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Abstract

In this work the surface dynamical properties of the three-dimensional topolocial
insulator (TI) SboTes(111) were investigated experimentally, using helium atom
scattering. TIs are a new type of quantum material, insulating in the bulk, but
with metallic states at the surface. This rather new class of materials has at-
tracted great interest recently, due to possible applications in non-linear optics,
thermoelectric and spin transport electronic devices. Compared to other binary
TIs such as BisSes and BisTes, SboTes is much less studied. In particular infor-
mation about the surface dynamical properties are scarce and the surface phonon
dispersion has not been studied experimentally up to now. ShyTes is known as
a naturally p-doped semiconductor with prominent thermoelectric properties, es-
pecially at room temperature. Moreover, in contrast to other binary TIs, ShyTes
exhibits a Fermi level above the Dirac point.

Helium atom scattering (HAS) is the most appropriate technique for obtaining
relevant experimental information of dynamical processes from surfaces, since the
scattering particle strictly interacts with the electron cloud of surface atoms and
allows for a non destructive surface investigation.

From the obtained diffraction pattern, the surface lattice constant was determined
with a = (4.242 +0.006) A at room temperature and a = (4.225 £ 0.006) A at a
sample temperature of -160°C, corresponding to a linear thermal expansion of
a = (22+0.8)-107° K~!. By applying the Debye-Waller model to the mea-
surements of the thermal attenuation of elastic scattering intensities, a surface
Debye-temperature of §p = (141 4 3) K was obtained. With a recently introduced
method, the mass enhancement factor for electron-phonon coupling at the surface
can be determined, based on the Debye-Waller measurement, with A = 0.14.
Inelastic scattering events were observed via time of flight (TOF) measurements.
Over 300 TOF measurements were carried out along the two high symmetry di-
rections, for various incident energies and incident angles. The TOF spectra were
transferred to energy scale, allowing to identify phonon creation and annihila-
tion events. The obtained phonon energies and their corresponding wave vector,
based on the conservation of momentum and energy, allow to measure the surface
phonon dispersion over the entire Brillouin zone. The surface phonon dispersion
was compared with theoretical calculations from density functional perturbation
theory with reasonably good agreement. From the slope of the Rayleigh mode
the speed of sound was determined as 1794ms~!. Beside the expected surface
phonon modes, several low energy events were observed below the Rayleigh wave,
possibly coming from collective electronic excitations.






Kurzfassung

Im Rahmen der vorliegenden Masterarbeit wurde die Oberflache des dreidimen-
sionalen topologischen Isolators (TI) SboTes(111) mittels Heliumstreung unter-
sucht.

Der Begriff TT beschreibt einen Festkorper, welcher in seinem Inneren elektrisch
nichtleitend ist, jedoch an der Oberflache lokaliserte, leitende Zusténde besitzt,
welche die Bandliicke schlieflen. TTs besitzen potentielle Einsatzmoglichkeiten in
nichtlinerarer Optik, thermoelektrischen und spinelektronischen Anwendungen.
Aufgrund der hervorragenden thermoelektrischen Eigenschaften, speziell bei
Raumtemperatur, findet SbyTes vielfach Einsatz in Thermoelementen, elek-
trischen Warmepumpen und thermoelektrischen Generatoren. Im Gegensatz zu
strukturell vergleichbaren TIs wie BisSes und BisTesSe, liegt der Dirac-Punkt
der leitenden Zustande des von Natur aus p-dotierten Halbleiters SboTes iiber
dessen Ferminiveau. ShsTes wurde bisher noch kaum untersucht. Speziell zur
Oberflaichendynamik dieses Materials exisiteren zu diesem Zeitpunkt nur wenig
experimentelle Daten.

Heliumstreuung ist fiir die Untersuchung von Vibrationszustanden an der
Oberflache bestens geeignet.  Der niederenergetische Heliumstrahl wechsel-
wirkt ausschliefllich mit der Ladungsverteilung der Oberflichenatome, was eine
zerstorungsfreie und oberflachensensitive Untersuchung ermoglicht.

Uber die bei elastischer Streuung auftretenden Beugungsmuster wurde die Git-
terkonstante an der Oberfliche zu a = (4.24240.006) A bei Raumtemper-
atur, sowie a = (4.225 4 0.006) A bei einer Probentemperatur von —160°C er-
mittelt. Daraus wurde ein linearer, thermischer Ausdehnungskoeffizient von
a=(22+0.8)-107> K~! bestimmt. Mithilfe der Debye-Waller Ndherung, wurde
aus der thermischen Abnahme elastischer Streuprozzese, die Oberflachen De-
byetemperatur mit 6p = (141 +3)K ermittelt. Die Elektron-Phonon Kop-
plungskonstante A = 0.14 wurde basierend auf einer Analyse der Debye-Waller
Messungen, durch die Anwendung einer vor kurzem neu eingefiihrten Methode
bestimmt.

Das Hauptaugenmerk dieser Arbeit lag auf der Untersuchung inelastischer
Streuprozesse welche am experimentellen Aufbau mittels Flugzeitmessungen
durchgefiihrt wurden. Die Auswertung von tiber 300 Messungen entlang der bei-
den Symmetrierichtungen, fiir unterschiedliche Einfallswinkel und Energien fiihrte
zu der Oberflachenphonondispersion fiir die komplette Brillouin-Zone. Diese zeigt
gute Ubereinstimmung im Vergleich zu theoretischen Berechnungen auf Basis
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der storungstheoretischen Dichtefunktionaltheorie. Aus der linearen Steigung der
Rayleighwelle wurde die Schallgeschwindigkeit mit 1794 ms~! bestimmt.

Neben den zu erwartenden Phononenmoden, wurden weitere inelastische Stre-
uprozesse im Energiebereich unterhalb der Rayleighwelle beobachtet, welche keiner
Oberflachenphononenmode zugeordnet werden konnen. Diese niederenergetis-
chen Ereignisse sind moglicherweise auf kollektive Elektronenanregungen zurtick-
zufiihren.
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1 Introduction

Antimony telluride (SbyTes) is a material, which serves in many applications, due
to its various functional properties. It is used as phase-change material in opti-
cal data storage [1] and is among the most important thermoelectric materials at
room temperature [2].

ShyTez belongs to a class of condensed matter materials called three-dimensional
topological insulators (TI) [3]. TIs are described as a new type of quantum mate-
rial, where the band gap present in the bulk, is closed by topologically protected
surface states, forming a single Dirac-cone at the T-point.

In contrast to similar binary TIs, such as BisSes and BiyTesz, the Fermi-level of
intrinsically p-doped SbyTes is located below the Dirac-point [4]. In addition,
ShyTes can exhibit hole pockets in the TM direction, depending on the position
of the Fermi-level.

While the surface electronic states of SboTez(111) have been investigated, by angle
resolved photoemission spectroscopy [5H7] and theoretical band structure calcula-
tions [§], only few experimental data exists for the surface dynamical properties.

Within the course of this work, helium atom scattering (HAS) was used for an
experimental study of the surface vibrational modes of SbyTe3(111). HAS is very
well suited to deliver information of surface dynamics, since the low energetic
helium atoms strictly interact with the electron density of the surface atoms,
allowing a non-destructive and surface sensitive analysis of the material.

Elastic scattering processes are used to determine crystal properties such as the
surface lattice constant and the thermal expansion. Measurements of the thermal
attenuation further provide information about the surface Debye-temperature and
the electron-phonon interaction.

Inelastic scattering events are observed in terms of time of flight measurements
and used to determine the surface phonon dispersion, which is compared with ab—
initio calculations. In addition, the speed of sound on the surface is determined
from the TOF data close to the I-point.






2 Experimental Setup

This chapter will give a quick overview of the experimental setup. A more detailed
description can be found in the PhD thesis of Anton Tamtogl [9].

The apparatus, on which the measurements of this thesis were carried out, was
originally constructed at the FU Berlin and transferred to the TU Graz in the
year 2007 [10] and later adapted and characterized [9].

The main purpose of the aparaturs, called H.A.N.S. (for Helium Atom Non-
destructive Scattering), is to provide a quasi monochromatic helium beam for
elastic and inelastic scattering experiments on surfaces of various crystalline ma-
terials and adsorbates as well as the detection of angle resolved scattering intensity
for analysis, to obtain information of the surface structure and properties. It con-
sists of a helium source, the main chamber, which contains the sample mounting
and a detection arm with a quadrupole massspectrometer. The whole apparatus
is illustrated in figure

To run scattering experiments, high vacuum for the beam generation and detec-
tion is necessary. The main chamber is kept under ultra high vacuum conditions
to keep the sample clean from adsorbates. The apparatus exhibits several cham-
bers with different pressure ranges and various vacuum pumps, represented by the
red parts. Additionally a load lock chamber was attached [11, [12] to the main
chamber for a more convenient sample exchange.
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Figure 2.1: CAD illustration of the apparatus used for the measurements, taken
from A.Tamtogl [9]. The He beam (blue) generated in the source arm,
interacts with the sample in the main chamber. Scattered He atoms
are observed by a quadrupole mass spectrometer in the detector arm.



