e�ect could also be caused by a slight di�erence in the Debye temperatures of the
di�raction peaks39,55. Hence if this tendency is of any physical meaning it should also
give rise to a signature in the inelastic scattering of He from Bi(111).

5.3.3 Surface Debye Temperature of Bi(111)

The thermal attenuation of the di�raction peaks provides insight into the surface vi-
brational dynamics39. Figure 5.5 shows the decay of the specular peak intensity with
increasing surface temperature TS. Therefore scans of the scattered intensity around
the zero order peak were collected for an incident energy of Ei = 17.7 meV while the Bi
surface temperature was varied between 118 K and 408 K.

The thermal attenuation of the di�raction peak intensities is caused by vibrations
of the surface atoms giving rise to inelastic scattering of the incoming atoms. This
attenuation is described by the Debye-Waller factor which relates the di�raction intensity
I(TS) of a sample at surface temperature TS to the intensity I0 of a sample at rest by

I(TS) = I0 · e−2W (TS) (5.3)

where exp[−2W (TS)] is the Debye-Waller factor39. Assuming that the momentum trans-
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Figure 5.5: Plot of the attenuation of the specular peak with increasing surface temper-
ature TS of the Bi(111) sample. The scattered intensity of the helium beam
with an incident energy of Ei = 17.7 meV is shown.

fer parallel to the surface equals zero, a reasonable approximation of the Debye-Waller
factor is obtained:

2W (TS) =
〈
u2
z

〉
· (∆kz)2 (5.4)

where 〈u2
z〉 describes the average displacement of a crystal atom perpendicular to the

surface and ∆kz is the momentum transfer during the scattering process. For a classical
harmonic oscillator within the Debye model, W (TS) becomes

W (TS) =
3(~2∆k2

z)TS
2MkBθ2

D

(5.5)

where M is the mass of the surface atom and ΘD the surface Debye temperature27,39.
Furthermore, the e�ect of the attractive well near the surface which gives rise to an
additional acceleration perpendicular to the surface can be taken into account using the
Beeby correction39,47. The in�uence of the attractive well is considered by replacing the
momentum transfer ∆kz by

∆k∗z = ki

[√
cos2(θf ) +

D

Ei
+

√
cos2(θi) +

D

Ei

]
(5.6)

with D the well depth of the potential. In the case of the specular beam, θi = θf
holds and the Debye Waller factor (5.5) together with the Beeby correction (5.6) can be
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Figure 5.6: Decay of the specular and �rst order di�raction peak intensity I(TS) versus
surface temperature TS for an incident beam energy Ei = 17.7 meV. In both
cases the natural logarithm of I(TS)/I0 exhibits a linear slope.

expressed as

W (TS) =
12m [Ei cos2(θi) +D]TS

MkBθ2
D

(5.7)

where m is the mass of the impinging particle. Although (5.7) is strictly valid only for
the specular beam, it is also a reasonable approximation for �nal angles θf that are not
too di�erent from the incident angle θi 39.
According to (5.3) and (5.4) a plot of ln(I(TS)/I0) versus the surface temperature TS
gives rise to a linear decay within the Debye model whereupon the surface Debye tem-
perature can be calculated from the slope. In �gure 5.6 the decay of the specular and
the �rst order di�raction peak intensity versus temperature are depicted. Both mea-
surements have been carried out at an incident beam energy Ei = 17.7 meV.

The experimental data perfectly �ts a linear decay over the experimental range con-
sistent with the Debye model. The intensity of the �rst order di�raction peak shows
small deviations which could be the e�ect of a slightly misaligned symmetry axis due to
elongation e�ects when cooling down the sample with liquid nitrogen. From the linear
�t of the experimental data we obtain a slope of −12.1 · 10−3 K−1 for the decay of the
specular peak intensity and −15.8 · 10−3 K−1 for the �rst order di�raction peak. Using
(5.5) - (5.7) one can calculate the surface Debye temperature θD from the slope if the
mass of the helium atom scatterer M and the potential well depth D is known. For
He atom scattering D is typically in the range of 5 − 8 meV66. We assume a value of
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D = 8 meV for the calculation of the Debye temperature which is motivated by the
enhanced metallic character of the Bi(111) surface which in turn should give rise to
a considerable well depth118,119. This value was also found to provide a good �t for
the calculations of the surface corrugation. Also investigations of selective adsorption
resonances and a determination of the He-Bi(111) interaction potential con�rmed this
value8.
With M equal to the mass of a single Bi atom, the Debye temperature θD was deter-
mined to be (84 ± 8) K from the measurements of the specular peak and (75 ± 8) K
from the measurements of the �rst order peak. Hence the surface Debye temperature of
Bi(111) is reduced signi�cantly with respect to the bulk value which is 120 K120,121. This
is in good agreement with the theoretical approximation of van Delft122 that estimates
a reduction of the surface Debye temperature by a factor of 1/

√
2 with respect to the

bulk value.
Even though the determination of the surface Debye temperature using LEED measure-
ments usually includes the measurement of scattered electrons that are penetrating into
the �rst layers of the bulk, we will try to compare the LEED results with our HAS mea-
surements. Compared to Mönig et al.103 who determined a surface Debye temperature
of Bi(111) with θD = 71(+7/ − 5) K for the �rst layer using LEED experiments, our
value is slightly larger. Considering collisions of the impinging helium atom with more
than one surface atom due to the cooperative motion of the surface atoms would give
rise to a helium scatterer massM greater than that of a single Bi atom and consequently
a lower θD 123,124. However, the uncertainty in our calculation of the Debye temperature
results primarily from the well depth D.
Yaginuma et al.125 reported a decrease of the surface Debye temperature above 350 K
which they attribute to a softening transition of the outermost interbilayer bonds accom-
panied by a hardening of the topmost intrabilayer bonds. Their experimental �ndings
appear when determining the surface Debye temperature of a bismuth nano�lm that
adopts the same structure as the bulk truncated Bi(111) surface using LEED. Thereby
θD decreases from 76 K to 50 K for TS > 350 K125. However, in our measurements there
is no evidence for such a drop in the surface Debye temperature. The fact that we are not
able to observe this transition in our measurements of the bulk truncated surface may be
caused by di�erent properties of the nano�lm or a signature of the substrate. However,
it has been shown that the nano�lm surface takes the same atomic con�guration with
a lattice constant that is almost the same as the one of the bulk truncated surface126

. Therefore we believe that the reason for the di�erent behavior of the surface Debye
temperature is due to the di�erent nature of the LEED experiments in comparison to
HAS whereupon the helium atoms are scattered at the surface electron density.
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5.4 Conclusion and Outlook

Elastic HAS experiments on Bi(111) at 123 K reveal clear di�raction peaks up to third
order whose positions are in an excellent agreement with the structural data previously
obtained by Mönig et al.103. High intensities in the di�raction peaks evidence a large
corrugation both at surface temperatures of 123 K and 300 K compared to other sur-
faces with metallic behavior. With the eikonal approximation and the GR method a
corrugation function could be determined with a corrugation height of approximately
10% of the surface lattice constant. This value is somewhat lower than the corrugation
previously obtained by Tamtögl et al.4, likely due to the inclusion of the Beeby cor-
rection and higher order di�raction peaks. The corrugation shows a quite remarkable
enhancement of the electron density between the positions of the Bi atoms which could
be a possible topic of future ab-initio calculations of the electron density of Bi(111).
Thermal attenuation e�ects in the intensities of the di�raction peaks were studied in a
temperature range between 118 K and 408 K. A typical Debye-Waller behavior revealed
surface Debye temperatures of (84± 8) K from the measurements of the specular peak
and (75 ± 8) K from the measurements of the �rst order peak. In contrast to LEED
measurements of a Bi nano�lm with a similar structure the surface Debye temperature
measured with HAS remains constant over the whole temperature range, probably be-
cause of the di�erent nature of electrons and helium atoms in scattering experiments.
In our calculations the application of the Beeby correction with a potential well depth
of 8 meV provided best results. With possible bound state resonance e�ects this value
as well as the shape of the interaction potential between He and the Bi surface may be
tested and further investigations are underway.
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Abstract

The Sb(111) surface was studied with helium atom scattering (HAS). Elastic HAS at
di�erent energies of the incident helium beam (15.3, 21.9, 28.4 meV) was applied for
structural investigations. Lattice constants derived from the positions of the observed
di�raction peaks up to third order are found to be in perfect agreement with previous
structure determinations of Sb(111). Observed di�raction patterns with clear peaks
up to second order were used to model the electronic surface corrugation with the GR
method. As an estimation for the attractive part of the interaction potential a well
depth of (4.0 ± 0.5) meV was found. Best �t results were obtained with a corrugation
height of 12-13% of the lattice constant, which is rather large compared to other surfaces
with metallic character. Intensity measurements of the specular peak as a function of
incident energy were analysed to determine the distribution of terraces on the surface.
The results show a quite �at Sb(111) surface and a step height of 3.81 Å of the remaining
terraces.

6.1 Introduction

As one of the essential components in the newly discovered group of topological insula-
tors9, the semimetal antimony (Sb) has recently attracted signi�cant interest. The main
feature of this group is the existence of metallic surface states, which appear due to the
topology of the electronic bands despite the insulating behaviour of the bulk9,84,85. Sim-
ilar topological surface states at the antimony surface were subject of several experimen-
tal investigations (angle resolved photoemission spectroscopy (ARPES)79,97�99, scanning
tunneling microscopy (STM)127) as well as theoretical studies10,128. Furthermore, it was
shown that Sb nano�lms are interesting candidates for applications in spintronics due to
the e�ects of reversible spin polarization and tuneable bandgaps83,129. Another applica-
tion of Sb(111) was found in a recent STM study. It was shown that Sb(111) electrodes
in aqueous electrolyte solutions do not undergo quick surface reconstruction processes
and can be used for future studies of two-dimensional adsorption layer formation pro-
cesses of di�erent organic compounds in ionic liquids130. Beside studies which focus
on the characterization of the geometrical and electronic structure, thermal desorption
spectroscopy shows indications for a considerable hydrophobic character of the Sb(111)
surface100. The surface dynamics, namely the surface phonon modes of Sb(111) as well
as the in�uences of electron-phonon interaction were calculated using density functional
perturbation theory10. However, no further investigations of the surface dynamics have
been reported so far. Due to the lack of experimental data, probing of Sb(111) with
other particles than electrons is long overdue.
As a strictly surface sensitive technique, helium atom scattering (HAS) allows to in-

vestigate surface structure and dynamics of various materials39. Although semimetals
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have interesting features, such as being much better conductors at the surface than in
the bulk, and play an important role in the case of topological insulators, only two of
them have been studied with HAS so far: First, structural corrugations as well as gas-
surface potentials of carbon allotropes (graphite and graphene) were investigated131�133.
With HAS it was possible to determine the electronic corrugation of epitaxially grown
graphene, which was found to be much smaller than the structural corrugation reported
from x-ray di�raction or low-energy electron di�raction (LEED) measurements132. Sec-
ond, our group used HAS to investigate Bi(111) quite recently5. It was shown that
HAS is able to detect sub-surface phonons on semimetal surfaces in the case of a strong
electron-phonon interaction6�8. Therewith it is possible to obtain information about the
surface e-p interaction strength6,134. Thus, HAS measurements of Sb(111) represent a
plausible step towards a complete understanding of the group of semimetals as well as
topological insulators.

6.1.1 Structure and Properties of Sb(111)

The structure of bulk antimony under standard conditions was investigated for the �rst
time by W. H. Bragg and W. L. Bragg with the technique of X-ray di�raction87. Lat-
tice constants were determined with improved precision over the years88�92. Sb crystals
are built in the rhombohedral A7 structure (space group R3m) with two atoms per unit
cell92. In the hexagonal notation, which is the most intuitive choice when focusing on the
(111) surface, the lattice constants are a=(4.3084±0.0002) Å and c=(11.2740±0.0005) Å at
standard ambient conditions91,92. Each atom has three nearest neighbours, the distance
to the three next nearest neighbours is slightly higher. This results in one of the main
features of this formation, which are puckered bilayers of atoms with an orientation
perpendicular to the 〈111〉 direction. Within these bilayers the bonding is of a cova-
lent type whereas the inter-bilayer bonding is of van der Waals character. Due to these
weaker inter-bilayer bonds Sb easily cleaves along the 〈111〉 direction93. In �gure 6.1 a
model of the Sb structure is shown with respect to the investigated (111) surface. The
rhombus with sidelength a represents the unit cell of the surface structure in the hexag-
onal notation. The sixfold symmetry described by the very �rst-layer atoms of Sb(111)
is reduced to threefold symmetry by including second-layer atoms. Nevertheless, with
the applied energies during the HAS experiments of this study, in�uences of other than
�rst-layer atoms can be neglected. Hence, the 〈10〉 as well as the 〈11〉 direction, which
are both shown in �gure 6.1 can be treated as mirror planes. First investigations of
the surface structure were performed with LEED96 and re�ection high-energy electron
di�raction (RHEED)135. Recent experiments using STM93 and photoelectron di�rac-
tion95 revealed the detailed geometric structure of the surface, which does not undergo
relevant relaxations with respect to the bulk.
In contrast to the semimetallic properties of its bulk, the Sb(111) surface is found to
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Figure 6.1: Sb(111) surface structure with the two high-symmetry directions of the top-
most layer. Lattice constants as determined by Bengió et al.95.

