
Growth study of Fe on Be(0001) by
scanning tunneling microscopy and

spectroscopy

Dissertation
zur Erlangung des Doktorgrades

an der Fakultät für Mathematik, Informatik und
Naturwissenschaften
Fachbereich Physik

der Universität Hamburg

vorgelegt von

Hermann Ulrich Osterhage

Hamburg

2022





Gutachter der Dissertation: Prof. Dr. Roland Wiesendanger
Prof. Dr. Wolfgang Hansen

Zusammensetzung der Prüfungskommission: Prof. Dr. Roland Wiesendanger
Prof. Dr. Wolfgang Hansen
PD Dr. habil. Guido Meier
Dr. Stefan Krause
Prof. Dr. Michael Potthoff

Vorsitzender der Prüfungskommission: Prof. Dr. Michael Potthoff

Datum der Disputation 31.03.2022

Vorsitzender des Fach-Promotionsausschusses PHYSIK: Prof. Dr. Wolfgang J. Parak

Leiter des Fachbereichs PHYSIK: Prof. Dr. Günter H. W. Sigl

Dekan der Fakultät MIN: Prof. Dr. Heinrich Graener





Abstract
In this thesis, scanning tunneling microscopy and spectroscopy were used to
probe the Be(0001) surface and the growth behavior of iron on top of it. The
experiments were performed under ultra-high vacuum conditions with home-
build scanning tunneling microscopes at cryogenic temperatures between 4.2 K
and 60 K.

A cleaning procedure for the (0001) surface of Be single crystals based on
Ar+ ion sputtering at elevated temperatures was developed that yields extended
parallel terraces with a low defect density. The electronic band structure of the
clean Be(0001) surface was investigated by scanning tunneling spectroscopy.
The parabolic dispersion of a surface state band is identified in interference
patterns of the surface charge density. Inelastic electron tunneling spectroscopy
further reveals the contributions of phonon-assisted tunneling of electrons into
Be(0001).

The growth of iron on this surface by evaporative deposition was studied in
dependence of the iron coverage and of the substrate temperature during and
after deposition. At room temperature, island growth in the Volmer-Weber mode
occurs. At 300 °C, intermixing of deposited iron with the substrate is observed
and substantiated by Auger electron spectroscopy. Alloyed films with a locally
(2 × 2)-ordered surface structure form in the process. This growth mode persists
for iron coverages between 0.5 atomic layers and 3.8 atomic layers. The surface
structure of these ordered alloyed films is found to resemble stretched (0001)
planes of bulk-truncated FeBe2 in a Laves structure.
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Zusammenfassung
Im Rahmen dieser Arbeit wurden die Be(0001)-Oberfläche und darauf gewach-
sene Eisenfilme mittels Rastertunnelmikroskopie und Rastertunnelspektrosko-
pie untersucht. Die Experimente wurden unter Ultrahochvakuumbedingungen
bei kryogenen Temperaturen zwischen 4.2 K und 60 K durchgeführt.

Für diese Studien wurde eine Reinigungsprozedur für die (0001)-Oberfläche
von Berylliumeinkristallen entwickelt. Diese basiert auf Kathodenzerstäubung
mit Ar+-Ionen bei erhöhter Probentemperatur und liefert Probenoberflächen mit
ausgedehnten, parallel orientierten Terassen von geringer Verunreinigungsdich-
te. Anschließend wurde die elektronische Bandstruktur von reinen Be(0001)-
Oberflächen mittels Rastertunnelspektroskopie untersucht. Anhand von Interfe-
renzmustern in der Ladungsdichte an der Oberfläche wurde die parabolische Di-
spersion eines Oberflächenzustands identifiziert. Inelastische Rastertunnelspek-
troskopie offenbart den Beitrag von durch Elektron-Phonon-Wechselwirkung
assistiertem Tunneln zum gesamten Tunnelstrom.