2.1 Source Arm

2.1 Source Arm

The source arm (figure provides the helium beam used for the scattering
experiments. It consists of two separated chambers (see figure which contain
the helium source and the mounting of the chopper (section . The chopper
is needed for time of flight measurements and can be shifted into the beam, to cut
it into small packets.

2.1.1 Beam Generation

For scattering experiments it is crucial to provide a beam of helium particles,
which is well collimated and shows a very narrow spread in velocity to achieve
high resolution in diffraction experiments and also be able to resolve small veloc-
ity differences in time of flight measurements.

To accomplish this, helium gas is led from a supply with a high pressure of
po ~ 50 bar through a cooled (45K - 170 K), narrow nozzle of 10 um diameter.
The gas spreads out quickly by a supersonic expansion, where the mean free path
of the atoms is small compared to the nozzle diameter, into the low pressure region
(pa < 107%mbar) of the first vacuum chamber of the source-arm. After leaving
the nozzle, the helium beam changes from a continuous flow to a molecular flow.
A skimmer, placed beyond the continuous region, separates the middle part of the
helium beam and transfers into the second vacuum chamber, where the helium
beam passes finally through an aperture into the main chamber. The passage to
the main chamber can be closed by a valve to help keep the vacuum in the main
chamber in the UHV range, when no measurements are carried out.

Since the above described expansion happens very fast it can be assumed as adi-
abatic. The thermal energy of the helium particle thereby is transformed into
translational kinetic energy, which converts a Maxwell-Boltzmann velocity distri-
bution to a very defined peak (see also [2.3)).

In good approximation helium can be treated as an ideal gas. Therefore the ex-
pansion is described in terms of thermodynamics and conservation of energy to
derive the final particle velocity 13| 14], with the Boltzmann constant kg, the
helium mass mpy. and the temperature of the nozzle Ty.

/5 kg - T
v 220 (2.1)
MHe

From the velocity the incident Energy E; and further the particle wave vector |k;]
can be derived.

5
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He nozzle

Figure 2.2: Schematic sketch of the Helium source after the CAD template from
[9]-

2. mye
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The temperature of the nozzle Tj is controlled by a cold head (Gifford-McMahon
cooler), a resistive heater and measured with a Pt100 temperature sensor. By
varying the nozzle temperature Ty, the velocity of the particles and therefore the
incident energy E; and the wave vector k; of the Helium beam can be adjusted to

the requirements of the experiment.

ki| = E; (2.3)

2.1.2 Chopper

For time of flight measurements it is important to distinguish between particle
packets. This allows for the determination of a flight time and further a velocity
and energy to those. This obviously can not be done with a continuous atom
beam. An easy way to split up the beam in several packets, is to install a so
called chopper disk. In the simplest form the chopper disk consists of a rotating
plate with a small slit. The plate blocks of the atom beam, letting only a small
fraction of the beam pass through the slit, once per rotation.

The disks rotation frequency and therefore its position at a specific time are de-
termined by an optical barrier and an additional slit on the disk. In the apparatus
used for measurements in this work, to achieve a better beam intensity, a pseudo
random chopper disk was used (section .

The signal analysis, including the deconvolution and transformation to an energy
spectrum are discussed in section [3.9]
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Figure 2.3: Comparison of the velocity distribution of the helium gas at the source
and after the supersonic expansion @ﬂ

2.2 Main Chamber

In the main chamber the scattering events take place. It is kept in ultra high vac-
uum range (p = 1071 =107 mbar) by turbo molecular pumps to guarantee long
mean free path lengths of the helium particle and to keep the sample surface clean
from adsorbats as long as possible. To measure the composition of the residual
gas, the main chamber is equipped with a quadrupole mass spectrometer. The
sample to be analysed, is mounted on a seven axis manipulator, which allows to
rotate and move it in various directions, to adjust the sample to the requirements
of a measurement. Further the manipulator features a liquid nitrogen reservoir. A
thermal connection from the reservoir to the sample holder is provided by copper
braids to vary the temperature of the sample. If required, the sample surface can
be sputtered with an installed argon-ion gun and annealed by a button heater,
mounted on the sample holder. For alignment of the crystalline sample in high
symmetry directions, a LEED (low energy electron diffraction) is used, which in
combination with an AES (Auger electron spectroscopy), also provides monitoring
of the grade of contamination of the sample surface.

2.3 Detection Arm

The detector arm is connected to the main chamber in a fixed angle of sp= 91.5°
ﬂgﬂ to the source arm entrance. It consists of several differentially pumped stages,
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so background particles get pumped out and only directly scattered helium atoms
arrive at the quadrupole mass spectrometer (QMS). The QMS signal is recorded
by a multi-channel analyser for further evaluation.



3 Theoretical Background

3.1 Description of a Crystal Surfaces

In solid states physics an ideal crystal is created by the infinite repetition of a
basis attached to a periodic lattice, called Bravais lattice, generated by discrete
translations by integers (j1, jo, j3) and the basis vectors (a, b, c¢), which span the
unit cell [15].

rj = j1a+ job + jsc (3.1)

To get a periodic surface structure, one can imagine to cut through the bulk of
an ideal crystal along a specific plane. Derived from the description of the crystal
structure in bulk materials, the surface of such a crystal can also be described by
the two integers ji, jo and the translation vectors a and b, which span the surface
unit cell.

Rj = jla + j2b (32)

3.2 Reciprocal Lattice for Two Dimensions

The concept of a reciprocal lattice is very important in all sorts of structure
analysis concerning diffraction experiments and can be used in the same way for
surfaces.

To every Bravais lattice, as discussed in section [3.1 a corresponding reciprocal
lattice can be assigned, described by the two dimensional reciprocal primitive vec-
tors, calculated from primitive vectors in real space (see equation .

axn nxa
a'=2r——— b*=2r——— 3.3
a-(bxn) a- (b xn) (3:3)
n is the normalised surface vector perpendicular to the plane spanned by a and
b and replaces the basis vector ¢ from the three dimensional description. The
coordinates of the reciprocal lattice points can be reached by translation of the
reciprocal basis vector with the integers h and k, also known as the Miller indices,
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b

Figure 3.1: Sketch of the basis vectors in real space and their reciprocal lattice
vectors.

yielding the reciprocal lattice vector Gyy.

Analog to the Wigner-Seitz cell in real-space, a primitive unit cell can be con-
structed from the reciprocal lattice, called first Brillouin zone [15].

3.3 Helium Atom Scattering

Helium atom scattering (HAS) is a proper technique for analysing surface struc-
tures and besides electron energy loss spectroscopy (EELS), the preferred method
to study surface dynamics of crystalline and amorphous surfaces [16].

In comparison to other scattering techniques like X-ray diffraction, electron or
neutron scattering, which typically get scattered at the nuclei of an atom, incom-
ing helium particles interact only with the electron density cloud of the outer-most
layer of atoms. The interaction can be described by a surface potential, which is
founded in strong Pauli repulsion and a weak van der Waals attraction. The atom
surface leads to a periodic corrugated potential.

Since helium is electrically, magnetically and chemically inert and the incident
energies are in a range of only 10 to 200 meV, helium atom scattering leads to
a completely non-destructive investigation of a sample surface and even weakly
bound adsorbats [17]. HAS is very well suited for structure analysis of semicon-
ductors and insulators, where the electrons are close to the ion cores. This means,
that the scattered helium atoms strictly only probe the surface of a material.
Another big advantage comes from the high scattering cross section of helium
atoms of about 100 A, which make them very sensible for defects and impurities
at the surface. Since these break the periodicity, helium atoms will scatter dif-
fusely and will not contribute to the diffraction pattern. As figure [3.2| suggests,

10



3.4 Diffraction from Periodic Structures

diffraction

incident
He atom
inelastic scattering
phonons}
selectlve
\ /,

A AN \stomnon

Figure 3.2: This figure simplified shows the various scattering processes, which
can occur in HAS [9].

during HAS several scattering processes can occur. The particle energy (E; = E¥)
does not change for elastic scattering processes (diffraction).

For inelastic scattering processes, energy is transferred from or to the sample
(AE = E; — E;). Finally, selective adsorption can occur, if the incident energy is
in the range of the attractive potential of the surface.

3.4 Diffraction from Periodic Structures

A monochromatic helium beam can also be described as a travelling wave with an
ascribed de Broglie wavelength \;.

h h
N\ = = — 3.5
p (3.5)

Mge =V

For a diffraction pattern to arise upon scattering from a periodic surface, the
wavelength has to be of the same order of magnitude, as the lattice periodicity
of the surface-structure. The scattered intensity then shows various peaks due to
constructive interference, depending on the incident angle. The angles for con-
structive interference are described by the Laue-Condition (3.6)).

AK =K, — Ky =Gy (3.6)
E, = Ef (3.7)
The surface-parallel parts of the incoming and outgoing wave vectors K; and K;

only differ by a reciprocal lattice vector G, while the total energy of the scattered
particle stays the same.

11
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Figure 3.3: In this figure the geometry for elastic scattering is drawn. For K; =
K; + Go1 (Go1 = Gui) the Laue Condition is fulfilled [9).