Figure 6.2: AES spectrum of Sb(111). The inset shows sharp LEED spots (beam energy:
38 eV) which are also indications for a clean, non-reconstructed surface. The
cleanliness of the surface was checked before and after HAS measurements.
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be metallic97,98, which is similar to the low-index surfaces of Bi80. In the vicinity of the
Fermi level the electronic band structure shows one hexagonal-like electron pocket at
the center of the zone and six ellipsoidal shaped hole pockets encircling this pocket97,99.

6.2 Experimental Details

All experiments of this study were performed on the HAS-apparatus H.Å.N.S. (Helium
Atom Nondestructive Scattering), whose properties were described in greater detail else-
where4. Brie�y, a supersonic expansion (pHe,1 = 50 bar → pHe,2 ≈ 10−6 mbar) through
a nozzle (10 µm) and the subsequent selection of the central part of the beam with a
skimmer (310 µm ori�ce) were used to create an almost monoenergetic He beam with
an energy spread of ∆E/E ≈ 2%. By varying the nozzle temperature, beam energies
between 15 meV and 30 meV can be achieved. After the interaction with the sample
crystal placed in an ultra-high vacuum (UHV) chamber, the He atoms of the beam are
detected using a quadrupole mass analyser (QMA), which is positioned at the end of
a di�erentially pumped UHV system in a cross-beam geometry. The apparatus has a
�xed 91.5◦ source-target-detector geometry, thus the rotation of the sample has to be
changed in order to achieve measurements at di�erent incident angles.

The sample crystal was placed on a six-axis manipulator in the main chamber. Within
this chamber, the base pressure was kept below 2 · 10−10 mbar. The commercially avail-
able Sb(111) crystals were purchased from Metal Crystals & Oxides Ltd102. They had
the shape of a disc with a diameter of (15± 1) mm and a thickness of (1.5± 0.5) mm.

Sample preparation was performed with a procedure based on a description of Shan
et al.100. First the surface was sputtered with Ar+ ions (1.7 kV, 3 µA/cm2, 15 min)
at room temperature. Afterwards the sample was heated to 550 K for approximately
one hour. To achieve a completely clean crystal surface, several cycles of this treatment
were performed. To prove the surface quality, we used low energy electron di�raction
(LEED) and Auger electron spectroscopy (AES). Sharp LEED spots as well as clear
Sb features in the AES spectrum (both shown in �gure 6.2) indicated a surface free
of any contaminations. The temperature of the sample was measured using a type-K
(chromel-alumel) thermocouple.

All measurements during this study were carried out at an in-plane scattering geome-
try. For that purpose the scanning direction was calibrated by adjusting the azimuthal
orientation of the crystal while observing the LEED picture. Subsequently, the vertical
tilt of the sample was tuned to an optimum position. For the measurement itself the
polar (incident) angle θi was changed by rotating the sample around the corresponding
axis.
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6.3 Data and Results

6.3.1 Elastic Scattering

Angular HAS scans were performed along both low-index high symmetry directions (ΓM,
ΓK) of the surface and with di�erent energies (15.3 meV, 21.9 meV and 28.4 meV) of the
incident helium beam. For HAS at these energies, the turning point of the He atoms is
in a region where only the very �rst layer contributes signi�cantly to the relevant part
of the electron corrugation above the surface. Therefore, the symmetry of the surface
can be considered as sixfold.
By using incident energies of the helium beam up to 28.4 meV di�raction patterns

with peaks up to third order were observable. Angular scans at this energy along the ΓM

and ΓK direction are shown in �gure 6.3 (a) and (b). The measured intensity is plotted
as a function of the incident angle with the zero-order di�raction peak at θi = 45.75◦.
Because of the large width of the peaks due to the energy broadening of the helium
beam at this energy, lower incident energies (Ei,1 = 15.3 meV and Ei,2 = 21.9 meV)
were used for further investigations during this study. At these energies a further test
for quality and cleanliness of the surface was performed by taking a closer look at the
shape of the peaks. As an example, the specular peak at Ei,1 is shown in �gure 6.3 (c)
with the sample rotated in the ΓK direction. Since the elastic peaks are composed of
a narrow coherent peak and broad di�use elastic and multiphonon contribution47, the
�tting function consists of two Gaussian contributions. Figure 6.3 (c) shows the narrow
width of the coherent elastic contribution (red, dashed line) as well as a small magnitude
of the di�use part (green, dash-dotted line), which represents a good indication for a
clean sample surface. Their sum (blue, solid line) is in very good agreement with the
measured intensity values (blue dots) .
The experimental results of the scans with the chosen beam energies Ei,1 and Ei,2 are

depicted in �gures 6.4 and 6.5 (solid lines). A slight asymmetry in the angular scans
occurred due to a not totally perfect alignment as well as the probable existence of steps
on the Sb(111) surface93,115. An optimization procedure for the sample position at each
peak position yielded an estimate of 10% uncertainty for the experimentally determined
intensities caused by the in�uence of the small misalignment. Di�raction peak positions
are in perfect agreement with the expected values, con�rming the already known, non-
reconstructed surface structure93,95. The shown measurements illustrate that a large
fraction of the scattered He atoms can be found in �rst or higher order di�raction peaks.
Thus, a contingently occurring Smoluchowski e�ect due to the metallic character of the
surface seems negligible since this would result in lower intensities of these features37.
As it has been found also for HAS on Bi(111)4,5, the electronic surface corrugation for
HAS on Sb(111) has an increased importance compared to other metallic surfaces136,137,
even when compared to the highly corrugated Ag(110) surface, where HAS experiments
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Figure 6.3: Scattered intensity of He versus incident angle for He di�racted from Sb(111)
at a temperature of 300 K. Angular scans along ΓM (a) and ΓK (b) show
di�raction peaks up to third order. In (c) the narrow coherent elastic peak
(red, dashed line) over a small di�use contribution (green, dash-dotted line)
con�rms the cleanliness of the sample. The sum of these parts (blue, solid
line) matches very well with the measured intensity values (blue dots).
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with incident energies up to 62 meV revealed an electronic corrugation of 0.27 Å138. To
investigate this e�ect more thoroughly, the di�raction peak intensities were analysed in
detail.

6.3.2 The Surface Corrugation

The He-Sb(111) surface interaction potential was determined by performing di�raction
intensity calculations based on the hard corrugated wall model. Experimentally obtained
peak intensities had to be compared with theoretically calculated values. As a well estab-
lished approach, the GR method43,45 was used for this theoretical path. Furthermore, it
has been shown recently that this procedure works well for similar semimetallic systems
such as Bi(111)5.
First, an appropriate model, i.e. a surface corrugation function ξ(x, y) that describes

the investigated surface, is required. Considering the sixfold-symmetry of the topmost
layer of the surface as well as the applied incident energies of the helium beam, a two-
parameter Fourier ansatz was used:

ξ(x, y) = ξ01 ·
(

cos
[

2π
a

(
x− y√

3

)]
+ cos

[
2π
a

(
x+ y√

3

)])
+ξ01 · cos

[
2π
a
· 2y√

3

]
+ ξ11 · h.o. (6.1)

where x and y denote the rectangular coordinates and h.o. symbolizes Fourier terms up
to second order. For various coe�cients ξ01 and ξ11 hard wall intensities P calc

G were cal-
culated for a su�cient amount of di�raction peaks G and compared to the experimental
di�raction possibilities P exp

G . Conrad et al. have shown that this approach is su�ciently
accurate for �tting hard wall corrugation functions39,55.
Since the obtained values P calc

G correspond to a surface temperature of TS = 0 K,
dynamic e�ects have to be taken into account. For comparison with the experimental
results, the di�raction intensities at �nite surface temperatures Icalc

G (TS) were calculated
using

Icalc
G (TS) = e−2WP calc

G , (6.2)

where 2W denotes the correspondig Debye-Waller factor,

2W =
3~2TS(kiz + kfz)

2

MkBΘ2
D

, (6.3)

with M the mass of the surface atom, ΘD the surface Debye temperature, ~ the reduced
Planck constant, and kB the Boltzmann constant. kiz and kfz denote the components of
the incident and �nal (outgoing) wavevectors perpendicular to the surface. A surface
Debye temperature of ΘD = 155 K was used. This value was obtained in a recent
study of our group, in which vibrational dynamics of Sb(111) were probed with HAS
experiments76. In this study, the thermal attenuation of the di�raction intensities of the
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specular and �rst order di�raction peaks with varying surface temperature was analyzed.
Measurements at four di�erent energies of the incident He atoms were performed to �nd
a surface Debye temperature of (155 ± 3) K. As an estimation for the mean-square
displacement perpendicular to the surface, a value of (1.8± 0.4)× 10−2 Å2 was found at
room temperature. Additionally, a well depth of (4.5± 0.5) meV for the attractive part
of the He-surface interaction potential was obtained. In contrast to LEED experiments,
where the motion of the ion cores is measured directly, in the determination of the Debye
temperature with HAS experiments the �uctuation of the outermost charge density is
probed. Hence, the Debye temperature obtained with HAS may di�er from values
determined with other techniques. Nevertheless, since the same experimental method as
in the present study was applied, this result was used in equation (6.3). Furthermore, it
is in excellent agreement with an approximation of van Delft122, that estimates a surface
Debye temperature from a given bulk Debye temperature (ΘD,bulk = 211 K18).
The comparison of the theoretically evaluated and corrected intensities Icalc

G (TS) with
the experiment was performed by determining the experimental peak areas P exp

G . The
reason for using the peak areas instead of the peak heights is due to the broadening of
the elastic peaks caused by the energy spread of the He beam. Furthermore, additional
broadening of the di�raction peaks is caused by the geometry of the apparatus, defects
and the domain size e�ects of the crystal surface116,117. Nevertheless, the elastic peaks
are still narrow, lying above a broad di�use elastic and inelastic contribution (see �gure
6.3 (c))47. Thus, a sum of two Gaussian functions was used to �t the experimental
peaks. Afterwards, areas of the narrow coherent elastic peaks were taken, while each
pair of peaks (G, −G) was averaged. These values were used as P exp

G and compared with
the appropriate calculations.
To determine the best-�t coe�cients, the amplitudes ξ01 and ξ11 were optimized by

�nding the best agreement between measured and calculated intensities. Intensity values
of all di�raction peaks were normalized by dividing by the intensity of the corresponding
specular peak. To check the accuracy of these �ts, a reliability factor R,

R =
1

N

√∑
G

(P exp
G − Icalc

G (TS))2, (6.4)

with N the number of experimentally observed di�raction peaks has been calculated39.
The described �tting procedure was applied to angular HAS scans with the Sb crystal

at room temperature (TS = 300 K). To account for dynamic e�ects arising from a �nite
surface temperature the experimentally found values were corrected using the Debye-
Waller factor (6.2). The shape of the modelled corrugation is a function of the incident
energy since it is based on the classical turning point of the incident He atoms139,140.
Therefore, two separate optimizations were performed and di�erent parameters of the
corrugation function ξ(E) were obtained for both incident energies Ei,1 and Ei,2. Uncer-
tainties were estimated by repeating the described calculations with an inclusion of the
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uncertainty of 10% for di�raction peak intensities, which is the dominant component
of error sources. Since the He-surface interaction potential exhibits also an attractive
part, the Beeby correction was used in the models to account for this attractive well39,46.
This approximation uses the well depth D, which is added to the energy of the incident
helium atoms. Hence, the incident wavevector ki as well as Θi have to be replaced in
the calculations with an e�ective k′i given by

k′i =

√
2m(E +D)

~2
= ki

√
1 +

D

E
(6.5)

and a smaller e�ective angle of incidence Θ′i with

sin(Θ′i) =
sin(Θi)√

1 + D
E

. (6.6)