Das Wachstum von auf diese Oberfläche aufgedampftem Eisen wurde in
Abhängigkeit der aufgebrachten Eisenmenge und der Substrattemperatur unter-
sucht. Bei Raumtemperatur tritt Inselwachstum im Volmer-Weber-Modus auf.
Hingegen weist die veränderte Oberflächenmorphologie bei 300 °C zusammen
mit Auger-Elektronenspektroskopie auf eine Vermischung des aufgebrachten Ei-
sens mit dem Be(0001)-Substrat hin. Infolgedessen bilden sich legierte Filme,
deren Oberfläche lokal (2 × 2)-geordnete Bereiche aufweisen. Dieser Wachs-
tumsmodus wurde für eine Eisenbedeckung zwischen 0.5 und 3.8 Atomlagen
beobachtet. Die Oberflächenstruktur dieser geordneten Filme entspricht ver-
spannten (0001)-Ebenen von FeBe2 in einer Laves-Struktur.
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1 Introduction
The requirements of modern information technology for miniature data stor-
age and energy-efficient computation devices have spurred research on low-
dimensional magnetic systems. In this context, Fe films grown by molecular
beam epitaxy (MBE) on various substrate materials were found to exhibit a
variety of magnetic properties. Adaptation of the film to the substrate’s lattice
structure leads to Fe films with symmetries and interatomic distances that differ
from the natural body-centred cubic (bcc) bulk phase of Fe (U-Fe). Atomic co-
ordination and interatomic distances in turn determine the magnetic properties
of a material. An important quantity in this respect is the exchange energy,
favoring parallel or anti-parallel alignment of spins depending on the sign of
the exchange constant. The exchange constant is generally distance-dependent,
including changes of its sign [1]. Consequently, the magnetic ground states
in heteroepitactic films may differ from the ferromagnetic bulk phase as well.
Apart from that, interactions with the substrate material influence the magnetic
properties.

Scanning tunneling microscopy (STM) is a useful tool to study the growth of
such films. In STM, a biased tip with an atomically sharp apex is approached
to a metallic sample surface close enough to detect a tunneling current between
these two electrodes. Lateral scanning of the tip relative to the sample allows
for imaging of the electronic surface density of states (DOS) with atomic-scale
resolution in real space. Due to correlations of the atomic positions with the
electronic DOS, the atomic order of surfaces can be resolved. Utilizing magnetic
probe tips, spin-polarised scanning tunneling microscopy (SP-STM) addition-
ally enables the imaging of the local sample magnetization at atomic-scale
resolution [2]. Furthermore, the STM’s lateral scanning capability facilitates
local current injections into sample surfaces, enabling the manipulation of the
surface magnetism and studies of its dynamics [3].

The system of Fe on Ir(111) is an example for the versatile magnetic textures
occurring in thin films and related STM applications. A single atomic layer of Fe
grows in continuation of the Ir(111) lattice (pseudomorphically) [4]. Due to the
Dzyaloshinskii-Moriya interaction with the substrate favoring a non-collinear
orientation of neighboring spins, the magnetic ground state of the Fe film is a
lattice of nanometer-sized skyrmions [5].
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1 Introduction

In Fe films of two and three atomic layers on Ir(111), the magnetic ground
states are spin spirals, arising as a consequence of competing exchange and
Dzyaloshinskii-Moriya interaction [6, 7]. Lastly, inside an external magnetic
field, the spin spiral in films of three atomic layers transitions to a skyrmionic
state. These skyrmions could be switched individually by electric fields induced
by an STM tip [8]. This shows that the combination of MBE and STM can be
used to create and investigate thin films with tailored magnetic properties by
choice of film thickness and substrate material. A variety of substrate materials
was investigated in the past, including the bcc substrate material W and the
hexagonal close-packed (hcp) material Re. While a pseudomorphically grown
film of Fe/W(110) of monolayer thickness is ferromagnetic with an in-plane
easy axis of the magnetization direction [9, 10], the Fe monolayer on W(001)
is antiferromagnetic [11]. One pseudomorphic atomic layer of Fe on Re(0001)
however has a non-collinear ground state [12, 13]. While these previously
employed substrate materials have diverse crystal structures and surface termi-
nations, their surface density is lower compared to U-Fe. Accordingly, tensile
stress is present in pseudomorphically grown films.