3.5 Analysis of Surface Structure from Elastic
Scattering

As already mentioned in chapter [2| the angle between the source-arm and the
detector-arm fgp is fixed in the apparatus. This circumstance limits the mea-
surable diffraction peaks from elastic scattering and also enters the scan curve
equation, discussed in section [3.9.4]

Due to the geometry, the scattering process can only be measured in a plane per-
pendicular to the surface (see figure and parallel to the incident and final
wave vector k; and k. Their assigned parallel projections on the surface K;, Ky
can be expressed as seen in equation [3.8}

|K;| = |k;| - siné; 0;... incident angle

|Kf| = |ky| - sin by Os...... final angle (3.8)

For an elastic scattering event, the energy of the impinging particle is conserved,
which also means, that the absolute values of the incoming and outgoing wave
vectors are equal |k;| = |ky|.

Further due to the fixed angle, the sum of the incident and final angle has to be
0sp = 0; + 0. Hence, in combination with the Laue Condition and equations
[3.8] an expression for the scattering condition for a specific incident angle can be
derived 3.9

_ Osp : |G|
0; = 5 arcsin [2 )| cos (G'S_D) (3.9)

2
Using this expression, the reciprocal lattice vector Gy, can be determined for a
given incident angle 0; and its wave vector k;(71p). Further the expected posi-
tion (incident angle) for diffraction peaks from constructive interference can be
calculated for known structures.

12



3.6 Selective Adsorption

3.6 Selective Adsorption

The interaction of closed shell helium atoms with the surface atoms of a probed
sample can be described in terms of a short range repulsive and long range at-
tractive surface potential [18]. This leads to a periodic corrugated potential wall,
which the helium atom can penetrate to about 3 Angstrom above the top most
ion core layer.

Selective Adsorption can occur, if the energy of the incident helium beam is of the
same order of magnitude as the attractive potential well. The helium atom gets
temporarily trapped in a bound state of the surface potential.

After a short time it is released again after interacting with a G-vector or a phonon.
These so-called selective adsorption resonances can be seen in elastic scattering
experiments and can be used to determine the surface potential of the probed
material.

3.7 Debye-Waller Factor

The intensities from diffraction experiments also show a dependency of the sample
temperature, which results from temperature induced inelastic scattering. The
shape of the elastic diffraction peaks stays the same, but the overall intensity
decreases due to the increasing contribution of inelastic scattering events.
This thermal attenuation can be taken in account by the Debye-Waller factor
[18]:

I(Ts) = I - e”2W(Ts), (3.10)

Equation relates the intensity of elastic scattering events I, at temperature
To = 0K, to the intensity depending on the sample temperature I(Tg) with the
Debye-Waller factor W (Ts) in the exponent defined as:

2W(Ts) = ((u- Ak)7,) . (3.11)

The vector u describes the displacement of the lattice atoms from their equilibrium
position and Ak the total change of momentum after the scattering event.
Since only specular contribution is observed, the momentum parallel to the surface
can be neglected.

2W (Ts) = (u?) - (Ak,)? (3.12)

In first approximation the average squared atomic displacement (u?) perpendicular
to the surface, can be treated as a harmonic oscillator

3kgT
2\ B
<uz>_ Mw27

(3.13)

13
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with M being the effective mass of the surface atoms and w the vibrational fre-
quency, which is given by the Debye-frequency wp.
. k'BHD
h

The Debye-temperature 6p is material specific and describes the occupied phonon

states. In combination, all equations result in an expression for the Debye-Waller
factor.

Wp (3.14)

3(h2AK2)Ts
oMb,

Until now, scattering processes were only determined by the plain structural prop-
erties of the surface. For a better approximation, also the attractive interaction in
form of dispersion forces, needs to be taken into account. Incoming helium atoms
are accelerated and decelerated when leaving the potential after scattering. This
effect is described by the Beeby-correction [19]. The perpendicular momentum
transfer Ak, is replaced by the expression [3.16| with an attractive potential with
well depth D:

W(Ts) = (3.15)

D D
= K 2 — 2 1 fp—
Ak, = k; [\/cos (0r) + E + \/COS (6;) + E

Since, for the specular position 6; = ; and with the incident energy E; = 5 t,

by applying the Beeby-correction, the Debye-Waller factor can be rewritten to:

12m[E; cos?(6;) + D] Ts
Mkp6?

(3.16)

h2k2

W(Ts) = (3.17)
The temperature dependence of the Debye-Waller factor also determines the ex-
perimental condition for one-phonon experiments, since at higher temperatures,
the contribution of multi-phonon processes becomes larger [18].

3.7.1 Electron-Phonon-Coupling

Recently a new quantum-theoretical derivation of elastic and inelastic scattering
probabilities for He-atoms on metallic surfaces showed a direct proportionality of
the Debye-Waller exponent with the electron-phonon coupling [20]. The Debye-
Waller factor contains the sum over all contributing phonon modes and therefore
can be used to determine the average electron-phonon coupling Ay 4s:

1 m: @ In(ly)/I

e

A &
HAS W(EF> m kBEz'z TS

(3.18)

Here N(EFr) describes the density of electron states per unit cell at the Fermi
level, @ is the work-function, m}/m the electron effective mass to particle mass

14



3.8 Inelastic Scattering

ratio, F;, the particle energy normal to the surface and % being the Debye

Waller exponent obtainable from the slope of Debye Waller measurements (see
also section [5.2.1)).

To apply this method to the case of surfaces of degenerate semiconductors it has
to be adapted by considering that the phonon induced modulation of the surface
charge density only involves electrons near the surface within the Thomas-Fermi
screening length [21].

3.8 Inelastic Scattering

For inelastic scattering the imping particle transfers energy from or to the surface
by interacting with a quasi particle like a phonon or plasmon. In this work the
main focus lies on the creation and annihilation of surface phonons.

3.8.1 Surface Phonons

Phonons are quasi particles, describing the quantized lattice vibrations of a crystal.
In quantum mechanics these lattice vibrations are described by the Hamiltonian of
a harmonic oscillator. With an angular frequency of w and the quantum number
[, the phonon energy is given by:

E = (l + %) Fuw (3.19)

Physical properties of a material like the heat capacity as well as the thermal
conductivity are related to the possible phonon states.

At the surface of a crystal new vibrational modes arise. Their origin can be from
bulk-phonons, projected to the two dimensional Brillouin zone of the surface as
well as new localized surface modes coming from the broken translational invari-
ance.

These surface phonons are described by the vector Q = (¢, ¢,) and show wavelike
characteristics, travelling parallel to the surface. Perpendicular to the surface,
their amplitude decays quickly into the bulk.

The three dimensional bulk modes (Q, ¢.) are projected from the bulk to the sur-
face, like seen in the dispersion relation in figure [3.4] Their frequency or energy
is in general located above the surface phonons.

Since surface atoms exhibit fewer neighbours in comparison to atoms in the bulk,
an alteration of the force constants occurs. This force softening can affect several

15
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/a

Figure 3.4: Phonons from the bulk are projected onto the surface. The 3-
dimensional dispersion curves for parallel Q and different ¢, from the
bulk are converted to two dimensions on the surface while losing their

z-variety [9)].

of the upper layers beneath the surface.

Surface phonons are characterised by three polarisations (see figure , referring
to the sagittal plane. The sagittal plane, in terms of helium atom scattering, is
spanned by the incident wave vector k; and the surface normal n. Looking along
high-symmetry directions of the reciprocal surface lattice, phonons oscillating in
the sagittal plane are either called shear-vertical polarized if their displacement is
mainly perpendicular to their propagation direction or longitudinal with the dis-
placement mainly in propagation direction. Polarisation in the surface plane with
the displacement perpendicular to the sagittal plane is called shear horizontal.
In this work experiments were run exclusively in the plane of high symmetry di-
rections, i.e. the scattering plane and the sagittal plane coincide. In this case
phonons with shear horizontal polarisation can not be excited.
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3.9 Time of Flight Measurement

z

surface plane

propagation

(a) shear vertical (b) longitudinal (c) shear horizontal
(transverse)

Figure 3.5: There are three types of polarisation for surface phonon modes :
(a) Shear vertical: oscillation perpendicular to the propagation di-
rection (transverse), parallel to the sagittal plane. (b) Longitudinal:
Polarisation also in the sagittal plane, but oscillation in propagation
direction. (c) Shear horizontal: displacement in the surface plane.

3.9 Time of Flight Measurement

In time of flight (TOF) measurements, the time ¢ it takes for a particle or par-
ticle packets to travel a certain distance L is observed, so its velocity v can be
determined:

V= (3.20)

It is important to distinguish between particle packets, to later be able to assign
a flight time to them. This is accomplished by a so called chopper disk (section
2.1.2)).

A more sophisticated approach is the use of a pseudo random chopper disk (section
. The flight path starts at the chopper disk and ends at the ionization zone
at the detector. Depending on their velocity, faster particles will arrive in shorter
time than slower propagating ones. This way a flight time distribution ¢(¢) is
obtained, which further allows the calculation of the velocity f(v) and energy
distribution f(E) (section [3.9.4)).

The intensity of the arriving particles at the detector is stored by a multichannel
analyser in the form of a time histogram.

3.9.1 Resolution and Correction of TOF Measurements

The resolution of a TOF spectrum, i.e. the width of its peaks, is limited by the
velocity spread of the atom beam, as well as the uncertainty of the TOF measure-
ment.