Using these e�ective values a well depth of (4.0±0.5) meV was found to result in the best
�ts. Compared to He-Bi(111) with a well depth of (8.3±0.8) meV of the averaged surface
potential8, the determined value for Sb(111) is much lower. This can be explained by
weaker van der Waals interaction between the He atoms and the Sb(111) surface due to
the smaller polarizability of Sb compared to Bi.
The peak-to-peak corrugation

ξpp(E) = max(ξ(E))−min(ξ(E)) (6.7)

for an incident energy Ei,1 was found to be ξpp(Ei,1) = (0.52 ± 0.02) Å, which is
12.1% ± 0.4% of the lattice constant a. The degree of agreement between experiment
and calculation is given by a reliability factor R(Ei,1) = 0.5% according to (6.4). For
an incident energy of 21.9 meV the calculations yielded a peak-to-peak corrugation of
ξpp(Ei,2) = (0.57± 0.03) Å (13.3%± 0.5%) with a reliability factor R(Ei,2) = 0.9%. The
stars in �gure 6.4 and 6.5 designate the peak areas (P exp

G ) while the results of the GR
method are shown as squares (identical within the resolution of the �gure). Both the
reliability factors and the comparison of experimental and theoretical results depicted
in �gure 6.4 and 6.5 demonstrate the very good agreement of measured and calculated
di�raction intensities and hence the quality of the modelled corrugation.
In �gure 6.6(a) the best �t corrugation function for Ei,2 is shown. For a better il-

lustration, cuts of the corrugation along both high symmetry directions are shown in
�gure 6.6(b) and 6.6(c). Besides the expected structure originating in the positions of
the Sb atoms of the topmost layer an enhancement of the electron density between these
positions (along the ΓK direction) seems to appear. The lateral position of this char-
acteristic does not match with the position of underlying atoms in the bilayer. At Ei,2

(solid black line) this feature is more distinct than at lower incident energy Ei,1 (dashed
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Figure 6.4: Scattered intensity of He versus incident angle for He di�racted from Sb(111)
at a temperature of 300 K. In the upper part an angular scan along the ΓM

azimuth at an incident energy of Ei,1 = 15.3 meV is shown. The lower part
depicts an angular scan along the ΓK azimuth at the same beam energy. The
stars indicate the experimentally determined peak areas and the red squares
correspond to the results of the GR method.
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Figure 6.5: Scattered intensity of He versus incident angle for He di�racted from Sb(111)
at a temperature of 300 K. In the upper part an angular scan along the ΓM

azimuth at an incident energy of Ei,2 = 21.9 meV is shown. The lower part
depicts an angular scan along the ΓK azimuth at the same beam energy. The
stars indicate the experimentally determined peak areas and the red squares
correspond to the results of the GR method.

64



6.3 Data and Results

blue line). More precise yet much more time-consuming ab initio calculations would be
interesting to investigate this behaviour in detail.
Compared to a surface corrugation of 10%, which was obtained for the semimetal

Bi(111)5, the values found for Sb(111) are a little higher for comparable incident energies.
In general the electron density corrugation tends to be more smeared out when moving
further away from the surface. Hence the higher corrugation on Sb(111) compared to
Bi(111) might be a hint towards a He turning point lying closer to the surface in the
case of He-Sb(111).
There exist only a limited number of direct comparisons between di�erent atom-

surface systems and actually none for di�erent semimetallic materials. Thus, the results
were compared with those obtained for group 11 metals which have been relatively
well studied with HAS. Using the cut-o� parameter Qc and the softness parameter β
determined in these studies, the average He turning point z̄ on the corresponding surface
can be calculated according to z̄ = β/Q2

c
141,142. This shows that the average He turning

point migrates further away from the surface with increasing atomic number within the
group 11 metals. This fact is also supported by recent calculations which show that
the distance of the jellium edge from the surface layer increases when the He-Cu(001)
system is compared to He-Ag(001)143.
In view of these facts, the larger corrugation on Sb(111) compared to Bi(111) seems to

con�rm this trend for these two elements within the group 15. Yet in order to show that
the increasing corrugation is really connected with a decreasing He turning point and
to prove that it can be seen as a general trend for the group 15 semimetals further ab
initio calculations are needed. Such calculations appear particularly desirable, because
the electron density on semimetal surfaces di�ers signi�cantly with respect to those on
metal surfaces. Furthermore, measurements with a much higher resolution as they can be
provided by the novel helium-3 spin-echo scattering technique would be advantageous2.

6.3.3 Surface Steps and Terrace Height

For scattering from a �real" surface the specular intensity is usually dominated by in-
terference e�ects due to waves scattered from di�erent terraces39. This fact becomes
evident when the intensity of the specular peak is monitored while changing the per-
pendicular component of the incident He wavevector kiz. Therefore the energy of the
incident helium beam is varied (ki =

√
2mEi/~). Again, the observed peak consists of

two di�erent contributions. In contrast to the intensity of the narrow coherent peak,
the intensity of the broad di�use elastic and multiphonon contribution showed only a
negligible change. Hence, monitoring the specular peak as the sum of both contributions
is an adequate approach. Such a plot of the specular peak intensity is shown in �gure
6.7(a).
The intensity of the specular peak oscillates due to constructive (in-phase) and destruc-
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(Å

)

Figure 6.6: (a) Plot of the hard wall potential surface for the Sb(111) surface at an
incident energy of Ei,2=21.9 meV. The GR method was used to �t the model
potential (6.1) to the measured helium di�raction intensities as shown in
�gure 6.5. The obtained corrugation exhibits a peak-to-peak amplitude of
(0.57 ± 0.03) Å. (b) and (c) show cuts along the ΓM and ΓK direction,
respectively. On each x-axis the distance |r| to an arbitrary Sb atom of the
topmost layer is given relative to the lattice constant a. The solid black lines
represent cuts of the corrugation obtained at Ei,2=21.9 meV (depicted in (a))
and are compared to cuts of the corrugation obtained for an incident energy
of Ei,1=15.3 meV (dashed blue lines).
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Figure 6.7: (a) Specular intensity as a function of the vertical wavevector transfer ∆kz of
the He beam. The measurement was performed along the ΓM azimuth while
the crystal was kept at room temperature. The experimental data points
(open circles) were �tted using equation (6.8) for values between 7 and 10
Å−1 (solid line).
(b) The distribution of the terraces as obtained from the best-�t result.

tive (antiphase) interference between waves emerging from di�erent terrace levels. For
the specular geometry the phase di�erence between two waves scattered from two adja-
cent terrace levels is given by57,59:

ϕ = 2hki cos θi = h∆kz (6.8)

where h is the step height and ∆kz is the wavevector transfer perpendicular to the
surface. For ϕ = 2πn an integer value of n gives rise to in-phase scattering whereas
a half-integer value of n causes antiphase scattering. When the incident energy of the
He beam meets one of these conditions maxima or minima are observed. This periodic
change in the intensity is superimposed by the attenuation of the specular intensity due
to the Debye-Waller e�ect (see (6.2)) with increasing kiz = ki cos θi

57.
The experimental data points (open circles) in �gure 6.7(a) show the measured intensity
of the specular peak on Sb(111) versus the perpendicular wavevector transfer ∆kz. Since
for the specular scattering geometry ∆kz = 2kiz holds, ∆kz is varied by changing the
energy of the incident He beam via the nozzle temperature. As the intensity of the
incident He beam depends on the nozzle temperature TN via 1/

√
TN

144, the measured
intensity has been corrected for this factor.
In a �rst attempt, the intensity variation can be described by a simple model which
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assumes the coherent overlap of plane waves that are emerging from di�erent terrace
levels. The scattered specular intensity as a function of ∆kz is then given by57,59:

I(∆kz) = I0e
−2W

∣∣∣∣∣
∞∑
j=0

aje
−ijϕ(∆kz)

∣∣∣∣∣
2

(6.9)

where I0 is the intensity of the specular peak for an ideal surface without steps. ϕ(∆kz)

is the phase shift as de�ned in (6.8) and aj the visible fraction of terrace level j. The
exponential prefactor accounts for the aforementioned attenuation of the intensity due
to the Debye-Waller e�ect (see equation (6.2)).
However, this simple model neglects the occurrence of selective adsorption resonances
whereupon the He atom is bound temporarily on the surface due to the attractive well
of the He-surface interaction potential. Such selective adsorption processes give rise to
peaks and dips in the scattered intensity with changing incident beam energy39. As can
be seen in �gure 6.7(a) various �ne peaks and dips are superimposed onto the main peaks
which suggest the occurrence of selective adsorption resonances. It has also been noted
by Pan et al.59 that the distance between the maxima may not be exactly equidistant
due to overlaying resonance e�ects. While an understanding of these resonance processes
is crucial e.g. in the analysis of inelastic scattering events8, it is a rather complex task
and we will restrict ourselves to an analysis of the contribution from surface steps.
Therefore, we have analysed the experimental data points in 6.7(a) in more detail only at
higher beam energies since resonance processes become less pronounced with increasing
kiz

39. The solid line in �gure 6.7(a) represents the best �t to the experimental data
points using equation (6.9) under the assumption that three surface layers are visible to
the He beam.
The surface step height determined from the �t is h = 3.81 Å which agrees well with the
step height of a bilayer (see �gure 6.1). This value is somewhat larger than the value
determined from STM measurements (d = (3.75 ± 0.10) Å93) but in perfect agreement
with recent calculations10. The distribution of the terraces obtained by the �tting of
equation (6.9) is depicted in �gure 6.7(b). The best-�t coe�cients aj are a0 ≈ 84%,
a1 ≈ 14% and a2 ≈ 2%. While these results should be considered with care due to the
simplicity of the model, they indicate that the clean Sb(111) surface is quite �at. An
evidence for this fact is also the good quality of the di�raction patterns as seen in section
3.1.

6.4 Conclusion and Outlook

Elastic HAS experiments on Sb(111) at a temperature of 300 K reveal di�raction peaks
up to third order. The positions of these peaks are in perfect agreement with the already
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known structural data93,95. Rather high di�raction peaks indicate a large electronic cor-
rugation as it has been shown for the (111)-surface of the semimetal Bi5. Experimentally
obtained di�raction intensities were compared to theoretical values, which were deter-
mined by using a hard corrugated wall model for the He-Sb(111) surface interaction
potential. A potential well depth of (4.0 ± 0.5) meV provided best �t results when ap-
plying the Beeby correction in our calculations. The GR method was used to determine
corrugation functions with a corrugation height in the region of 12-13% of the surface
lattice constant at incident beam energies of 15.3 meV and 21.9 meV. Compared to
Bi(111) this value is slightly higher which may be an e�ect of a He turning point lying
closer to the surface in the case of He-Sb(111). Furthermore, the obtained corrugations
show enhanced values between the positions of the Sb atoms, which rise with increasing
incident energy. This remarkable enhancement of the electron density has been observed
also at the Bi(111) surface and its origin could be a topic of future ab initio calcula-
tions. Furthermore, possible in�uences of anticorrugating e�ects, as they were observed
in scattering processes from metal surfaces145,146, could be included in prospective stud-
ies. A plane wave model was applied to intensity measurements of the specular peak
which revealed the quite �at shape of the clean Sb(111) surface. The surface step height
was found to be 3.81 Å which is in excellent agreement with recent calculations10. A
thorough investigation of inelastic e�ects as well as surface phonon measurements are
a logical step towards a more complete understanding of the Sb(111) surface as well as
other materials with metallic surface states.
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7 Surface Debye Temperature and Vibrational Dynamics of Sb(111)

Abstract

The surface Debye temperature and the vibrational dynamics of Sb(111) were studied
using helium atom scattering. The Debye-Waller attenuation of the elastic di�raction
peaks was measured at surface temperatures between 98 K and 447 K. A surface Debye
temperature of (155±3) K is obtained within the description originally derived for elec-
tron di�raction. The attractive well depth for the He-Sb(111) interaction is determined
to be (4.5 ± 0.5) meV. The perpendicular mean-square displacement for the surface at
room temperature is estimated to be (1.8± 0.4)× 10−2 Å2.