Under high pressure, Fe is known to undergo a phase transition into an hcp
phase (n-Fe) [14, 15], representing a compressed atomic configuration with
respect to the conventional U-phase. The n-phase is of special interest since it
is stable under conditions assumed to occur in the earth’s core [16, 17]. The
high pressures necessary for its synthesis are experimentally only attainable
in diamond anvil cells. Consequently, experimental investigations of n-Fe are
limited to measurement techniques capable of penetrating the anvil cells. X-
ray investigations showed that the transition occurs at pressures ? > 13 GPa and
coincides with a loss of ferromagnetic order [18]. Mössbauer spectroscopy found
no hyperfine magnetic field in n-Fe, leading to the conclusion that there are no
ordered magnetic moments in this material and that it is paramagnetic [19, 20].
Conversely, density functional theory (DFT) calculations predict the existence of
a magnetic ground state with antiferromagnetic or noncollinear order [21–23].
Fast spin fluctuations in these ordered states preventing Mössbauer detection of
hyperfine fields were put forward as an explanation for this discrepancy [20].
Still, the magnetic properties of n-Fe remain an open question and progress on
this issue would have implications for geophysics and the understanding of the
earth’s core that stabilizes the geomagnetic field crucial for life on earth [17].

Fe films grown on a hcp substrate could possibly circumvent the experimental
limitations of diamond anvil cells. By adaptation to a hexagonal substrate
lattice with a lattice constant smaller than 0n−Fe = 245 pm [14], Fe films may
grow in the compressed n-phase. These films could then be characterized using
SP-STM, providing direct insight into the spin texture on the surface of this film
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with atomic-scale resolution. Prerequisites for this are that the growth actually
occurs in this tightly-spaced manner and that the substrate does not critically
affect the magnetic properties of the Fe film.

The element Be is a candidate for a substrate material with a basal lattice
constant of 0Be = 228 pm [24]. Pseudomorphic growth on this substrate poses
the potential of hosting Fe films in a hcp structure with an even smaller lattice
spacing than bulk n-Fe. On W(110), the pseudomorphically grown monolayer
of Fe relaxes in higher coverages towards the natural bcc phase [25]. Similarly,
Fe grown on a surface of Be may relax first into the n-phase and lastly into U-Fe
for even higher coverages.

This thesis focuses on the preparation and characterization of Be(0001) sur-
faces and the investigation of Fe growth on this surface in dependence of cov-
erage and substrate temperature. While the main motivation for this study is
the promise of creating an n-Fe specimen accessible for STM, the Be(0001)
surface itself has unique electronic properties and a scanning tunneling spec-
troscopy (STS) investigation of it was lacking so far. Knowledge of the electronic
properties and their manifestation in STM and STS is crucial for the interpre-
tation of data acquired on overlayers on this substrate. Previous experimental
investigations of the electronic structure of Be(0001) were limited to photoemis-
sion experiments [26–30]. The surface electronic properties of Be(0001) differ
significantly from the bulk properties. In bulk Be, the electronic DOS is low
around the Fermi level making it effectively a semimetal [30, 31]. Localized
within the two uppermost atomic planes [32], Be(0001) hosts free-electron-
like surface states [26, 27, 29] that contribute 80 % to the electronic surface
DOS [33]. This peculiar electronic structure with a thin metallic surface region
on an otherwise semimetallic bulk [34] sets Be(0001) apart from previously
investigated substrate materials for Fe growth.