The chopper cuts the incident beam with a frequency v, described by a chop-
per transmission function C(t), which ideally would exhibit a delta form. Due to
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Figure 3.6: The continous beam is separated into small particle packets by the

chopper disk. Upon propagation to the detector the packets disperse,
due to the velocity spread of the beam [23].
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3.9 Time of Flight Measurement

the finite slit width of the chopper disk, C(¢) usually shows a trapezoidal shape.
Moreover the resolution is constrained by the finite ionisation length of the de-
tector, which adds an uncertainty D(zx) to the flight length L, since the point of
ionisation can not be indicated exactly. Both uncertainties are taken together in
an effective transmission function T,f¢(t) [24].

From experimental measurements, the TOF distribution G(t), affected by both
uncertainties, is determined. It can be written mathematically in the form of the

convolution integral:
oo

Glt) o /Teff(t—f)g(T)dT (3.21)

—00

Both functions G(t) and T,¢¢(t) can be approximated by a Gaussian function. The
deconvolution of equation provides the real TOF distribution g(¢), which also
exhibits a Gaussian form.

The time of flight measurement is triggered by an optical impulse from a slit on
the rotating chopper disk, starting the multichannel analyser. To compensate for
the triggering delay [9], the peak time ¢, needs to be corrected by ¢, (which is a
function of the chopper rotation frequency) to obtain the real flight time ¢;:

ty=t,—te (3.22)

To improve the signal noise ratio many TOF spectra are integrated over several
hours by the multichannel analyser.

3.9.2 Pseudo Random Chopper

While using a chopper disk to run TOF experiments, a part of the helium beam
is blocked and does not participate in the scattering processes, resulting in a
significant decrease of intensity. To gain high resolution a very short opening time
of the chopper, i.e. a narrow slit width is necessary. To increase the amount of
particles transiting the chopper, inserting as many slits on the disk as possible, is
a good approach.

Due to the velocity spread of the beam, the passing particle packets will disperse
while propagating (see also figure [3.6). In the case of several slits arranged near to
each other, the time intervals between two packets may be shorter than the spread
between inelastically scattered packets, which causes an overlap of the signal at
the detector. A solution to this problem is the use of a so-called pseudo random
chopper. It will modulate the continuous beam in a specific sequence, allowing
for a deconvolution of the superposition of the wave packets.

The measured intensity D(t) from the detector consisting of a background signal
U(t) and the convolution of the wanted TOF distribution F(¢) with the known
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3 Theoretical Background

Figure 3.7: Schematic picture of a pseudo random chopper disk [23]. The vari-
ous slits of different width represent a binary system of ”transit” and
"blocked” beam.

arbitrary sequence of the chopper C(t), also called shutter function becomes:

D(t)=U(t)+ (C = F)(t) (3.23)

D(t) = U(t) + / Clt— )V F(")dt". (3.24)

To obtain the deconvoluted TOF intensity F'(¢) from equation[3.23] it is convoluted
with the shutter function C(t) [23]. With the constraint of C(t) being a fully
random function, its auto correlation function is the delta distribution (7).
The modulation of a beam by this random function and the deconvolution of
it, with the same random function is analogous to the modulation with a delta
function. With the background U(t) considered as time independent, the cross
correlation function (first term in equation is achieved.

Clt) = / C)C(t +7)dt = 5(r) (3.25)

F(t) = / CH)D(t +t)dt' — U / ot)dt (3.26)

The cross correlation function further can be evaluated using Fourier transforma-
tion, finally yielding the deconvoluted TOF distribution F'(¢). Since there is no
fully uncorrelated random number generator, in an experiment C(t) is realised
with a binary pseudo random frequency of slits and teeth on the chopper disk as
shown in figure [3.7]

While using the pseudo random chopping technique brings a lot of advantages,
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3.9 Time of Flight Measurement

such as an increase in intensity to approximately one half of the initial intensity,
it is not useful in cases of huge variation of TOF spectra intensity. The statisti-
cal noise of large peaks will spread over the whole spectrum, hiding potentially
observable small peaks. Therefore pseudo random chopping should exclusively be
applied to TOF experiments, where only peaks of comparable size are expected.

3.9.3 Surface Phonon Measurements with TOF

For inelastic scattering an energy transfer between the impinging helium atoms
and the probed surface takes place. Surface phonons can either be created by
transferring kinetic energy from the helium atom to the surface lattice or annihi-
lated, due to energy transfer from the surface to the probing particle. With the
use of TOF measurements, the energy loss or gain from the helium beam can be
determined, allowing for a determination of surface phonons and their energies.
Looking at the whole system, energy and momentum conservation also holds for
inelastic scattering events. Considering only single phonon events and scattering
happening only in the sagittal plane, the conservation of energy can be written
as:

E;=E;+ AE = E; + hw, (3.27)

with E; being the incident energy, AE the energy exchange by creating or an-
nihilating a phonon with energy hw and E; the final energy after the scattering
process. By expressing the energy in terms of the wave vector equation [3.27] can
be rewritten as:

- k> e k? + h

ok =5 ° + hw. (3.28)

The conservation of parallel momentum is expressed by:
K; =K, + AK. (3.29)

AK describes the change of parallel momentum of a scattered helium atom. For
an incident plane perpendicular to the surface the relation [3.30] can be derived.
In this context, see also figure [3.8]

kg -sin(ff) = k; - sin(6;) + AK (3.30)

The combination of conservation of energy and conservation of momentum
3.30, leads to an expression of total change of energy AFE of the scattered particle
and thus the phonon energy.

AE _ sin(6;)? AK\?
E +1_W<1+ K@-) (3.31)
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AS
phonon annihilation

<«——specular

phonon creation

B\ R,
Vo e T A

Figure 3.8: Illustration of scattering events with phonon creation and annihilation.
In case of elastic scattering (specular), the modulus of the incident and
final wave vector stay the same [9].

Rearranged in favour of the momentum transfer:

AK . sin(6y) JAE

+1 (3.32)

Equation [3.31]is also referred to, as the scan curve for inelastic scattering of atoms
from a surface. The scan curve defines the possible energy AE and momentum
AK of a surface phonon, which can be seen under a certain incident angle 6;
and incident energy FE; in scattering experiments. Through variation of 8; a wide
range of AK is accessible. This way the surface phonon dispersion over the whole
Brillion zone can be measured (see also figure [3.9).

The sign of the change of energy AE determines, if a phonon was created (neg-
ative AE) or annihilated (positive AF). Depending on the phonon propagating
parallel to K; or anti parallel to K;, the change of parallel momentum is either
positive or negative.

3.9.4 From Time of Flight to Energy Scale

With the goal to determine the surface phonon dispersion, the phonon energy AFE
has to be calculated from the measured TOF spectra. The kinetic energy of a
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Phonon energy hw (meV)

——Phonon dispersion of the Rayleigh mod
—Scan curve at §; = 40°

-1.5 -1 -0.5 0 0.5 1 1.5
Parallel momentum transfer AK in units of the surface Brillouin zone

Figure 3.9: Example of a scancurve (blue) of a helium scattering experiment @I]
and the phonon dispersion (red). Possible phonon events can occur at
the intersections of the scan curve and the dispersion curve (orange
circles).
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particle can be written in the simple form of equation |3.33

m [ length 2
EZ?(TOF) (3.33)

Remembering the relation [3.27] the phonon energy is the energy difference AF,
before and after scattering. Since the kinetic energy of the helium particle will
not change before hitting the surface, i.e. during the flight path from the chopper
to the sample, the relevant flight distance is the one from the surface (or target)
to the detector Lyp. Therefore the final energy E; can be expressed by:

Ly = % (@)2 (3.34)

trp

with t7p being the flight time of inelastically scattered helium atoms from the tar-
get to the detector. Obviously the flight time from the chopper to the target tcr
is the same, no matter if the particle will scatter elastically or inelastically. There-
fore tcr can be substituted from the known TOF of elastically scattered atoms
t., based on their total flight distance from chopper to detector Lop. Subtracting
the expression for tor from the total flight time top gives then trp:

L
trp = top — —t, (3.35)
Lep
The total flight distance from chopper to detector as well as the distance from the
target to the detector are well known for the used apparatus [9]. Therefore the

TOF spectra can be transformed to energy according to equation |3.36;

LT—Dte 2
AE = E; — E; = E; <L> -1 (3.36)

L
tCD - LCLLT)te

Note that equation |3.36| provides a non-linear relation between energy and TOF.
To maintain the correct intensity after the transformation from TOF to energy,
the signal has to be scaled by its Jacobian [3.37 which effects the height and the
width of the peaks in the energy spectrum as seen in figure |3.10

dirp
dAE

Noise and intensity increase on the creation side, while the peaks get flattened
out on annihilation side.