7.1 Introduction

Antimony has recently attracted considerable interest since it is present in several com-
pounds belonging to the newly discovered class of topological insulators. These com-
pounds display an insulating behavior in the bulk, but exhibit metallic surface states
due to the topology of the bulk electronic bands9,83�85. Moreover, Sb nano�lms o�er
attractive features for potential applications in spintronics such as a tunable band gap
and spin polarization83.
The electronic surface states of antimony have been studied both experimentally and
theoretically10,79,97�99,127,128. While the surface phonons of Sb and the aspect of coupling
between surface topologically protected states and phonons have been studied theoreti-
cally10, no measurements regarding the surface dynamics of Sb(111) have been reported
so far. In this context an investigation of the thermal vibrations at the surface of Sb(111)
is particularly interesting.
Helium atom scattering (HAS) is a strictly surface sensitive technique which can be
utilized to study the surface structure and dynamics of a wide range of materials39. De-
spite their great importance, especially in the case of topological insulators, semimetals
have never been approached with HAS due to their intrinsic complexity of being surface
conductors (even superconductors) and strongly corrugated at the same time. The only
exceptions are graphite147,148 and Bi(111) which was investigated recently using HAS5.
A study of the surface phonon dispersion of Bi(111) showed that HAS is capable of
detecting sub-surface phonons on semimetal surfaces6�8. The success of HAS was at-
tributed to the comparatively strong electron-phonon interaction on Bi(111) whereupon
inelastic HAS measurements can even provide information about the surface electron-
phonon interaction strength6,134.
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7.2 Experimental Details

7.1.1 Structure and Properties of Sb(111)

Jona et al.96 reported the �rst low energy electron di�raction (LEED) patterns of
Sb(111). The detailed surface geometric structure was recently determined by pho-
toelectron di�raction95 and scanning tunneling microscopy93 whereupon no substantial
relaxations with respect to the bulk spacing were found. A model of the geometric struc-
ture is shown in �gure 7.1 a): The top view of the surface exhibits hexagonal planes and
the side view shows the bilayer stacking which is characteristic of the group V semimetal
structures10,94. The unit cell according to the hexagonal notation is highlighted by the
rhombus with a = 4.30 Å95 in the top view.
Although Sb is a bulk semimetal, it shares the same topological order of the 3D topolog-
ical insulator Bi1−xSbx.85,86. Similar to the low-index surfaces of Bi, the Sb(111) surface
is found to be metallic in contrast to the semimetallic character of the bulk80,97,98. The
electronic band structure in the vicinity of the Fermi level exhibits one hexagonal-like
electron pocket at the zone center and six ellipsoidal hole pockets surrounding the elec-
tron pocket97,99. The surface states near the Fermi energy are spin-split due to the
spin-orbit coupling and the broken space inversion symmetry79.
Furthermore, the electronic properties of Sb(111) nano�lms are strongly dependent on
the �lm thickness: By reducing the �lm thickness they undergo transitions from a
semimetal to a topological insulator and to a quantum spin Hall phase84,129. In ad-
dition, in a single bilayer of Sb(111) nontrivial quantum spin hall states can be realized
under tensile strain, whereupon the size of the band gap and the spin polarization can
be tuned using an external electric �eld83.

7.2 Experimental Details

All measurements of this work were conducted on a HAS apparatus with a �xed 91.5◦

source-target-detector geometry. A nearly monochromatic He beam was generated in a
supersonic expansion of helium through a 10 µm nozzle and the central part of the beam
was then selected using a 310 µm skimmer. The whole apparatus has been described in
greater detail elsewhere4.
The Sb(111) single crystal used in the study was a disc with a diameter of 15 mm and
a thickness of 2 mm. The crystal was mounted on the sample holder which can be
heated resistively using a button heater or cooled down to 100 K using liquid nitrogen.
The sample temperature was measured using a chromel-alumel thermocouple. Prior to
the measurements the surface was cleaned by Ar+ sputtering and annealing to 490 K.
Cleanliness and surface order were ensured by Auger electron spectroscopy and low
energy electron di�raction, respectively60.
The thermal attenuation of the elastic scattering signal was recorded over a surface
temperature (TS) range of 98 − 447 K. Specular and �rst-order di�raction peaks were
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Figure 7.1: a) Top and side view of the Sb(111) surface structure (according to95)
b) Plot of the attenuation of the specular peak with increasing surface tem-
perature TS of the Sb(111) sample. The scattered intensity of the helium
beam with an incident energy of Ei = 24 meV is shown.
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collected for four di�erent incident beam energies Ei along the ΓK azimuth. The data
was analyzed in order to determine the surface Debye temperature θD of Sb(111) and
the attractive well depth of the He-Sb(111) system. Furthermore, an estimation of the
vibration amplitude perpendicular to the surface is extracted from the measurements.

7.3 Results and Discussion

The thermal attenuation of the di�raction peaks provides insight into the surface vibra-
tional dynamics: In the case of real systems zero-point motion and thermal vibrations
of the surface atoms cause inelastic scattering of the incoming particles which can be
observed in the thermal attenuation of the coherent di�raction intensities without a
change in the peak shapes39.
Figure 7.1 shows the decay of the zero order peak for He scattered from Sb(111) at
an incident beam energy of Ei = 24 meV. Scans of the scattered intensity versus the
incident angle θi were collected while the Sb surface temperature was varied between 98
K and 447 K. The decay of the peak intensity with increasing surface temperature TS
is caused by the increasing vibrational amplitude of the surface oscillators which can be
described by the Debye-Waller factor47. The Debye-Waller factor exp[−2W (TS)] relates
the di�raction intensity I(TS) of a sample at temperature TS to the intensity I0 of a
sample at rest by39:

I(TS) = I0 · e−2W (TS) (7.1)

The Debye-Waller factor is described using:

2W (TS) =
〈

(~u ·∆~k)2
〉
TS

(7.2)

with ~u, the displacement of a lattice atom out of its equilibrium position and ∆~k the
momentum transfer during the scattering process. The outer brackets indicate that the
thermal average has to be taken39.
Equation 7.2 can be decomposed into contributions from the perpendicular momentum
transfer ∆kz and the parallel momentum transfer ∆K 149,150:

2W = ∆k2
z〈u2

z〉+ ∆K2〈U2〉 (7.3)

For elastic scattering ∆K = ki(sin(θi)− sin(θf )) holds with the incident wave vector ki
and θi and θf the incident and �nal angle, respectively. Assuming that the momentum
transfer parallel to the surface equals zero (i.e. for the specular geometry θi = θf )
equation 7.3 reduces to:

2W (TS) = 〈u2
z〉 · (∆kz)2 (7.4)

where 〈u2
z〉 describes the average displacement of a crystal atom perpendicular to the

surface. For a classical harmonic oscillator 1/2 Mω2〈u2〉 = 3/2 kBT holds. Applying the
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Debye model and the de�nition of the Debye temperature18 in terms of ωD: ~ωD/kBT =

θD/T , equation 7.4 becomes:

2W (TS) =
3~2∆k2

zTS
MkBθ2

D

(7.5)

where M is the mass of the surface atom and θD the surface Debye-temperature.
It should be noted that equation 7.5 is not generally valid and it turns out that the
Debye-Waller factor in atom-surface scattering remains an aspect of great theoretical
interest151. Problems arise due to the relatively long range of the interaction potential
and because the collisions are no longer fast enough to be considered impulsive151�153.
Corrections have been proposed to account for the long interaction time with respect to
the vibrational phonon periods by Levi and Suhl154 as well as for the presence of the
attractive atom-surface interaction known as the Beeby e�ect46. While the Beeby e�ect
is accounted for as described in the following, the �rst correction requires the knowl-
edge of the surface phonon spectrum and is rather involved. However, by considering
comparatively small parallel momentum transfers as it is the case in the presented HAS
experiments, equation 7.5 can be considered to be approximately correct39,47,133 and will
form the basis for the following analysis1.
Within this description the attractive part of the atom-surface interaction potential can
be taken into account by using the Beeby correction. The attractive part of the poten-
tial has the e�ect of �rst accelerating the incoming He atoms and then decelerating the
scattered atoms as they leave the surface. Hence, the in�uence of the attractive well is
considered by replacing the perpendicular momentum transfer ∆kz by39,47:

∆k
′

z = ki

[√
cos2(θf ) +

D

Ei
+

√
cos2(θi) +

D

Ei

]
(7.6)

In doing so the attractive part of the potential is included by assuming a spatially
uniform well of depth D which is usually in the range of 4-10 meV for HAS39.
In the case of the specular beam, θi = θf holds and the Debye Waller factor (equation
7.5) together with the Beeby correction can be expressed as:

W (TS) =
12m [Ei cos2(θi) +D]TS

MkBθ2
D

(7.7)

1According to154 and35 the collision time in the present experiments can be estimated to be in the

range of τc = 4.7 × 10−14 s and τc = 6.5 × 10−14 s depending on the incident energy of the beam.

Using this time as a period of a phonon vibration this gives rise to an energy value of Ec = 89 meV

and Ec = 63 meV, respectively. Since phonon states above the energy kBTS are hardly populated

they do not contribute to the attenuation of elastic intensities. Hence if Ec � kBTS is ful�lled

the collision can be regarded as fast and equation 7.5 can be used without any restrictions. For

TS = 100 K, kBTS ≈ 0.1 Ec holds and the collision can be considered as fast. At TS = 450 K this

value is ≈ 1/2 Ec and it is more likely that corrections occur due to the Levi e�ect. On the other

hand, from the experimental trend it seems that this e�ect is still quite small which is why it has

not been considered.
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Figure 7.2: Decay of the logarithmic specular peak intensity ln(I) versus surface tem-
perature TS for four di�erent incident beam energies Ei. In all cases the
measurements exhibit a linear decay.

where m is the impinging particle mass and the momentum was replaced by the incident
beam energy using k2

i = 2mEi/~2. Although equation 7.7 is strictly valid only for the
specular beam, it is also a reasonable approximation for �nal angles θf that are not too
di�erent from the incident angle θi.
According to equation 7.1, a plot of ln(I) versus the surface temperature TS gives rise
to a linear decay within the Debye model whereupon the surface Debye temperature can
be calculated from the slope. In �gure 7.2 the decay of the specular peak intensity versus
the surface temperature is depicted. For the peak intensities the area of a Gaussian �t
of the scattered intensity (�gure 7.1) was used. The measurement shows for all four
di�erent incident beam energies Ei an almost perfect linear decay.
Using equation 7.5 (equation 7.7 for the specular geometry) the surface Debye temper-
ature can be determined from the experimental data points. In doing so it is important
to keep in mind that the surface Debye temperature and vibration amplitudes are usu-
ally related to the motion of the ion cores. However, He atoms are scattered by the
electron density above the �rst atomic layer rather than the ion cores. In the case of
inelastic scattering this corresponds to a scattering of the He atoms by phonon-induced
charge density oscillations155. The association of these charge density oscillations with
the surface Debye temperature, i.e., with the motion of the ion cores is possible due to
the electron-phonon coupling.
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Figure 7.3: Decay of the logarithmic peak intensity ln(I) with increasing surface tem-
perature TS of the �rst order di�raction peak along ΓK. The measurements
at four di�erent incident beam energies Ei are plotted.

Indeed, precaution must be taken when comparing HAS measurements with LEED data
due to the di�erent nature of the scattering processes: LEED experiments usually in-
clude the measurement of scattered electrons that are penetrating into the �rst layers
of the bulk.
Nevertheless, these simple equations have proven to serve as a good approximation in
the case of HAS39,47,133 and they have been applied successfully for other semimetal
surfaces such as Bi(111) where the results are similar to those obtained from LEED
measurements5.
Thus using equation 7.7 together with 7.1, the surface Debye temperature is determined
by applying a three-parameter �t to the experimental data (I0, D and θD) and assuming
that M is equal to the mass of a single Sb atom. Using the best-�t results a surface De-
bye temperature θD = (155± 3) K is obtained and a well depth of D = (4.5± 0.5) meV.
Hence the surface Debye temperature of Sb(111) is reduced signi�cantly with respect to
the bulk value which is 211 K18.
According to the theoretical approximation of van Delft122 the surface Debye tempera-
ture should be reduced by a factor of 1/

√
2 with respect to the bulk value. Even though

this approximation accounts only for the nuclear motion while HAS probes the oscilla-
tions of the electron density above the �rst atomic layer, this value is in good agreement
with our experimental �ndings.
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The same analysis can be applied to the �rst order di�raction peaks measured along
the ΓK azimuth. A plot of ln(I) versus the surface temperature TS for the �rst order
di�raction peak is shown in �gure 7.3. From the slope of the linear �ts, the Debye tem-
perature can be calculated using equation 7.5. Considering that the mirror condition
θi = θf no longer holds, the perpendicular momentum transfer is calculated using equa-
tion 7.6, assuming that the well depth equals the previously determined value: D = 4.5

meV. The surface Debye temperature determined from the �rst order di�raction peaks
is θD = (150± 6) K, in accordance with the value determined from the specular peak.
Furthermore, the perpendicular mean-square displacement 〈u2

z〉 can be extracted from
Debye-Waller attenuation measurements when the ∆kz-dependence of the Debye-Waller
exponent is considered. When including the temperature dependence of the Debye-
Waller exponent, i.e. the derivative of equation 7.3 gives rise to47,149:

σ ≡ −d(2W )

dTS
= −

[
∆k2

z

d〈u2
z〉

dTS
+ ∆K2d〈U2〉

dTS

]
(7.8)

For the specular geometry only the component perpendicular to the surface remains in
equation 7.8. Together with the Beeby correction (equation 7.6) for θi = θf :

∆k2
z = 4k2

i

[
cos2(θi) +

D

Ei

]
(7.9)

the derivative of the Debye-Waller exponent (σ) times the incident energy Ei becomes:

Ei · σ = 4k2
i

d〈u2
z〉

dTS

[
Ei cos2(θi) +D

]
(7.10)

We �nd that the slope of equation 7.10 is proportional to d〈u2
z〉/dTS and the well depth

D can be determined from the intercept.
In �gure 7.4, Ei · σ is plotted versus Ei cos2(θi) for the measurements from �gure 7.2.
A linear �t to the data yields a slope of -0.0114 and an intercept of 0.0338. Taking
ki = 6.8 Å−1, d〈u2

z〉/dTS = (6.1 ± 1.2) × 10−5 Å2K−1 and the well depth determined
from the intercept is (3.1 ± 1.8) meV. Thus the value of D is consistent with the value
determined from the Debye-Waller �ts within the uncertainty.
The mean-square displacement 〈u2

z〉 can also be calculated theoretically within the
harmonic approximation using156:

〈u2
z〉 =

3~2

MkBθD

[
1

x2

∫ x

0

t

et − 1
dt+

1

4

]
(7.11)

with x = θD/TS. In the high temperature limit the contribution from zero-point motion
can be neglected and equation 7.11 becomes:

〈u2
z〉 =

3~2

MkBθ2
D

TS (7.12)
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Figure 7.4: Linear �t to the incident beam energy dependence of the Debye-Waller factor.
The derivative of the Debye-Waller exponent, σ, times the incident energy
Ei is plotted versus Ei cos2(θi). The slope and the intercept characterize the
perpendicular mean-square displacement and the well depth D, respectively.

Hence 〈u2
z〉 is proportional to TS at all but the lowest temperatures55 and it can be

readily compared with the value determined from the derivative of the Debye-Waller
factor. For the Sb(111) surface at room temperature (TS = 298 K), 〈u2

z〉 = 1.5×10−2 Å2

according to equation 7.11. Using the experimentally determined value of d〈u2
z〉/dTS the

perpendicular mean-square displacement at room temperature is (1.8 ± 0.4) × 10−2 Å2

in good agreement with the theoretical value.

7.4 Conclusion

The thermal attenuation in the di�raction of He from Sb(111) was studied in a temper-
ature range between 98 K and 447 K. The surface Debye temperature of Sb(111) was
determined for the �rst time using an approximative description which was originally de-
rived for electron scattering. A typical Debye-Waller behavior revealed a surface Debye
temperature of (155±3) K from the measurements of the specular peak and (150±6) K
from the measurements of the �rst order di�raction peak intensity. The best-�t results
of the data give rise to a well depth of D = (4.5 ± 0.5) meV for the He-Sb(111) atom-
surface interaction potential. The perpendicular mean-square displacement for Sb(111)
is determined to be (1.8± 0.4)× 10−2 Å2 at room temperature which is found to be in
good agreement with the theoretical prediction.
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Abstract

Helium atom scattering (HAS) was used to study the antimony Sb(111) surface be-
yond the hard-wall model. HAS angular distributions and drift spectra show a number
of selective-adsorption resonance features, which correspond to �ve bound-state ener-
gies for He atoms trapped in the surface-averaged He-Sb(111) potential. As their best
representation, a 9-3 potential with a depth of 4.4± 0.1 meV was determined. Further-
more, the charge density corrugation of the surface was analyzed using close coupling
calculations. By using a hybrid potential, consisting of a corrugated Morse potential
(short-range) and a 9-3 potential (long-range), a peak-to-peak corrugation of 17% was
obtained. The kinematic focusing e�ects that occured were in good agreement with sur-
face phonon dispersion curves from already published density functional perturbation
theory calculations.

8.1 Introduction

The semimetal surfaces of antimony have recently attracted great interest since antimony
is one of the basic building blocks for a number of compounds belonging to the class of
topological insulators9,85. Moreover, Sb(111) nano�lms have proven to be an ideal test
bed for the experimental investigation of topoelectronic phase transitions84. The �lm
thickness and bonding to the substrate can be used to tune the electronic and spintronic
properties of thin Sb �lms129,157. Hence Sb(111) �lms do o�er attractive features for
potential applications in spintronics such as a tunable band gap and spin polarization83.
The electronic surface states of antimony have been studied both experimentally and

theoretically,10,79,97�99,127,128 whereas for the surface dynamics of Sb(111), only theoretical
investigations are available10. Furthermore, the atom-surface interaction as observed in
scattering experiments has not been addressed with the exception of a study of the
adsorption of water on Sb(111)100. A detailed study of the He-Sb(111) atom-surface
interaction is particularly interesting not only from a fundamental point of view but
also as a necessary ingredient for surface phonon measurements.
In order to understand the atom-surface interaction at semimetal surfaces helium

atom scattering (HAS) is ideally suited. Experimental information about the detailed
shape of the physical adsorption is most easily gained by analyzing elastic HAS inten-
sities48. While semimetal surfaces are normally conducting80,97,98 and therefore possess
free-surface electrons, in HAS experiments they are found to be strongly corrugated5,60,
unlike the low-index surfaces of ordinary metals which are perfectly �at. This may be
caused by the concentration of surface electrons and holes at the Fermi energy into
comparatively narrow pockets80,97,98. Hence semimetals are particularly interesting for
HAS studies since corrugation is necessary for the occurrence of inelastic bound-state
resonances which can enhance certain phonon events6,7. It was recently shown that
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8.2 Theory

inelastic HAS is capable of detecting sub-surface phonon modes which are localized in
layers beneath the surface in the case of metal and semimetal surfaces6,7,134. The depth
to which these phonons are observable is determined by the range of the electron-phonon
(e-ph) interaction and inelastic HAS intensities can be used to infer the corresponding
e-ph coupling strength134,155.
In a detailed analysis of the intensities on the Bi(111) semimetal surface, a mechanism

for the enhancement of inelastic HAS intensities from subsurface optical modes was
singled out8. This mechanism which is called the sur�ng condition158, is speci�c to
semimetal surfaces and gives rise to a strong resonance enhancement of the scattered
intensities under certain kinematic conditions8. It involves the selective adsorption of
the incident He atom into a surface bound state due to the atom-surface interaction
potential. In the case of the "sur�ng" situation the impinging He atom enters the
bound-state inelastically by creating a phonon and the trapped atom then travels at the
same speed as the group velocity of the phonon along the surface. This unusual form
of an atomic polaron gives rise to a strong coupling with otherwise weak subsurface
phonons8.
Semimetal surfaces also hold the possibility of detecting electron-hole excitations via

HAS due to the fact that electrons on these surfaces are restricted to narrow pockets in
the parallel momentum space6,7. Furthermore, e-ph scattering processes at the Fermi
level are likely to cause Kohn anomalies in the surface phonon dispersion6,7,159, an e�ect
which has been observed with HAS for the topological insulator surfaces Bi2Se3 and
Bi2Te3

160�162.
In the present work the elastic di�raction peaks of He scattered from Sb(111) are

analyzed using the exact close coupling (CC) method48. This method goes beyond the
simple hard-wall approximation and has been mainly applied to ionic and metallic sur-
faces39. In doing so a surface corrugation function of the system He-Sb(111) is obtained.
A series of modulations of the elastic intensities due to the so�called selective adsorption
resonances (SARs) is used to determine the bound-state energies of the system He-
Sb(111). These energies, usually extracted from drift spectra, allow a reliable prediction
of the elastic resonance conditions and are used to �t an atom-surface interaction po-
tential. Furthermore, an enhancement of the inelastic background due to the kinematic
focusing (KF) e�ect158 has also been observed. The obtained atom-surface interaction
potential not only is a prerequisite for surface phonon measurements but also can be
exploited to enhance certain phonon events which would otherwise be too weak.

8.2 Theory

In this section the minimum theoretical background necessary for the successive analysis
of our measurements is presented. Throughout this work, square wave vectors quantities
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8 The Helium-Surface Interaction Potential of Sb(111)

are given in energy units, with ~2/2m = 1, where m is the mass of the incident particles
(He atoms). Furthermore, the standard notation in this �eld is used; that is, vectors
parallel to the surface are written as boldface capital letters, and three-dimensional
vectors as boldface lower-case letters.

8.2.1 The Atom-Surface Interaction Potential

In the presented experiments He atoms with a well de�ned kinetic energy impinge on
the sample surface. Forces originating from the interaction with each individual surface
particle act on the approaching He atoms. The London dispersion (van der Waals) force,
appearing because of instantaneously induced dipoles, accelerates the He atom towards
the surface. The interaction between electrons of the surface and the shell of the He atom
acts as a short-range counterpart, the Pauli repulsion. In contrast to electron or neutron
scattering, He atoms are repelled already by the electron density a few Ångströms above
the topmost atomic layer.

9-3 Potential

Considering the contribution of these forces, the interaction between a He atom and a
surface particle can be described by a 12-6 (Lennard-Jones) potential. Since one He
atom is interacting with all atoms of the surface, these Lennard-Jones potentials must
be summed. In the continuum limit the sums are replaced with integrals along the three
space coordinates. The resulting integration over the whole semiin�nite lattice provides
a 9-3 atom-surface potential given by8

V (z) =

√
27

2
D

[(σ
z

)9

−
(σ
z

)3
]
, (8.1)

with z the normal distance from the surface, D the well depth of the attractive part and
σ the distance, at which the potential is zero.
Using the distorted wave Born approximation36 the eigenvalues En (energy of the nth

bound-state) for this potential are given by

En ' −D
[
1− π~

3.07

n+ 1
2

σ
√

2mD

]6

. (8.2)

As recently shown by Kraus et al.8, this description of the bound states is suitable for
semimetal surfaces, such as Bi(111). Therefore, it is also applied for the analysis of
bound states at the Sb(111) surface from HAS measurements of selective adsorption
resonances.
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8.2 Theory

Corrugated Morse Potential (CMP)

For the analysis of the electronic corrugation, represented by the corrugation function
ξ(R), the corrugated Morse potential (CMP)163 is very often used in the CC framework.
It can be written as

V (R, z) = D

[
1

υ0

e−2χ(z−ξ(R)) − 2e−χz
]
, (8.3)

with r = (R, z). χ is the sti�ness parameter, and υ0 the surface average over e2χξ(R) (eq.
(8.7) for G = 0). In reciprocal space, each lattice point of the surface can be reached
with a surface reciprocal-lattice vector G,

G = ha∗ + kb∗, (8.4)

with a∗ and b∗ the basis vectors of the reciprocal lattice and h, k integer values. Within
this study, a certain G is indicated as (h, k). Since ξ(R) is periodic, equation (8.3) can
be expanded in a Fourier series with

V (R, z) = V0(z) +
∑
G 6=0

VG(z)eiG·R, (8.5)

where V0(z) is the bare potential and the Fourier coe�cients are denoted VG. They can
be expressed analytically through the corrugation Fourier coe�cients υG

VG = D
υG
υ0

e−2χz. (8.6)

G 6= 0 components of equation (8.6) are also called the coupling terms of the CMP. The
coe�cients υG are given by

υG =
1

Σ

∫
Σ

e−iG·Re2χξ(R)dR, (8.7)

with Σ the area of the surface unit cell. The bare potential of the interaction can be
written as

V0(z) = D
[
e−2χz − 2e−χz

]
. (8.8)

The bound states of the bare potential are described by an analytical expression164

En = −D + ~ω
(
n+

1

2

)[
1−

(n+ 1
2
)

2γ

]
(8.9)

with n a positive integer, γ = 2D
~ω and ω =

√
2χ2D
m

.

85



8 The Helium-Surface Interaction Potential of Sb(111)

Hybrid Morse Potential (HMP)

To include a more sensible, long-range interaction of the potential, a hybrid form was
introduced31

V0 =

{
D [e−2χz − 2e−χz] , z ≤ zp,

− C3

(z−ze)3
, z > zp,

(8.10)

where both constants C3 and ze are chosen in a way that guarantees the continuity of
the overall potential and its derivative at the in�ection point zp. While the bound states
of the Morse potential can be described analytically, the ones for the HMP must be
calculated numerically. Since the short-range part of the HMP is equal to the CMP, for
CC calculations the same coupling terms eq. (8.6) can be used. The long-range part
takes into account the asymptotic behavior of the more realistic 9-3 potential eq. (8.1).