Free-electron-like surface states also exist on noble metal surfaces. The case
of Pt(111) was used to study the distance-dependent exchange coupling, the so-
called Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, between magnetic
moments of adatoms mediated by conduction electrons [1]. However, Pt and
heavy metals in general exhibit spin-orbit coupling and magnetic adatoms or
films on their surfaces will thus be additionally affected by the Dzyaloshinskii-
Moriya interaction [35]. Light Be with only four electrons per atom could pose
a basis for RKKY coupled spins mediated by surface electrons in the absence
of spin-orbit coupling.

Delocalized surface state electrons scatter from residual impurities or step
edges on surfaces and create interference patterns of the DOS, called Friedel
oscillations, that can be detected using STM [36]. A previous investigation
of Be(0001) reported an enhanced amplitude of oscillations in STM constant-
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1 Introduction

current contours for low bias values, corresponding to electronic states near
the Fermi level [37]. This apparently contradicts the free electron picture of
the Be(0001) surface state, corroborated by photoemission data [26, 27, 29],
that implies a constant surface state DOS. Strong electron-phonon coupling,
affecting the electron dispersion and thus enhancing the electronic DOS near the
Fermi level, was discussed as one possible explanation [38]. Another possible
explanation revolved around the potential formation of a charge density wave
(CDW) on Be(0001).

Based on previously employed routines [29, 39–41], the sputter cleaning
procedure for Be(0001) was refined in this work to yield extended terraces
with low impurity concentration. This poses the basis for studies involving
STM and STS on the Be(0001) substrate itself and of subsequently deposited
Fe. The electronic properties of Be(0001) were probed using STS to study
the influence of bulk and surface states on the tunneling process, respectively.
The surface charge oscillations on this surface were revisited and characterized
spectroscopically in dependence of energy to discriminate between contributions
of Friedel oscillations and a supposed CDW. Additionally, inelastic electron
tunneling spectroscopy (IETS) was used to probe the electron-phonon coupling
in this surface. Afterwards, Fe was deposited on the substrate and the growth was
studied in dependence of the deposited amount and of the substrate temperature.
STM and STS were used to investigate the morphology and complexity of the
resulting islands and films. Additional information about the structure and
chemical composition of the grown overlayers was gathered using low energy
electron diffraction (LEED) and Auger electron spectroscopy (AES).

In this thesis, the electronic surface properties of Be(0001) and the potential
of this surface as a host substrate for Fe films in a compressed hcp phase
are investigated. The physical processes behind the employed experimental
methods are described in Chapter 2. In Chapter 3, the methods of tip and
sample preparation, as well as the used experimental setups are presented. The
physical properties of Be(0001) and n-Fe, as well as previous investigations of
these materials are compiled in Chapter 4. An investigation of the influence of
sputter cleaning parameters on the resulting morphology and impurity density
of Be(0001) follows in Chapter 5. The results of an STS study conducted
on the cleaned surface regarding surface charge oscillations on Be(0001), the
surface state band, and electron-phonon coupling are covered in Chapter 6.
Chapter 7 covers the actual growth of Fe on Be(0001) as studied using STM,
STS, LEED and AES in dependence of the substrate temperature. Investigations
of the Fe/Be(0001) system using a spin-sensitive tip are presented in Chapter 8.
Lastly, a conclusion and an outlook to further perspectives of this work are given
in Chapter 9.
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2 Methodology of surface
investigations

The experimental results presented in this thesis were obtained using STM and
STS. These techniques allow for the investigation of the electronic structure of
conducting sample surfaces with atomic-scale spatial resolution. The experi-
ments are complemented by AES to obtain information on the chemical surface
composition. This chapter introduces the working principle of STM and AES.
The operational modes of STM employed in this work and their relation to
physical quantities are described.

2.1 Basic principle of STM
In STM, the quantum mechanical phenomenon of tunneling across a barrier
between two conducting electrodes is utilized to map the surface of a sample.
This is realized by applying a bias voltage * between the sample and a mea-
surement tip across a vacuum gap, and approaching the tip to the sample. A
schematic of the STM geometry with bias applied to the sample and the tip on
ground potential is depicted in Figure 2.1. At a sufficiently small separation of
the electrodes (ΔI / 1 nm), electrons can tunnel across the gap and the resulting
current can be measured.