As already mentioned phonon processes are only observable at intersections of the
scan curve and the phonon dispersion curve. Because of the velocity spread, the
scan curve is broadened. Hence the angle at which the scan curve interacts with
the dispersion is crucial for the sharpness of the observable peak. Best results are
achieved for an angle of 90°. With angles getting smaller, peaks will get broader,
with the worst case being a tangential intersection, which also results in an effect
called kinematical focusing, which can appear in elastic measurements (6-scans)
and can be misinterpreted as selective adsorption resonances [25].

t7p
3.37
m - L3, ( )
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Figure 3.10: This figure shows an example of the transformation from a TOF
spectrum (top) to energy (bottom) by applying equation and
[3-:37} The middle graph shows the non-linearity of the transformation.
Due to the scaling, the intensity gets flattened out on the annihilation
side (bottom graph left) and the noise at creation side (negative AE)
is enhanced, noticeable with increasing oscillations of intensity. This
measurement was taken for ShyTes(111) along TK with an incident
energy of I; = 10.13meV under an angle of 6; = 45°.
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4 Antimony Telluride SbyTes

Antimony telluride (SbyTes) is a prominent p-type semiconductor and multifunc-
tional material, well known for its outstanding thermoelectric properties at room
temperature and is used in power generation, heat pumping and cooling ap-
plications. Approaches to further improve thermoelectric efficiency in low di-
mensional systems [26/28] and the contribution of topological surface states to
thermoelectric properties have been investigated by Hinsche et al . ShyTes
also plays a major roll in phase change memory alloys and sparked interest in

the field of topological insulators , .

—

—

view from top

quintuple layer quintuple layer

Figure 4.1: The left panel shows the crystal structure of three quintuple layers of
ShyTes, with the top view on the right. The dotted lines indicate the
conventional hexagonal unit cell.

Antimony telluride has a rhombohedral crystal structure, which can also be de-

scribed with a hexagonal unit cell as seen in figure together with the hexag-
onal surface unit cell in the (111) plane. The material consists of five atomic
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4 Antimony Telluride Shy Tes

layer sheets, arranged along the z-direction (perpendicular to the surface), known
as quintuple layers. Each quintuple layer consists of two equivalent tellurium
atoms, two equivalent antimony atoms and a third tellurium atom. The bonding
is strong between the atomic layers within a quintuple layer but much weaker,
predominantly of the van der Waals type, between two quintuple layers.

With a cut through the (111) plane of the rhombohedral unit cell, the upper-
most atomic layer on the surface boundary consists of tellurium, followed by an
antimony layer and so forth. Hence the helium atoms in HAS experiments are
primarily interacting with the electron cloud of the tellurium atoms.

4.1 Topological Insulator and Sb,Te;

Topological insulators are classified as a new quantum state of matter, which
exhibit an insulating electronic band gap in the bulk and gapless topologically
protected conducting states on the surface. These states arise from the combi-
nation of spin-orbit interaction and time-reversal symmetry. Two-dimensional
topological insulators like graphene [33] or HgTe/CdTe quantum well structures,
which are described in terms of quantum spin hall states, show the properties of
spin splitting propagation, meaning spin and momentum of a particle are corre-
lated [34]. For three-dimensional topological insulators, one can imagine stacked
layers of two-dimensional quantum spin hall insulators.

Besides the well investigated binary compounds BisSez and BiyTez, SbyTes has
been confirmed to be a three-dimensional topological insulator with a single Dirac
cone on the surface [3]. The topological surface states |35] of three-dimensional
topological insulators close the band gap and form a Dirac cone with linear disper-
sion as illustrated in figure [4.2] The surface electronic band structure of ShyTes
has been well investigated in recent years experimentally by (time resolved) angle
resolved photo emission spectroscopy (ARPES) [5, 7, 36] and theoretically. It has
been shown for ShyTes, in contrast to other topological insulator materials like
BisSes; and BiyTes, that the Dirac point at the intersection of the surface states,
is located well above the Fermi level in the bulk band gap [4, 6], due to natural
p-doping in the as-grown crystals. Therefore ShyTes is not suited for prospective
applications in spintronic devices. However, it has been shown that the Fermi
level can be shifted above the Dirac point, without changing the band structure,
by n-doping with Cs [37].

Further, depending on the position of the Fermi level, a possible hole pocket has
been predicted in the M high symmetry direction of the surface Brillouin zone,
from ab-initio calculations as seen in figure [4.3] This pocket possibly can be ob-
served as satellite peaks in the diffraction pattern of helium atom scattering [18].
Due to the Dirac point of ShyTes naturally being above the Fermi level, the ini-
tial states on the upper and lower Dirac cone are unoccupied. Additionally the
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Figure 4.2: Sketch of the electornic band structure of a topological insulator. In
this case, the Dirac point, defined by the intersection of the expansion
(yellow) of the conduction and valence band, is located above the Fermi
level, as it is expected for SbyTes.

Dirac cone surface states are separated from the bulk valence band, hence unoc-
cupied states of the Dirac cone can be independently investigated in time resolved
ARPES measurement [30].
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M

Figure 4.3: Calculated surface band structure of ShoTes with the Dirac cone visible

30

at the I' point. A possible narrow hole pocket occurs in I'M -direction,
depending on the position of the Fermi level. The "intrinsic” line
(green) indicates the Fermi level for the undoped crystal, whereas the
"doped” line (red) shows the expected Fermi level for a naturally grown
crystal, which turns out to be p-doped, beneath the Dirac point.



4.2 Sample Fabrication and Preparation

4.2 Sample Fabrication and Preparation

The sample which was probed within the framework of this thesis, was synthesized
by a research group at the university of Aarhus at the chemistry department. The
phase purity has been measured by X-ray diffraction and unit cell parameters have
been extracted with the Rietveld method. The crystal was formed by slow cooling
the melt in a quartz tube. Afterwards it was cleaved along the (111) plane as seen
in figure[4.4] For the measurements a drop sized sample was sticked onto a sample
plate with epoxy resin. To obtain a clean surface, the sample was prepared by the
so-called scotch tape method. The uppermost layers of the sample gets exfoliated
by attaching scotch tape to it and carefully peeling it off afterwards. This process
has to be be repeated several times. The last exfoliation is done under high
vacuum conditions in the load lock chamber, before the sample is stored in the
sample mounting of the main chamber, to ensure minimal surface contamination.
Additionally, before running scattering experiments, the composition of the sample

Pieces cleaved from tip

Figure 4.4: (a) Sample of SbyTes, grown from the melt. (b) Cleavage from the
crystal tip in the (111) plane. (c¢) Prepared sample piece fixed on
sample carrier for mounting into the main chamber of the helium atom
scattering apparatus.
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has been analysed by Auger electron spectroscopy. The received spectrum can be
seen in figure 4.5 which shows significant intensities at the expected energies, when
compared to spectra from literature , for pristine antimony and tellurium.

dN/dE (a.u.)

antimony—462

483 .

491
tellurium~"

350 400 450 500 550 600
Electron energy (eV)

Figure 4.5: Auger electron spectrum of the SbyTes sample. Compared to MN-
transitions found in literature [38], significant peaks at 454 and 462 eV
can be assigned to antimony and at 483 and 491 eV to tellurium.
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5 Elastic Scattering on SbyTe3(111)

5.1 LEED

The apparatus used in this work for HAS experiments, is equipped with a low
energy electron diffraction (LEED) device. With a new sample mounted in the
main chamber, at first the orientation of the sample has to be clarified by LEED,
before further fine adjustment can be done. By varying the azimuthal angle of the
sample holder, the crystal can be arranged in the wanted high symmetry direction
I'M or TK. Figure shows a picture of the fluorescent screen of the LEED. The

Surface-Brillouin
Zone

(a) (b)

Figure 5.1: (a) Picture of the LEED-fluoroscopic screen showing the reciprocal
lattice of the SbyTes sample. The sample is orientated in T'K direction
regarding the incident helium beam from the left. (b) High symmetry
direction M and T'K of the surface Brillouin zone (black), constructed
from the reciprocal lattice (grey).

6 spots on the screen represent the first order diffraction from elastically scattered
electrons corresponding to the reciprocal lattice of the crystal, with a part of the
second order already visible on the left edge of the screen. The zeroth order is
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5 Elastic Scattering on ShyTes(111)

covered by the electron gun in the center of the screen. With the helium beam
approaching from the left side, in the case of figure [b.Ta] the sample is arranged in
the TK -direction of the surface Brillouin zone, which is sketched in figure [5.1b]

5.2 Elastic Helium Atom Scattering on Sbh,Te3(111)

From the results of elastic scattering measurements the sample properties can
be investigated. These scans are important for further analysis and characteri-
sation. To perform an elastic measurement, the incident helium beam energy F;
and temperature of the sample Ts are kept constant, while the incident angle 6;
is changed in small steps to scan through the wanted angular range, by rotating
the sample (see also chapter . As described in section , for specific angles
at which diffraction is expected, peaks can be seen in the intensity spectrum of a
f-scan. In figure an example of a f-scan in TK direction is shown with visible
first order peaks to the left and right of the centered specular peak. Diffraction
peaks will get closer to the specular peak with increasing incident energy. For
the current sample and experimental parameters, in TK direction only diffrac-
tion peaks up to the first order were visible, since higher orders are out of the
possible scanning range of the # angle. For #-scans in I'M direction, diffraction
peaks could be seen up to second order. From the distance of the diffraction peaks
with respect to the centered specular peak, it is possible to determine the lattice
constant for the investigated crystal, with the use of the equations from section 3.5