8.2.2 Selective Adsorption Resonances

Selective adsorption resonances (SAR) are observed, when an impinging He atom enters
in one of the bound states of the atom-surface interaction potential. After a short lifetime
of typically 10−12 s, the atom leaves the surface62,63. Due to a phase shift of its wave
function, the interference with other scattered atoms gives rise to a modulation of the
scattered intensity. Several types of resonant scattering processes exist64�66, the most
important for the present work are described below.
In the �rst type, a particle with an initial state (Ei, Θi) is elastically scattered into a

bound state of energy −|En|. Thereafter, it leaves the surface potential elastically into
a �nal state. Due to a phase shift obtained during this process, these atoms interfere
with directly elastically scattered atoms and result in intensity modulations of the elastic
peaks64.
In the second type, an incident He atom, which has elastically entered a bound state,

is scattered inelastically into a �nal state. Due to the obtained phase shift relative
to directly inelastically scattered particles, interference and hence features between the
elastic peaks of the angular scans can also be observed. For this resonance type, inter-
action with a phonon is necessary. This scattering is also known as the phonon assisted
SAR process64,67,68.
By using the conservation laws for energy and parallel momentum, the condition for

an elastic selective adsorption resonance can be obtained from65,66

k2
i =

(
ki sin Θi +G‖

)2
+G2

⊥ − |En| , (8.11)

where ki denotes the incident wave vector and Θi is the incident angle with respect to
the surface normal. G‖ and G⊥ are the parallel and perpendicular components of the
reciprocal lattice vector G of the surface with respect to the plane of incidence. Reso-
nances that have a non-zero G⊥ component are referred to as out-of-plane; resonances
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8.2 Theory

Figure 8.1: A geometrical representation of the resonance condition eq. (8.11) is shown
in reciprocal space together with the �rst Brillouin zone for the �rst layer
atoms of Sb(111). The sum of the vectors Ki = ki sin Θi and G, which leads
to a resonant transition, lies on a circle with the radius r2

res = k2
i + |En|.

with G⊥ = 0 as in-plane. To ful�ll condition eq. (8.11) in the experiment, either Θi

or ki can be varied while the other is held constant. A geometrical representation of
the resonance condition together with the reciprocal lattice of the �rst Sb(111) layer is
depicted in �gure 8.1.

8.2.3 Close-Coupling Calculations

In the CC formalism, helium atoms are considered to be structureless and non-penetrating,
while the surface is considered to be statically corrugated and periodic. In a purely elas-
tic scattering scheme, an impinging particle with wave vector ki is described by the
time-independent Schrödinger equation[

−∇2 + V (r) − k2
i

]
Ψ(r) = 0. (8.12)

Due to the elastic scattering from a periodic surface, the conservation of particle mo-
mentum is described by the Bragg condition

∆K = Kf − Ki = G, (8.13)

with Kf the wave vector component of the scattered He atom parallel to the surface.
Due to the surface periodicity, the interaction potential as well as the wave function can
be Fourier expanded. While the potential is given by equation (8.5), the wave function
then reads

Ψ(r) =
∑
G

ΨG(z) · ei(Ki+G)·R. (8.14)
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If both expressions are substituted into equation (8.12), the following set of coupled
equations for the di�racted waves is obtained[

d2

dz2
+ k2

G,z − V0(z)

]
ΨG(z) =

∑
G′ 6=G

VG′−G(z)ΨG′(z), (8.15)

with kG,z the z-component of the particle wave vector after scattering given by

k2
G,z = k2

i − (Ki + G)2. (8.16)

Each of the equations (8.15) includes a characteristic e�ective potential V0 + (Ki +G)2,
where the second term is the asymptotic energy, which is dependent on G and the
incident scattering conditions. All of these e�ective potentials have a continuous as
well as a discrete spectrum. The wave functions associated with the continuum are
usually expressed as |Ki + G,k2

G,z〉. |Ki + G, n〉 denotes discrete wave functions with n
as the number for the nth bound state of the He-surface interaction potential. In this
study the term channel is used for each e�ective potential and is usually denoted by the
corresponding G-vector: the (h, k) channel. Since in a �xed-angle apparatus the angle
of incidence, and thus also Ki must be changed to measure a full angular spectrum, the
asymptotic energies of the respective channels move. This phenomenon is usually called
moving thresholds 48,165. As can be seen in equation (8.16), depending on the absolute
value of G, the respective k2

G,z of a channel can be either positive or negative. Through
this, two elementary kinds of scattering channels can be distinguished. For k2

G,z > 0,
the channels are called open; they are energetically accessible. In the case of k2

G,z < 0,
the channels are called closed ; they are energetically forbidden channels. Though they
do not produce observable features directly, a number of closed di�raction channels
must be included in the simulations to achieve numerical convergence for the outcome.
The higher the expected surface corrugation, the stronger are the Fourier components
of the interaction potential VG−G′(z) and the more channels must be included in the
calculations48. Nevertheless, the number of channels N has to be restricted since the
computational time scales with N3 166.

8.3 Experimental Details

8.3.1 The Sb(111) Surface Structure

Bulk antimony exhibits a rhombohedral crystal structure (space group R3m). An impor-
tant feature of this structure is the puckered bilayers of atoms perpendicular to the 〈111〉
direction. In contrast to the strong covalent bonding within these bilayers, the inter-
bilayer bonds are of van der Waals character. Thus, the (111) surface of Sb is its natural
cleavage plane93,95, which results in easily available Sb(111) crystal samples. The top-
most layer has a hexagonal structure with an atomic spacing of a=(4.3084±0.0002) Å92.
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Including second layer atoms, the sixfold symmetry of the �rst layer is broken to a three-
fold symmetry. Nevertheless, in the HAS measurements in this study, the energy of the
incident helium atoms was low enough to neglect in�uences of other than �rst-layer
atoms6.
Thorough investigations of the electronic properties of Sb(111) revealed metallic sur-

face states of the otherwise semimetallic properties of the bulk97�99. At the Γ point a
hexagonal-like cut through the Fermi Surface (FS) was observed. Anisotropies of the
FSs due to an anisotropy of the spin-orbit interaction lead to a three-fold symmetry of
the intensity of six lobes surrounding this central pocket. Furthermore, at the M points
oval-shaped electron pockets were detected97,99. Although a �at surface electron-density
was expected due to the FS electronic states found in all directions, with HAS measure-
ments a surprisingly high peak-to-peak corrugation of the electron-density was recently
observed60.

8.3.2 Experimental Setup

The measurements presented in this work were conducted on a HAS apparatus (H.Å.N.S.)
with a �xed source-target-detector geometry ΘSD = 91.5◦ . By varying the tempera-
ture of the nozzle which was used for the creation of the He beam, the energy of the
He atoms could be tuned between 11 and 35 meV. More details about the apparatus
and its dimensions are given in a previous paper4. The Sb(111) single crystal used in
the study was a disc with a diameter of approximately 15 mm which was cleaned by
Ar+ sputtering and annealing to 475 K prior to the measurements. The cleanliness
and surface order were checked by Auger electron spectroscopy and low energy electron
di�raction, respectively60. All HAS measurements were performed with the crystal at
room temperature (300 K). For angular scans the incident angle Θi of the monoenergetic
He beam with respect to the surface normal was altered by rotating the sample. The
angular resolution in these measurements was 0.1◦. Drift spectrum measurements were
obtained by varying the incident energy of the He atoms while the incident angle was
held constant.

8.4 Results

8.4.1 He-Sb(111) Potential

Angular HAS scans were performed and the observed resonance features were used to
extract bound-state energies. Figure 8.2(a) displays the data resulting from a measure-
ment along the ΓK direction. The increased intensity (solid line) of the measured He
signal is plotted versus the incident angle of the He beam. The dashed curves depict the
resonance conditions given by our experimental geometry, the experimental parameter
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Table 8.1: Bound-state energies experimentally determined from HAS measurements and
analytically calculated for the �tted 9-3 He-Sb(111) interaction potential with
D = (4.41± 0.09) meV and σ = (6.3± 0.3) Å.

Bound Experiment 9-3 Potential (8.2)
State Energy (meV) Energy (meV)
E0 −3.7± 0.2 −3.7± 0.1

E1 −2.6± 0.2 −2.6± 0.2

E2 −1.86± 0.02 −1.8± 0.2

E3 −1.17± 0.02 −1.2± 0.1

E4 −0.70± 0.02 −0.8± 0.1

ki and for a given G-vector. If this line intersects the energy of a bound state, the con-
dition eq. (8.11) for selective adsorption resonances is ful�lled and maxima or minima
may be observable in the measured signal. These features between the angular positions
of the Bragg peaks originate from phonon assisted SAR.

To determine the He-Sb(111) interaction potential, in the �rst step the bound state
energies have to be estimated. For that purpose, these energies (solid, horizontal lines
in �gure 8.2) were varied until the angular positions of their intersections with the
resonance conditions were in good agreement with the features in the measured signal.
In the measurement along ΓK the distinct peak at Θi = 36◦ and the modulations around
Θi = 30◦ were assigned to the in-plane resonance with theG-vector (1,1) ((1,1)-channel),
whereas the high peak at Θi = 50.5◦ and the small enhancements around Θi = 59◦ were
associated with the out-of-plane (1,0)-channel. This procedure resulted in �ve bound
state energies Ei=0...4, which are listed in table 8.1.

The angular scan along ΓM is shown in �gure 8.2(b). Also in this direction several
features from selective adsorption resonance e�ects appear, which were included in the
�tting procedure described above. The peaks at Θi = 30◦ and Θi = 32◦ were associated
with the (1,1)-channel. The shoulders of the specular (0,0)-peak arise from resonances
with the (1,0)-channel, the shoulders of the (1,0)-peak from the (0,1)-channel. Around
Θi = 55◦ narrow oscillations appear, which may be produced by either the (1,0) or the
(0,1) channel.

It is remarkable that features originating from resonance e�ects with E0 seem to result
in quite small, broad intensity enhancements in the angular scans in contrast to features
with bound-state energies E1 to E4, which yield narrower shapes with higher intensities.

With the determined energies of the bound states, the laterally averaged He-Sb(111)
interaction potential was derived. Therewith, the model potential was optimized and
its analytically calculated eigenvalue spectrum was compared to the measured values
with a least-squares �t. As it is a good representation of the surface, the 9-3 potential
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Figure 8.2: (a): Angular distribution of the HAS intensity (left-hand ordinate scale)
from Sb(111) along the ΓK surface direction at a beam energy of 15 meV.
In addition to the specular peak (45.75◦) and the two closest Bragg peaks,
further features corresponding to selective adsorption processes are identi�-
able. The �ve bound-state energies, that were found with our measurements,
are depicted as horizontal lines (right-hand ordinate scale). The two dashed
lines correspond to the resonance conditions for two G vectors [(1,0), (1,1)]
in our experimental geometry and are labeled accordingly. Two additional
peaks are attributed to kinematic focusing (KF) e�ects, which are discussed
in section 8.4.4.
(b): Same as (a) for an angular scan along the ΓM direction with resonance
conditions for three G vectors [(1,0), (0,1), (1,1)].
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eq. (8.1) was used whose eigenvalues are given by equation (8.2). The best �t resulted
in a potential with D = (4.41 ± 0.09) meV and σ = (6.3 ± 0.3) Å. This well depth is
in the expected range of 4-10 meV39 and is in good agreement with values estimated
in previous studies by our group60,76. It must be mentioned, that the positions of the
bound state features are not given explicitly through this zeroth order approximation.
Nevertheless, the in�uence of other channels is much smaller and the bare 9-3 potential
and its eigenvalues have proven to be good estimations8.

In �gure 8.3 the obtained potential (solid black line) and its corresponding eigenvalues
[dashed (blue) lines] are shown, and they agree very well with the measured values
[lighter solid (red) lines]. Both experimentally and theoretically determined eigenvalues
are listed in table 8.1, which also points out the excellent agreement. Although only 5
bound-state energies were observed in HAS measurements, the obtained potential has
an eigenvalue spectrum of 14 bound states. The energies of the additional states Ei=5...13

are in the region between −0.48 meV and −0.001 meV. Because of these closely spaced
levels, a distinct assignment of features in the angular HAS scans (�gure 8.2) would
require a much higher resolution of the measured data. Nevertheless, in �gure 8.2(b)
the structures at Θi = 41◦ and Θi = 53◦ may arise from resonances with the bound-state
energies E5 to E13.