The magnitude of the tunnel current depends on the DOS of tip and sample
electronic states involved in the tunneling process. The Bardeen approach to
tunneling processes using perturbation theory has proven to give a suitable
description for tunneling experiments [42]. Within this approach, the electron

s

sample

tip

U x

y
zI

r0

Figure 2.1: Schematic of the tunnel junction in
STM. The tip apex is approximated as a sphere with
the center at ®A0, according to the Tersoff-Hamann
model. A vacuum gap separates the tip and the
sample. The width of the gap is defined as the dis-
tance B between ®A0 and the sample surface. A bias
voltage * is applied between tip and sample with
the tip held on ground potential.
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2 Methodology of surface investigations

wave functions in the two electrodes are treated as independent and their overlap
in the barrier region governs the transition matrix element " , and thus the
tunneling probability. The general expression for the tunneling current then
reads [43]

� =
4c4
ℏ

∫ ∞

−∞

[
5 (�F − 4* + �) − 5 (�F + �)

]
× dS (�F − 4* + �) dT (�F + �) |" |2 d�,

(2.1)

where 5 (�) =
(
exp

(
�/(:B) )

)
+ 1

)−1
is the Dirac distribution function with the

Boltzmann constant :B, and dT and dS denote the electronic DOS of tip and
sample, respectively. At low temperatures, this can be simplified to [43]

� =
4c4
ℏ

∫ 4*

0
dS (�F − 4* + �) dT (�F + �) |" |2 d�. (2.2)

It becomes evident that the current depends on the DOS of both electrodes in an
energy interval set by the bias voltage.

The tunneling matrix element " depends on the precise choice of wave
functions inside tip and sample. Tersoff and Hamann considered a spherical tip
with radius ' in the so-called B-wave approximation, neglecting contributions
with quantum number ; > 0 to the matrix element [44]. Additionally assuming
a small bias voltage, one obtains [45]

� ∝ *dT(�F)42^'dS
(
�F, ®A0

)
, (2.3)

with the decay constant

^ =

√
2<eq

ℏ
. (2.4)

Here,<e is the electron mass and q is an effective potential barrier. The current
in this model for small bias is proportional to the sample DOS around �F at
the center of the tip ®A0. The tip-sample separation in this approximation is
defined as the distance B between the sample surface plane and ®A0. Because of
the exponential decay of electron wave functions into the vacuum region, also
the measured tunneling current has an exponential dependence on the distance
between tip and sample [45]:

� ∝ 4−2^B . (2.5)

Using piezoelectric actuators to control the tip position, images based on the
previously explained effects can be obtained. For this, the tip is scanned line by
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2.2 Scanning tunneling spectroscopy

line laterally across the sample surface. In the most commonly used constant-
current operation mode, the measured tunneling current is used as a reference
for a feedback loop that adjusts the vertical (I) position of the tip to keep the
current constant. The resulting profilesI

(
G,~

)
contain information on the surface

topography and its electronic density. Within the Tersoff-Hamann model, I is
a contour of constant sample DOS at �F and gives a good approximation of the
topography for samples with a homogeneous DOS. Generally, especially for
samples consisting of different atomic species, the influences of electronic DOS
and topography onto the constant-current map are difficult to distinguish.