The average lattice constant a for ShyoTes was evaluated by averaging over several
f-scans in 'M and T'K direction. The lattice constant has been determined for two
different surface temperatures T, at room temperature at 23°C to a = (4.242 +
0.006) A as well for a cooled sample with Ty = -160°C to a = (4.22540.006) A. As
expected the lattice constant becomes smaller at lower temperatures. Assuming
a linear thermal expansion behaviour, the expansion coefficient can be estimated

by

1dL

to a = (2.2+0.8) - 107° K!, compared to the linear expansion obtained in the
bulk from X-ray diffraction with o = (1.840.6)-107° K~! at 270 K [39]. All results
for the lattice constant are in good agreement compared to values obtained from
other works, as listed in table [5.1]
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Figure 5.2: Examples of elastic scattering measurements (f-scans), scanning
through a range of incident angles #;, in the T'K (top) and IT'M di-
rection (bottom). In the center, the specular peak exhibits the highest
intensity. To the left and the right of it, diffraction peaks of first order
and second order (only I'M ) can be seen. The insert in the top panel
shows a close-up of the specular peak on a logarithmic scale, which
makes two possible satellite peaks visible.
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5 Elastic Scattering on ShyTes(111)

Table 5.1: Values for the lattice constant a of SbyTes obtained from 6-scans with
helium atom scattering (HAS) from this work, compared to values from
other works, obtained by X-ray diffraction (XRD) and electron diffrac-
tion analysis (EDA).

a(A) Ty (K)

HAS 4.242 £ 0.006 296

HAS 4.225 £ 0.006 113

XRD [40] 4.2691 295
XRD [39] 4.2423 0
XRD [41] 4.264 302
EDA [42] 4.25 -

5.2.1 Debye-Waller Factor

As mentioned in [3.7, the amount of inelastic scattering events highly depends
on the surface sample temperature. In figure the scattering intensity at the
specular angle at 6; = 45.75° has been measured, while the sample temperature
Ts increases in several steps from 113 K to 323 K. With increasing temperature,
the rate of inelastic scattering events become more and more dominant in relation
to elastic scattering events, which gives rise to a decreased signal at the zeroth
order diffraction peak (specular peak). Beside the specular peak a shoulder on
its right side shows up. This could be a hint for a selective adsorption resonance
(section . To clarify this, several more scans with varying incident energy FE;
would be necessary, which was not part of this work.

From the set of measurements, the maximum intensity for each temperature was
evaluated. Since the 6 angle can only be changed in finite discrete steps, it is
possible to "miss” the real maximum intensity. For this reason, the data points
were fitted with Gaussian functions (1o confidence interval) for each temperature,
which in most cases gave a better estimation for the intensity maxima. In figure
the natural logarithm of the ratio of all temperature dependent maxima [ (7%)
is obtained this way, with the extrapolated intensity Iy at T's = 0 K. ln(I(ILOS)) was
then fitted linearly over the temperature range. Taking all done measurements
into account, the intensity tends to deviate a little bit from the linear behaviour,
since the Debye-Waller approximation no longer holds at higher temperatures. All
maxima are located beneath the fitting line above a certain temperature, however
this behaviour is not very noticeable in the chosen example in figure Also
the adjustment and calibration usually happen at the lowest temperature. Due to
thermal expansion of the sample, mounting and manipulator parts, with increasing
temperature, it is possible that the tilt angles etc. shift out of the optimum
position, resulting in an additional elastic intensity decrease. From the slope of
the linear fit, the in section discussed Debye-Waller factor was calculated as
2W (Ts) = —(4.57+0.18)-1073 K~*. Knowing the Debye-Waller factor, the surface
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Figure 5.3:
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5.2 Elastic Helium Atom Scattering on ShyTes(111)
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Attenuation of intensity in terms of the surface temperature at the
specular angle for ShyTes(111), orientated in T'K direction. For the
measurement the sample was adjusted onto the specular peek for high-
est intensity.
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Figure 5.4: This plot shows the logarithm of the intensity maxima (black circles),
measured from elastic scattering at the specular condition for differ-
ent surface temperatures. From the slope of the linear fit (red line)
the Debye-Waller factor is determined. With higher surface tempera-
ture, the amount of inelastic scattered particles increases, leading to a
thermal attenuation of the specular peak.
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Debye-temperature #p can be determined from equation The incident energy
E; and angle 6; are known from the measurement setup. The potential well depth
has been calculated by analysing selective adsorption events from elastic scattering
measurements (not part of this work), as it was done for BiySes(111) [43], with
D = 5.43meV. The effective mass of the surface atoms M, in a first attempt can
be estimated by the mass of the upper most layer of tellurium with an atomic
mass mr. = 127.4u, leading to a surface Debye-temperature of:

0p = (141 + 3)K. (5.2)

This result is located between the element specific bulk Debye-temperaturs for
tellurium with 157 K and antimony with 135K for the SbhyTes compound, both
obtained from the density of phonon states by nuclear inelastic scattering [40],
200K from X-ray powder diffraction [39] and a value from literature 6, = 160 K
[44] for SbyoTes. Since the incoming helium atom does not interact only with the
electrons of the upper atom layer but with the layers below those by electron-
phonon interaction, especially the second layer consisting of antimony (mg, =
121.76 u), has to be considered for a better approach, which would lead to a
significant higher effective mass. Since the effective mass can not be determined
exactly, a more useful parameter is given with the relation o = 6%, - M. Inserted

into equation this gives:

. 2 .
\ _ L2m(Eicos’(6:) + D) (5.3)
kpk

with k being the slope of the linear fit from figure 5.4] a value a = (4.19+0.17) -
1072' K% kg is obtained for ShyTes (111), which is significantly larger than for
Bi,Ses a = (1.69 =+ 0.09) - 10-2 K2 kg [L1].

5.2.2 Electron-Phonon-Coupling

As described in section , the Debye-Waller exponent 2W (Ts) can be used, to
derive the mass enhancement factor \, indicating the strength of electron phonon
coupling for a conducting surface [45, 46]. The Debye-Waller factor 2W (T) writ-
ten in terms of the electron phonon coupling A can be seen in the following equa-
tions:

T
S 4
A o (5.4)
VT Ak 0T (5:5)

With the partial derivation alnaIT(STS)

previous section , ¢ = 4.45eV the work function 28], A. = 15.64 A® the unit

being the Debye-Waller exponent from the
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5 Elastic Scattering on ShyTes(111)

cell area. ¢y = 10.15 A is the thickness of the quintuple layers of ShyTes with the
factor 2, for two metallic sheets in it. The perpendicular part of the incident wave
vector k;, = 3.07 A™" can be determined from the scattering geometry and the
incident energy FE;. The number of metallic layers contributing to the phonon-
induced modulation of the surface charge density is taken into account by ng,

which is estimated by

Co

Therefore the Thomas-Fermi screening length Ay was calculated referring to [47]

(for Gauss units):
B2e, \ V2 (o) V6
Arp = | —— . 5.7
TF <462m*) (Bnc> (5.7)

Here ¢, = 115 [4§] is the relative permittivity for SboTes, m* = 0.095 - m, [49)
the effective electron mass and n, = 5.67 - 1013 [49] the surface charge carrier
concentration in cm~2, to Ayp = 44 A. Further by inserting into equation , the
electron-phonon coupling constant A = 0.29 is obtained.

Due to the large electronic corrugation leading to a hard wall potential, a Beeby
correction [19] (section needs to be applied to kZ:

)2 g2y 2D

(5.8)

with mpg. the mass of helium and D = 5.43meV the already used potential well
depth from section the coupling constant (with a relative uncertainty of
about 10 %) becomes:

A=0.14 (5.9)

which is smaller than for BiySez(111) with A = 0.23 and BiyTes(111) A = 0.19 [50],
on the other hand it is the same order of magnitude in particular when compared
to BiyTeySe(111), where in absence of quantum well states a value of A = 0.08 was
obtained. So far no other work considering the electron-phonon coupling constant
for SbyTes is available (to the best of my knowledge), to which the obtained results
could be compared.
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6 Inelastic Scattering on
SbyTe;(111)

This section mainly covers the time of flight measurements done for ShoTes(111)
and their analysis to obtain the surface phonon dispersion and compare the results
with the theoretically calculated dispersion from density functional perturbation
theory [51].

6.1 Time of Flight Measurements

For this work, several time of flight measurements were taken for SboTes(111),
with the sample orientated in TK and T'M direction, for various incident ener-
gies of the helium beam and different surface temperatures. The incident angles
have been chosen for a full coverage of the whole Brillouin zone in terms of the
associated scan curve, as well to an angular range with high enough signal in-
tensity. The latter was mainly the case for incident angles between the specular
angle and the + first order diffraction angles. For each measurement at a cer-
tain incident angle, the signal from the multi channel analyser was deconvoluted
and transformed into energy scale (see also section leading to an energy
transfer spectrum as shown as an example in figure This measurement was
taken in T'K direction, at fixed nozzle temperature, for an incident energy of E; =
10.13meV and at an incident angle of #; = 51.25°. The peak at the vertical dot-
ted line represents defuse elastically scattered particles at AE = 0meV. The grey
line represents the deconvoluted TOF signal, after the non-linear transformation
to energy, which results in high oscillations on the phonon creation side (negative
AF) and flattening on the annihilation side (positive AE). Due to the increasing
oscillation at higher energies, for phonon creation events (AE < 0) only peaks
up to an energy of about AE = -6 meV have been considered. Events below this
value could hardly be identified, since they could not be distinguished from the
noise. Further for phonons on the annihilation side above 12meV, due to Bose-
Einstein distribution, phonon occupation decreases to a level, where there is too
low intensity to identify any distinct peaks.