Compared to the well depth of 8.3 meV for the He-Bi(111) interaction potential8, the
value found for He-Sb(111) is much smaller. This is most likely caused by the higher
polarizability of Bi, which causes stronger London dispersion (van der Waals) forces.
In contrast to the SAR features in HAS measurements on Bi(111), the observed peaks
for He-Sb(111) have both a higher absolute intensity and a much better signal-to-noise
ratio. Although the measurement times were longer with HAS from Sb(111), the high
intensities were far beyond expectation and should be the subject of an inelastic CC
analysis.

8.4.2 Close-Coupling Calculations

In a previous study, the electronic surface corrugation of Sb(111) was determined from
HAS by using the approximative GR method60. This approach is based on the hard cor-
rugated wall (HCW) model, which neglects the actual shape and especially the attrac-
tive part of the atom-surface potential. For a thorough characterization of the Sb(111)
surface and the He-Sb(111) interaction potential, an analysis beyond this method is re-
quired. Therefore, exact CC calculations, which are based on the determined interaction
potential, were performed.
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Figure 8.3: Best �t 9-3 potential (8.1) for the He-Sb(111) atom-surface interaction with
D = 4.41 meV and σ = 0.63 nm. Lighter solid (red) lines correspond to the
experimentally determined bound state energies; dashed (blue) lines indicate
the analytical bound state values calculated with eq. (8.2). Uncertainties
are shown as vertical bars at the intersections with the potential.

Kinematic Analysis

For numerical convergence in terms of channels, a kinematic analysis must be carried out
�rst. The perpendicular component of the �nal energy was calculated for di�erent chan-
nels. This energy Ef,z is a function of the incident energy Ei, the azimuthal angle and the
incident angle Θi. The latter is depicted in �gure 8.4 for both high symmetry directions
and Ei = 15.3 meV. If Ef,z is positive, the corresponding channel is open, otherwise it
is closed. It is obvious that the specular (0,0) channel (solid black line) is always open.
The �gure also shows channels with a (1,0)-radius (green lines), a (1,1)-radius (blue
lines) and a (2,0)-radius (red lines). To preserve the clarity of the illustration, further
channels are not shown. For the sixfold geometry of the topmost Sb(111) layer, there are
always 6 channels at a certain radius. As shown in �gure 8.1, they are partly degenerate.
Further degeneracies appear due to crossing of di�erent channels. Both degeneracies are
broken by the coupling coe�cients of our CC calculations. Furthermore, the zero order
positions of SAR are given with the interceptions of the channels with the bound-state
energies (dashed horizontal lines). The vertical lines indicate the positions of the Bragg
peaks for the �xed-angle geometry of our apparatus. This particular geometry causes
moving thresholds (see section 8.2.3); i.e., a certain channel can cross the positions of
the Bragg-peaks at di�erent energies. Usually in the CC calculations all open channels,
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8 The Helium-Surface Interaction Potential of Sb(111)

Table 8.2: Fitted potential parameters (well depth D, sti�ness parameter χ, and in�ec-
tion point zp) for the Morse- as well as the Hybrid (Morse/9-3) He-Sb(111)
interaction potential.

Type D (meV) χ (Å−1) zp (Å)
CMP 4.196 0.380 −
HMP 4.252 0.395 3.0

as well as closed channels with an energy close to zero have to be included. However,
for numerical convergence often more channels are taken into account, although at the
cost of longer computational times.

Potentials

For further calculations, the potential V0 and the couplings VG′−G have to be speci�ed
in the coupled equations (8.15). They should represent the atom-surface interaction
as precisely as possible while keeping the set of equations solvable. Usually a CMP,
(8.3), is used for CC calculations, because the coupling terms, (8.6), have been derived
analytically for this potential type. Since the long-range part of the HMP, (8.10), is
similar to the more realistic 9-3 potential, the analysis of the HAS measurement was
done with both the CMP and the HMP. For both types the same coupling terms, which
are given by equation (8.6), were used. The parameters of these potentials were obtained
in the same way as for the 9-3 potential (see section 8.4.1) and are listed in table 8.2.
The corresponding bound-state energies are listed in table 8.3. As an estimation for the
uncertainty, the parameter σE given in table 8.3 is de�ned as

σE =
1

N

√√√√ N∑
i=1

∣∣εexp
i − ε

pot
i

∣∣2, (8.17)

with N the number of bound-states included. For both potentials the calculated energies
of the �tted potentials are in very good agreement with the experimentally obtained
values. However, the values for E3 and E4 are better represented by the HMP than by
the CMP due to the superior asymptotic behavior.

The electronic surface corrugation

After these initial considerations, CC calculations were performed to obtain the e�ective
electronic surface corrugation. The corrugation function ξ(R) that we used for our model
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Figure 8.4: (a): Perpendicular kinetic energy Ef,z as a function of the incident angle Θi

with the Sb(111) crystal oriented in ΓK direction and an incident energy
Ei = 15.3 meV for He atoms. The black curve indicates the specular (0,0)
channel. Green, blue and red lines depict channels with (1,0)-, (1,1)- and
(2,0)-radii, respectively. The Bragg peak positions for the experimental setup
used are represented by the vertical lines.
(b): Same as (a), for the ΓM direction.
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8 The Helium-Surface Interaction Potential of Sb(111)

Table 8.3: Bound-state energies experimentally determined from HAS measurements and
calculated analytically for the CMP and numerically for the HMP.

Bound Experiment CMP eq. (8.9) HMP
State Energy (meV) Energy (meV) Energy (meV)
E0 −3.7 −3.7 −3.7

E1 −2.6 −2.7 −2.7

E2 −1.86 −1.82 −1.82

E3 −1.17 −1.13 −1.17

E4 −0.70 −0.60 −0.72

σE − 0.03 0.02

potential (8.3) is given by

ξ(x, y) = ξ0 ·
(

cos
[

2π
a

(
x− y√

3

)]
+ cos

[
2π
a

(
x+ y√

3

)])
+ξ0 · cos

[
2π
a
· 2y√

3

]
. (8.18)

It takes into account the sixfold-symmetry of the topmost layer of the surface, which
is the only important layer when considering the energies of the He atoms used in our
experiments60. x and y are rectangular coordinates and ξ0 denotes the amplitude of
the corrugation to be optimized. Therewith, the amplitudes of the outgoing waves were
calculated by solving the CC equations using a Numerov algorithm with a Fox-Goodwin
integrator. The square moduli of these resulting amplitudes are proportional to the
di�raction intensities (probabilities) Icalc

G
48. The geometry of our sample determines

the Fourier coe�cients υG=ha∗+kb∗ of the coupling terms (8.6) to be167

υh,k =

√
3

2

a2

π

1

2

∞∑
i=−∞

Ii(α)[Ii+h(α)Ii−k(α)

+Ii−h(α)Ii+k(α)], (8.19)

with Ii(α) the modi�ed Bessel functions and α = 2χξ0.
To account for the in�uence of surface vibrations at non-zero surface temperature on

the intensity of the di�raction peaks, the Debye-Waller factor was included in our CC
results. Its application in the analysis of HAS results has been discussed elsewhere60.
The Debye-temperature used, 155 K, was measured with HAS recently76.
To �nd the best �t between measured (P exp

G ) and calculated di�raction probabilities
a measure of deviation R,

R =
1

N

√∑
G

(P exp
G − Icalc

G )2, (8.20)
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8.4 Results

Table 8.4: Results of the CC calculations for the CMP and HMP at di�erent incident
energies Ei. Peak-to-peak values are given for the obtained corrugation func-
tion, eq. (8.18), as well as the e�ective corrugation function, (8.21), relative
to the lattice constant a.

Type Ei (meV) ξpp (Å) R (%) ξpp/a (%) ξEi,pp/a (%)
CMP 15.3 0.59 6.1 13.7 9.5
CMP 21.9 0.63 7.2 14.6 9.8
HMP 15.3 0.76 4.5 17.7 12.4
HMP 21.9 0.74 3.8 17.1 11.5

was calculated, where N is the number of experimentally observed di�raction peaks39.
This approach was used for both incident energies Ei, resulting in the best �t coe�cients
ξ0 listed in table 8.4. The peak-to-peak corrugation ξpp was calculated for a compari-
son with the values obtained with the GR method in a previous analysis60 and is also
given as a percentage of the lattice constant. Especially in the case of the HMP, where
the di�raction possibilities found are reproduced very well, the corrugation determined
within this study is signi�cantly higher. Since the shape of the obtained potential was
included in the calculations, in particular, the results for the HMP are more accurate
than the results obtained with the GR-method, which uses a HCW model. Beside the
fact that the CC calculations are quantum-mechanically correct if convergent, they are
preferable to HCW models when dealing with such high peak-to-peak corrugations as
observed in this investigation.

In �gure 8.5(a) the results of angular HAS scans are shown along the surface directions
ΓM and ΓK at an incident beam energy of Ei = 15.3 meV (black line). For comparison
with CC results, the areas of the experimentally measured Bragg peaks were determined
(black crosses). The peak area was used instead of the intensity to account for e�ects
such as the di�erent widths of the Bragg peaks due to the nonzero energy width as well as
the angular spread of the incident He beam. While the red squares in �gure 8.5 indicate
the best �tting CC results that were obtained with the CMP, the resulting probabilities
of CC calculations with the HMP are represented by (green) circles. Figure 8.5(b) de-
picts results obtained experimentally and theoretically at Ei = 21.9 meV. As shown in
the �gures and the R-values in table 8.4, the best �t was obtained with the HMP in CC
calculations. Although there are deviations between theoretical and experimental �nd-
ings, the corrugation found gives a good prediction of the measured intensities and their
agreement is much better than for the CMP. Particularly, the calculations for the CMP
failed to reproduce the di�raction probabilities along ΓK as well as the second order
probabilities along ΓM. When the �t was adjusted to get a better agreement at these
positions, the �t for the �rst order di�raction peaks in ΓM got much worse. Hence, these
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8 The Helium-Surface Interaction Potential of Sb(111)

values were taken for the best �t CMP CC results. The lower intensities obtained from
the measurements may be caused by the experimental setup: The measured intensities
decrease with increasing angle between the specular peak and the position of measure-
ment, which can be seen in the background signal of �gure 8.2. The theoretical results
in �gure 8.5(a) show a remarkable asymmetry for both �rst and second order di�raction
probabilities. While this is clearly noticeable in calculations with Ei = 15.3 meV, the
results for a higher incident energy (see �gure 8.5(b)) are almost symmetric. Likely, this
is caused by the relative arrangement of the di�raction channels at a particular position
of an elastic di�raction peak (see �gure 8.4). No clear indication of such an arrangement
and hence no �nal explanation were found, but it should be noted that small deviations
between real and determined bound-state energies may have a major in�uence on the
occurence of such conditions during CC calculations. In order to achieve a precision of
two signi�cant digits in the results of the CC calculations, a total number of 75 channels
were included.
At the position of the classical turning points of He atoms V (R, z) = Ei cos2 Θi holds,

which de�nes implicitly [z = ξEi
(R)] the e�ective corrugation function ξEi

(R)140. Due to
the �xed-angle geometry of the apparatus, measurements at di�erent incident angles Θi

are indispensable. However, for the following determination of the e�ective corrugation,
perpendicular incidence Θi = 0◦ was assumed, which yields

ξEi
(R) =

1

χ
ln

−D
Ei

+

√√√√D2

E2
i

+
D

Ei

(
1 +

∑
G6=0

νG
ν0

eiG·R

) . (8.21)

Note that ξEi
depends on the incident energy Ei of the He atoms and on the well depth

of the laterally averaged atom-surface interaction potential D. ξEi
is used to obtain

equipotential surfaces and is usually presented as a result of CC calculations. The
obtained results are listed in table 8.4. Furthermore, it acts as an e�ective illustration
of the shape of the electronic corrugation, hence it is depicted in �gure 8.6.