To account for the non-equal spacing on the x-axis and for better identification of
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6 Inelastic Scattering on ShyTes(111)

Intensity (a.u.)

2.64 meV TK - direction

E;=10.13 meV
| 0 =51.25°
13.70 mev Ty=288K -

6.71 _meV

2 4 6 8 10 12
Energy Transfer (meV)

Figure 6.1: Energy transfer spectrum from a TOF measurement. The grey curve
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shows the deconvoluted TOF spectrum, transformed into energy,
which was smoothed by binning (blue curve). Significant peaks are
marked with red circles, together with their corresponding energies.



6.1 Time of Flight Measurements

phonon events, the curve was smoothed by binning (blue curve).

Phonon events with significant intensity are marked with a red circle and the asso-
ciated energy transfer above. The peak evaluation has been performed manually,
since identifying significant peaks was not always possible from a single spectrum,
so other spectra needed to be considered as well, looking at how those peaks
evolve under different incident angles or energies. Although a numerical approach
for automated peak scanning was attempted, results were not reliable enough and
improving the script was not possible in reasonable time for this work.

10

—AE>0

[o0]
1

@)}
1

Energy (meV)

8 10 12 14
= AK (nm') + —
()R M

Figure 6.2: Scan curves for the incident angle of the measurement, shown in fig-
ure 6.1, The green curve represents positive energy transfer and red
negative. The scan curves have been folded back at the border of the
Brillouin zone. The red circles mark the intersections of the peak en-
ergies found in figure [6.1| with the scan curve. The related momentum
can be read form the x-axis.

In figure the corresponding scan curve for the related incident angle 6; and
incident energy F; of this measurement is plotted from equation for energy
versus phonon momentum corresponding to the momentum transfer of the scat-
tered helium particle AK and was folded back into the first Brillouin zone. Ad-
ditionally the scan curve for negative energies has been folded up to positive
energies. Since the phonon dispersion is entirely defined within the first Brillouin
zone, all phonon events can be projected back into it. The scan curve for positive
energy transfer (phonon annihilation) is drawn in green and the scan curve for
negative AE (phonon creation) in red. The corresponding phonon momentum
AK is then calculated according to the scan curve for each identified phonon en-
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6 Inelastic Scattering on SbyTes(111)

ergy AE (Epponon = AE). This procedure has been repeated for all taken TOF
measurements.

6.2 Elastic Phenomena in Inelastic Measurements

While analysing energy spectra from time of flight (TOF) measurements, under
certain conditions, symmetric peaks of unusual high intensity can be observed.
The occurrence of such peaks, in many cases, can be associated with elastic diffrac-
tion effects rather than inelastic processes and therefore need to be excluded for
the analysis of the phonon dispersion [52].
Those so called deceptons originate from the fact, that the velocity distribution of
the helium beam has a certain width around the average incident velocity, rather
than being a delta distribution. For particle velocities v/, which differ from the
average velocity vy of the distribution, the scattering conditions change as well as
their TOF: . .

AtTOF = LCD (— — —/) . (61)

Vo v

This can be very misleading in terms of TOF energy spectra evaluation, if one is
not aware of the possible existence of such decepton peaks. In figure (a) an
example of an energy spectrum from TOF measurements in IM direction features
a peak of very high intensity on the phonon annihilation side. If compared to
the related scan curve for this measurement [6.3|b), the peak is located pretty
close to the theoretically calculated Rayleigh mode [51] and seems like a legit
measurement point for the phonon dispersion. Although at first it appears as a
peak from a phonon event, the peak comes from a shifted 1%¢ order diffraction,
due to the velocity spread. Therefore deceptons will not be seen near the specular
peak. The scattering angles 6;, for which the Bragg condition is fulfilled, can
be calculated by using equation 3.9 considering the different velocities v’, which
deviate from vy. The difference in energy AF is given by equation with the
time of flight being top = Lg,D in this case. Inserting the new AFE and 6; in the
scan curve equation for momentum transfer [3.32] leads to a "quasi” dispersion
relation for deceptons as seen in figure [6.4] One can now look at the intersection
of this dispersion and the measurement specific scan curve. By comparing the
intersection with the position of energy spectra peaks, possible deceptons can be
excluded from measurement data for further evaluation.
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6.2 Elastic Phenomena in Inelastic Measurements
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Figure 6.3: Example of a measurement in I'M direction with a decepton appear-
ing in the energy spectrum, with the corresponding scan curve. (a)
Energy transfer spectrum from a TOF measurement, which features a
suspicious peak (marked with a red circle) with high intensity on the
annihilation side on the right. As seen in figure [6.4], this peak can be
set into relation with a Gy, decepton. (b)The related scan curves to
(a) with the decepton peak position marked with a red circle and the
theoretical calculated dispersion (grey lines).
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6 Inelastic Scattering on SbyTes(111)
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Figure 6.4: This figure shows an example, for how TOF peaks were checked,
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whether their origin is from a decepton or inelastic scattering. The
two ”quasi” dispersion curves for deceptons from -1%* and 1% order are
plotted as green dotted lines, with the scan curve drawn in blue. The
black crosses mark the three peaks found in the TOF energy spectrum
for this measurement (also see figure . The peak with highest en-
ergy is located very close to the intersection of the scan curve and the
decepton dispersion for Gy,, which is an obvious hint, that its related
peak originates from a shifted first order diffraction.



6.3 Surface-Phonon Dispersion of ShyTes(111)

6.3 Surface-Phonon Dispersion of Sh,Te;(111)

After evaluation of all TOF measurements as described in section [6.1] and exclu-
sion of the found deceptons, all data points were combined in a single plot. Figure
represents the whole surface phonon dispersion of ShyTe;(111), achieved exper-
imentally by TOF measurement from helium atom scattering. In general phonon
events were easier to measure at lower energies, especially close to the I'-point
with regions of high density of phonon events, where a branch rises from 0 energy
(the Rayleigh mode). For higher phonon energies, intensities become rather low,
and were more and more hidden in the noise, resulting in fewer detected events.
Although a similar count of measurements was taken for both high symmetry
directions, for this sample phonons seemed more likely to be detected in TK di-
rections, resulting in a higher amount of data points available in this direction.
Noticeable are a number of points at energies below the Rayleigh mode, which
will be discussed later.

12

Energy (meV)

Figure 6.5: Every dot in this figure represents one intensity peak found in the en-
ergy transfer spectra, gathered from several TOF measurements for
SbyTez(111), with various incident angles and energies. They are plot-
ted by energy, depending on their momentum in the high symmetry
direction TK and I'M for the whole Brillouin zone. Noticeable is the
high density for lower energies especially at the T'-point, which corre-
spond to the Rayleigh mode.
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6 Inelastic Scattering on ShyTes(111)

6.4 Comparison of TOF Data with Theoretical
Calculations

So far (to the best of my knowledge) no other experimental data for the surface
phonon dispersion of SbyTes, beside T-point phonon energy from Raman and in-
frared spectra , is available at the moment. However ab — initio calculations
have been performed by Davide Campi, using density functional perturbation the-
ory (DFPT)[51]. The surface phonon dispersion has been calculated for 3 quintu-
ple layers without considering spin-orbit coupling along the symmetry directions
TM and T'K.

The theoretical surface phonon dispersion is shown in figure At the T-point,
the three acoustic phonon modes start with zero energy, with the lowest mode be-
ing the Rayleigh mode and various optical modes at higher energies. Every mode
does split up in 3 different lines due to the calculation for three quintuple layers,
since each additional considered layer, gives rise to a small energy change of the
phonon mode. The surface phonon events gathered from TOF energy spectra have

Figure 6.6: Theoretical calculation of the surface phonon dispersion for the first
Brillouin zone from DFPT as reported in Davide Campi et al. .

been compared to the theoretical surface phonon dispersion, as seen in figure
for the example of the measurement of section [6.1] Therefore all identified peaks
from the energy spectrum were transferred to the dispersion relation and plotted
together with the theoretical dispersion. To distinguish the different modes, they
have been coloured. According to their vicinity to the calculated modes, every
phonon event was marked with the mode related colour and tag.
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6.4 Comparison of TOF Data with Theoretical Calculations

TK - direction
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Figure 6.7: By comparing all identified TOF peaks from the energy transfer spec-
trum (a) to the theoretical dispersion according to the scan curve (b),
phonon events can be assigned to their related mode. To easily distin-
guish between the single modes, they have been coloured differently
and peaks have been marked with different tags.
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6 Inelastic Scattering on ShyTes(111)

In figure [6.7|(b) one can see the scan curve for positive energy transfer (green),
intersecting the three acoustic modes, red (Rayleigh mode), purple and orange.
These three modes run close to each other in the intersection area, resulting in
a high intensity peak on the annihilation side in figure [6.7(a). Due to the peak
width of about 2 to 4meV, the single modes can not be resolved.

At the right side of figure (b), one can see the negative scan curve cutting the
second acoustic mode almost in a tangential way, also leading to a broader peak
in the energy spectrum, possibly causing kinematical focusing in elastic measure-
ments [25].

The creation side also features two significant low energy peaks, marked with
green diamonds, which can not be assigned to any mode in figure b). Those
phenomena do not only appear in this single measurement, but can be seen in
several others as well. They are also known from other helium atom scattering
experiments, investigating similar materials like BisSes and will be discussed
in more detail in section [6.6]

12

Energy (meV)

Figure 6.8: Experimental surface phonon dispersion of ShyTe3(111) from helium
atom scattering (symbols) in comparison with DFPT calculations for
three quintuple layers (solid grey lines). The assignment of the data
points (colour and tag) is based on the proximity to the theoretical
modes.
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6.5 Phonon Group Velocity

In figure the final surface phonon dispersion with all phonon events, assigned
to the related modes, is plotted together with the low energy events (green dia-
monds) and the theoretical surface phonon dispersion. In general the experimental
surface phonon dispersion is in good agreement with the DFPT calculations.

6.5 Phonon Group Velocity

The energetically lowest mode in the surface phonon dispersion is the Rayleigh
mode. Its band starts at zero energy at the I-point of the surface Brillouin zone
with a linear dispersion for low energies. By determining the slope of the Rayleigh
mode in the linear region, the speed of surface acoustic waves, polarised in the
sagittal plane, can be calculated.
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Figure 6.9: Linear fit of all measurement points from the I'-point origin, which
have been assigned to the low energy Rayleigh mode. With the slope
of the fit, the surface accoustic wave velocity can be calculated.

As illustrated in figure [6.9] surface phonon states from TOF measurement were
assigned to the Rayleigh mode by comparison with ab — initio calculated data
by DFPT [51]. The measured points were fitted with a linear relation in the low
energy range with assuming an intercept with the I-point at AE = 0. Due to the
fact, that for SbyTes the Rayleigh mode and the second acoustic mode proceed
parallel and rather close to each other, the assignment of measured points is not
always unambiguous, which leads to a rather high uncertainty for the determined
slopes for 'M and T'K in table . From these slopes the Rayleigh group velocity
can be calculated by dividing by h.
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6 Inelastic Scattering on SbyTes(111)

Table 6.1: This table shows the slopes of the Rayleigh mode in TM and 'K direc-
tion based on a linear fit with their corresponding group velocities.
| slope (meVA) vgp (ms™)
'M| 109+1.0 1650 + 160
'K | -10.04+05 1590 % 80

For an elastic and isotropic material, the Rayleigh group velocity vg can be cal-
culated in good approximation from its ratio { = % with the speed of sound of
transverse waves vr in the bulk [54]. According to equation [6.2] the so called
Poisson’s ratio o can be calculated from the sound velocity of longitudinal vy and
transverse waves vy, in the bulk. The values for the acoustic velocities have been
taken from literature [55], with vr = 1950 ms™! and vy, = 3380ms~".

92 /2

> 1 —2v3 /v (6.2)
2(1 = vi/vi)
0.87+1.120

= 6.3

¢ l+o (6.3)

Inserting ¢ into equation returns a calculated ratio { = Z—?. From this the
Rayleigh group velocity is determined to vg = 1794 ms~!, which is in reasonable

agreement with the group velocities gained for 'M and T'K in table .

6.6 Low Energy Modes

In figure [6.10] all data points are plotted, which appear in a low-energy region
below the Rayleigh mode. Comparison with the DFPT calculations shows that
these cannot be assigned to any surface phonon mode. One could possibly ascribe
two separate branches with a dispersion to the plotted data points though it is
difficult to do so given the number of data points and their spread.

Most low energy events keep appearing in sequential measurements for a small
range of incident angles corresponding to small variations of the scan curve. This
means observable low energy events are cumulated around specific incident angles.
In figure a TOF measurement series with small changes of the incident angle
is shown. The annihilation part of the energy transfer spectra, with the high
diffuse elastic peak on the left, provides a low energy event for several incident
angles at about 3meV.

In the following, several possible scenarios which could account for these low-
energy modes are discussed.

(a) The modes provide some similarity with the recent observation of two ad-
ditional dispersion curves in the energy region below the Rayleigh mode of the
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Figure 6.10: Low energy events in the region below the Rayleigh mode, which
cannot be assigned to any surface phonon mode.

topological semimetal Sh(111) . In the latter case the low-energy modes were
assigned to elementary excitations associated to phasons and amplitons of a multi-
valley charge density wave (CDW). The character of these mulitvalley CDW peaks
was further confirmed by additional elastic diffraction peaks, occurring due to the
presence of electron holes and pockets of the electronic structure upon crossing
the Fermi level. On the one hand, the calculated electronic structure of SbhyTeg
provides also electron pocket states, occurring at about 0.2-0.3 AT along the TM
azimuth. On the other hand no clear signature of additional diffraction peaks
could be observed in the elastic diffraction spectra of SbyTes.

(b) Recent measurements of BisSes showed also additional dispersion curves in
the gap below the Rayleigh mode, which were assigned to collective electronic
excitations similar to surface plasmons. As reported in an electron scattering
study, an anomalously low acoustic surface plasmon could be observed in Bi;Ses
157] - which would however overlap with the Rayleigh mode. The assignment of
the low-energy modes in ShyTes(111) to similar low energy collective electronic
excitations could probably be associated with a small surface charge density and
an appreciable electron-phonon coupling. However, given the limited number
of data points and the anomalously low energy of these modes, more detailed
experiments and theoretical analysis are required in order to unambiguously assign
and understand these excitations.

(c) Additional inelastic peaks may also occur in the presence of multi phonon

processes. A two-phonon process yielding to an energy below the Rayleigh mode,
requires a simultaneous annihilation and creation event giving rise to an energy
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Figure 6.11: Section of the annihilation side of several energy transfer spectra,
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show the same low energy events at similar incident angles, decreasing
in 0.5° steps. The measurements were taken in 'K direction with
an incident energy of 10.25meV. The low energy events show up
consistently for a small range of incident angles (dotted blue lines),
while their energies stay rather constant at about 3meV. For the
bottom two measurement at 3° and 3.5° a second low energy event
appears at about 2meV (dotted orange lines).



6.6 Low Energy Modes

sum below the one of a single Rayleigh mode event. In literature more or less
stringent criteria for the dominance of one-phonon processes can be found. Based
on the Debye-Waller factor, a criterion [18] in the high temperature regime is:

T
oW <1 for  —— >07 (6.4)
Osp

Measurement conditions in this work tend to be located near or slightly above
this limit. Therefore multi phonon processes can not be excluded.

Independently of the above, multi phonon events show as a combination of bands
in a rather uniform way. Hence an appearance in the shape of a sharp peak in the
energy transfer spectrum is questionable.

(d) The low-lying vibrational modes of adsorbates are another possible source of
these data points. However, frustrated translational modes of adsorbates like CO
would show no dispersion and they would appear at higher vibrational energies
[58].
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7 Summary and Conclusions

In this work the surface dynamical properties of the topological insulator
SbhoTes(111) were investigated by helium atom scattering. From elastic scattering
the diffraction pattern was used to determine the surface lattice constant, yielding
a = (4.242 4+ 0.006) A at room temperature and a = (4.225 + 0.006) A at -160°C
and thus a slightly smaller surface lattice constant, when compared to bulk mea-
surements at similar temperatures. From the lattice constant at two different
temperatures a linear thermal expansion of o = (2.240.8)- 107> K~! is obtained.
From the thermal attenuation at specular condition, the Debye-Waller factor
was determined, which further allows to obtain a surface Debye-temperature of
0p = (141 £+ 3) K, assuming an effective mass of the surface atoms equal to the
atomic mass of tellurium.

Based on a new introduced method, recently published for topological insulator
compounds similar to ShyTes, the Debye-Waller factor was used to determine the
electron-phonon coupling constant with A = 0.14, being smaller than the reported
constants of the other binary topological insulators.

Inelastic scattering events were investigated in terms of time of flight measure-
ments for various incident angles, energies and surface temperatures. Measure-
ments were done with the sample aligned along the two high symmetry directions
T'K and I'M of the surface Brillouin zone, respectively. The inelastic scattering
spectra are mostly dominated by a high intensity of the three modes in accordance
to inelastic measurements of other binary topological insulator surfaces.

Based on a data set of over 300 TOF measurements, the entire surface phonon
dispersion was obtained. The experimental results were compared to theoretical
calculations from density functional perturbation theory, which provide reason-
ably good agreement. From the slope of the Rayleigh wave the surface phonon
group velocity was determined as vp = 1794ms~ 1.

Based on theoretical calculations of the transverse and longitudinal acoustic ve-
locity in the bulk, the surface phonon group velocity was approximated, which
exhibits the same range of magnitude, compared to experimental results.
Noticeable are several low energy events, located below the Rayleigh mode, pos-
sibly due to collective electronic excitations, which require further investigations
for an unambiguous assignment.
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