8.4.3 Resonance E�ects in the Specular Intensity

When the intensity of the specular peak is measured as a function of the incident momen-
tum (drift spectrum), several features of di�erent origins appear. First, the intensity of
the incident He beam depends on the nozzle temperature TN via 1/

√
TN. Second, due to

interference e�ects of waves scattered from di�erent terraces, an oscillation of the mea-
sured signal is detectable39. Using the positions as well as the intensities of the major
peaks and dips, the terrace height and distribution on the Sb(111) surface were estimated
in a previous study60. Besides these main features, �ner peaks and dips arise because of
SAR conditions that are moving �through� the angular position of the measurement. In
principle this type of experiment is possible with an arbitrary incident angle. However,
the position of the specular peak was chosen to obtain the best signal-to-noise ratio.
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Figure 8.5: (a): Angular distributions of HAS intensity along the ΓM and ΓK surface
directions at a beam energy of 15.3 meV. The peak areas (black crosses),
determined from measurements (black line) are in good agreement with the
best-�t results from CC calculations including the HMP [(green) circles].
Best-�t di�raction probabilities calculated with the CMP [(red) squares]
show a larger deviation from the measured values. Especially when mod-
eling the di�raction in ΓK, the HMP is superior to the CMP.
(b): Same as (a) with a beam energy of 21.9 meV. Again, the CC results
for the HMP are, in contrast to the CMP, in very good agreement with the
measured values.
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Figure 8.6: Plot of the e�ective corrugation for the Sb(111) surface as obtained by HAS
measurements and CC calculations with the HMP for perpendicular inci-
dence Θi = 0◦. The upper part shows the result for an incident energy
Ei=15.3 meV, whereas the lower part shows the e�ective corrugation for
Ei=21.9 meV. In the latter case He atoms experience turning points closer
to the surface.
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In �gure 8.7(a) the measured specular intensity (dashed black line) is shown as a
function of the energy of the incident helium beam. The nozzle temperature was varied
between 53 and 150 K to achieve energies of the He atoms between 11 and 32 meV.
Elastic CC calculations were used to explain the features observed in this measurement.
The necessary corrugations for these calculations were obtained with a linear inter- and
extrapolation of the best �tting corrugation parameters (HMP). The obtained result
[dashed black line in �gure 8.7(b)] was convoluted with a Gaussian peak to take into
account the energy broadening of the incident He beam [solid (red) line]. In addition,
the nozzle temperature-dependency of the He beam intensity and the contribution from
the di�erent terraces60 were included and the Debye-Waller (DW) attenuation was taken
into account by using a surface Debye temperature of 155 K, which was determined in
a previous study76.
In �gure 8.7(a) the theoretically predicted signal is shown as the solid (green) line. It

is in good agreement with the experimental data, although there is a shift of the peak
near Ei=12 meV. Most of the features found in the measurement could be assigned to
peaks in the theoretically predicted signal, which proves the quality of the model used
(the electronic surface corrugation found).

8.4.4 Kinematic Focusing

The angular scan along ΓK (�gure 8.2(a)) shows two additional features at Θi =

26.5◦ and Θi = 42.0◦, which can be explained by the occurrence of kinematic focus-
ing (KF)26,74. At an angular position, where the scan curve of the HAS experiment
is tangent to the surface-phonon dispersion curve, an enhancement of the detected He
intensity is observable. For the experimental setup used, a certain scan curve is given
by6,74

∆E

Ei

=
sin2 Θi

sin2(ΘSD −Θi)

(
1 +

∆K

Ki

)2

− 1, (8.22)

where ∆E is the gained (lost) energy due to phonon annihilation (creation), and ∆K

the corresponding wave vector of the phonon. Although the surface-phonon bands have
not been measured to date, Campi et al.10 used density functional perturbation theory
(DFPT) to model the surface dynamics of Sb(111). Figure 8.8 shows the results for
a slab with 24-layers as a longitudinally polarized mode along the ΓK direction. Fur-
thermore, selected scan curves for our measuring geometry at incident angles around
the KF positions are plotted as solid (blue) lines (phonon creation). It is clearly shown
that the scan curves in the vicinity of these angles are tangent to the surface phonon
modes, which is a prerequisite for KF appearance. The peaks found prove that KF is
a reliable tool for investigation of the exact position of theoretically predicted surface
phonon modes.

101



8 The Helium-Surface Interaction Potential of Sb(111)

10 12 14 16 18 20 22 24 26 28 30

0.2

0.4

0.6

0.8

1.0

0.2

0.4

0.6

0.8

1.0

(a)

(b)

Calculated
Experimental

CC, HMP
CC, HMP, ∆E

H
A

S
 I

n
te

n
si

ty
 (

a.
u

.)
H

A
S

 I
n

te
n

si
ty

 (
a.

u
.)

Incident energy Ei (meV)

Figure 8.7: (a): Drift spectrum of the specular (0,0) peak with the sample orientated
in the ΓM-direction. The measured intensity [dashed (black) line] is plotted
versus the incident energy Ei of the He beam. The simulated intensity [solid
(green) line] is in good agreement with the experiment.
(b): Results from CC calculations [dashed (black) line] were convoluted with
a Gaussian peak to account for the energy spread ∆E of the He beam. The
signal obtained [solid (red) line] was used as the SAR contribution for the
calculated intensity in (a).
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Figure 8.8: (a): Scan curves [solid (blue) lines] proving the KF origin of the additional
peak at Θi = 42◦ in �gure 8.2(a). Black lines show the dispersion curves for
a 24-layer slab of Sb(111) calculated with DFPT as published by Campi et
al.10. Surface-localized modes and resonances for longitudinal polarization
are indicated by shaded regions. For an incident angle of about 42.5◦, the
scan curve for phonon creation is tangent to the surface mode with an energy
between 7 and 8 meV.
(b): Same as (a) with scan curves for incident angles of about Θi = 26.5◦,
which are tangent to the same surface phonon mode.

8.5 Conclusions

The He-Sb(111) interaction potential was determined by a thorough analysis of elastic
HAS measurements. Clearly observable SAR features between the positions of the Bragg
peaks were used to estimate �ve bound-state energies in the attractive well (see table
8.1). They were best �t with the eigenvalues of a 9-3 interaction potential with a well
depth of 4.4 ± 0.1 meV. Compared to HAS on Bi(111)8, the He-Sb(111) potential is
shallower, which is the result of the lower polarizability of Sb. Furthermore, the exact
CC method was applied to determine the electronic surface corrugation. Therewith, the
bound-state energies were used to model potentials (CMP, HMP) suitable for CC calcu-
lations. The CC results for the CMP showed deviations from the measured intensities,
most likely due to the weaker long-range part of the CMP compared to the HMP. CC
results for the HMP are in good agreement with the experimental data. For the best
�tting model, HMP, a peak-to-peak corrugation of approximately 17% was obtained,
which is higher than the value obtained with the less accurate HCW models60. The
e�ective corrugation was found to have a peak-to-peak value of approximately 12%.
Furthermore, CC calculations were used to model the intensity modulation of the spec-
ular peak as a function of the incident beam energy. The theoretical �ndings are in
very good agreement with the measurements, which is further proof of the good qual-
ity of the He-Sb(111) interaction potential obtained. Two additional peaks found in
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the elastic measurements were attributed to KF e�ects, which were used as a coarse
consistency check for the DFPT calculations of the Sb(111) surface phonon modes10.
The He-Sb(111) interaction potential and the electronic surface corrugation obtained
represent a further step towards a complete understanding of the surface properties of
the semimetal antimony and its role as a building block in topological insulators. The
bound-state energies determined will help in the analysis of future inelastic HAS mea-
surements. Therewith, the experimentally determined surface phonon dispersion will be
obtained and a comparison with DFPT results10 will help to improve theoretical models
of the surface dynamics. Based on our results for HAS on Bi(111)6�8, mode-dependent
electron-phonon coupling strengths will be investigated, especially if resonance-enhanced
subsurface phonon modes can be detected.
In this work, we have applied the exact CC method within the framework of elastic

channels. However, even in the calculation of elastic intensities and elastic selective
adsorption resonances, couplings to inelastic channels have to be taken into account. We
have used a simpli�ed approach by including inelastic e�ects via a global attenuation
factor: the DW factor. We think that it would be desirable to include inelastic channels
in the CC framework instead of using the DW factor in order to be completely consistent.
Further theoretical developments towards this goal are under way and should show
whether our current approximations are su�cient.

104



9 Summary

This thesis describes helium atom scattering (HAS) experiments that have been per-
formed with the aim of investigating the semimetal surfaces Bi(111) and Sb(111). A
characterisation of the used apparatus H.Å.N.S.3,75 and the main results of HAS from
Bi(111)4�8 had been already summarised by Anton Tamtögl1. Hence, the included anal-
ysis of HAS from Bi(111) acts as a supplement and concentrates on surface step height
and terrace distribution, the electronic corrugation and the surface Debye temperature.
Together with these results from Bi(111), novel �ndings on the structure and dynam-
ics of Sb(111) are summarised below. Furthermore, the most important results found
during this study are compared in table 9.1.

9.1 Bi(111)

Elastic HAS measurements on Bi(111) revealed di�raction peaks up to third order. The
lattice constant obtained from the positions of the peaks is in very good agreement with
the data obtained by Mönig et al.103. Modulations of the HAS intensity at the position
of the specular peak with di�erent incident energies of the He beam were used to �nd a
step height of (3.9± 0.1) Å which is in excellent agreement with other experiments80,103

and DFPT calculations6. Although a very simple model was used, it could be shown
that the clean Bi(111) surface is quite �at.
An electronic corrugation of approximately 10% was found with using the eikonal

approximation and the GR method to analyse the relative heights of the di�raction
peaks. By using the Beeby correction, a well depth of 8 meV of the attractive part of
the He-Bi(111) interaction potential was found, which is in very good agreement with
recent investigation of selective adsorption resonances (8.3 ± 0.8) meV8. The rather
large corrugation may be caused by electronic states, e.g. electron pockets at the Fermi
level105.
To account for e�ects arising from in�uences of phonons, the HAS measurements

were performed with the crystal surface at di�erent temperatures between 118 K and
408 K. The sample showed a typical Debye-Waller behaviour in the thermal attenuation
of the HAS intensity. A surface Debye temperature of (84 ± 8) K was obtained from
measurements of the specular peak. Measurements at an angular position of a �rst order
peak yielded a surface Debye temperature of (75 ± 8) K. The obtained values remain
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constant over the whole temperature range, which is in contrast to LEED measurements
of Bi nano�lms.
The results of inelastic HAS together with a thorough interpretation of the surface

phonon dispersion of Bi(111) can be found in1.

9.2 Sb(111)

Elastic HAS measurements on Sb(111) revealed di�raction peaks up to third order. The
positions of these peaks are in perfect agreement with already known structural data
obtained by Bengió et al.95. Modulations of the HAS intensity at the position of the
specular peak with di�erent incident energies of the He beam were used to �nd a step
height of 3.81 Å which is in excellent agreement with recent calculations10. Although a
very simple model was used, it was shown that the clean Sb(111) surface is quite �at.
Beam energies between 15.3 and 21.9 meV were used to estimate the surface corru-

gation. While the result obtained from hard corrugated wall models (GR method) was
in the region of 12-13% of the lattice constant, close-coupling (CC) calculations yielded
a higher value of approximately 17%. The applied CC method considered only elastic
channels, nevertheless it was based on a more realistic shape of the He-Sb(111) interac-
tion potential. Hence, the higher value for the electronic surface corrugation represents
a more reliable result. Also in the case of Sb(111) this, compared to other surfaces
with metallic character, rather large corrugation may be caused by electronic states, e.g.
electron pockets at the Fermi level97.
To investigate the surface dynamics of Sb(111), HAS measurements were performed

with the crystal surfaces at di�erent temperatures between 98 K and 447 K. The sample
showed a typical Debye-Waller behaviour in the thermal attenuation of the HAS inten-
sity. A surface Debye temperature of (155 ± 3) K was obtained from measurements of
the specular peak. Measurements at an angular position of a �rst order peak yielded a
surface Debye temperature of (150± 6) K.
A careful analysis of selective adsorption resonances revealed a potential well depth

of (4.4 ± 0.1) meV of the attractive part of the He-Sb(111) interaction potential. Two
additional peaks found in the elastic measurements were attributed to KF e�ects, which
were used as a coarse consistency check for DFPT calculations of the Sb(111) surface
phonon modes10.
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Table 9.1: Comparison of Bi(111) and Sb(111) properties as determined with HAS.

Bi(111) Sb(111)

no. of observed HAS peaks in ΓM, ΓK 3, 1 3, 1
lattice constant a (T=298 K) 4.54 Å 4.31 Å
step height 3.9 Å 3.81 Å
terrace distribution (0th, 1st, 2nd level) 87%, 12%, 1% 84%, 14%, 2%
Debye temperature ΘD, specular peak (84± 8) K (155± 3) K
Debye temperature ΘD, 1st order peak (75± 8) K (150± 6) K
He-surface 9-3 potential depth D (8.3± 0.8) meV (4.4± 0.1) meV
no. of observed bound states 3 5
surface corrugation / a, with GR 10% 13%
surface corrugation / a, with CC - 17%
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