2.2 Scanning tunneling spectroscopy
For higher bias values, states lying away from the Fermi level also contribute
to the tunneling process as can be seen from the general expression in Equa-
tion (2.2). The situation is schematically depicted in Figure 2.2. In the absence
of a bias voltage, the Fermi levels in both electrodes align as shown in Fig-
ure 2.2 (a). qT and qS denote the work functions of tip and sample, respectively.
The sample DOS is traced in between the electrodes. The tip density of states
will be treated as constant in the following and is not depicted. Shaded regions
correspond to occupied states. A positive bias * applied to the sample will
shift the sample states by −4* relative to the Fermi level of the tip, as shown in
Figure 2.2 (b). Electrons from the tip will now tunnel into unoccupied sample
states within the energy interval [�F, �F + 4* ]. Conversely, for negative values

EF

tip sample

φT φS

ρ

(a)

tip
sample

φT φS

ρ

(b)

eU>0

tip
sample

φT

φS

ρ

(c)

eU<0

Figure 2.2: Electronic states contributing to the tunneling process. (a) The Fermi levels of
tip and sample are aligned in the absence of a bias voltage * . (b) For positive sample bias,
the sample states are shifted downwards in energy by 4* and electrons tunnel elastically into
unoccupied sample states. (c) For negative sample bias, the sample states are shifted upwards
and electrons tunnel from the sample into unoccupied tip states.
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2 Methodology of surface investigations

of* , electrons tunnel from occupied sample states within [�F − 4* , �F] into the
tip (see Figure 2.2 (c)).

We will now consider the differential tunneling conductance d�/d* . Influ-
ences of the matrix element are expressed as an energy- and bias-dependent
transmission probability [46, 47]

) (�,* , B) = exp

−2B

√√√√
2<e

ℏ2
©­«q + 4*

2
− � +

ℏ2:2
| |

2<e

ª®¬
 . (2.6)

Here, : | | is the electron momentum parallel to the sample surface. States with
high parallel momenta : | | decay faster into the vacuum and consequently their
transmission probability is diminished [45]. With the assumption of a slowly
varying (free-electron-like) DOS of the tip, differentiation of Equation (2.2)
leads to the differential tunneling conductance

d�
d*

(* ) ∝dT(�F)dS(�F + 4* )) (4* , 4* )

+
∫ 4*

0
dT(4* − �)dS(�)

d) (�, 4* )
d*

d�.
(2.7)

The transmission coefficient is monotonically increasing with absolute bias |* |
and contributes a smooth background to the first term in Equation (2.7), while the
second term is often neglected [48]. Consequently, d�/d* (* ) can be interpreted
as a measure for dS at the energy 4* .

Measurement of d�/d* is conventionally realized by applying an ac modula-
tion voltage *mod to the tunneling junction on top of the dc voltage * . Using
lock-in detection, the oscillation amplitude of the tunneling current caused by
the modulation voltage can be measured. If the modulation frequency 5 is cho-
sen outside the bandwidth of the current feedback loop, images of d�/d* can
be acquired together with the constant-current image. In this case, the feedback
loop keeps the time-averaged current equal to the setpoint and does not react
to the faster oscillating ac-component. The resulting d�/d* maps contain in-
formation on spatial variations of dS(4* ) and ) , due to local variations of the
tunneling barrier height q . Alternatively, the dc bias voltage can be varied at a
stationary tip position and d�/d* can be acquired as a function of * at a fixed
position of the sample to investigate the local structure of the sample DOS.

The considerations above were made in the approximation of zero tempera-
ture. For finite temperatures, the Fermi-Dirac distribution function dictates the
occupation of electronic states. Contributions to d�/d* (* ) are not strictly lim-
ited anymore to states at � = 4* of the positively biased electrode because the
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2.2 Scanning tunneling spectroscopy

negatively biased electrode has a finitely occupied DOS above the Fermi level.
As a consequence, features in the tunneling spectrum related to the DOS will
smear out. The effect can be described by a convolution of the zero-temperature
conductance with the broadening function [49]

[th(* ) = cosh−2
(
4*

2:B)

)
. (2.8)

The FWHM of this function is 3.5:B) , which limits the energy resolution of
STS. At 4.2 K, the temperature of liquid He, the energy resolution is thus limited
to Δ� ≈ 1 meV.

Additionally, the measurement principle based on lock-in technique and a
sinusoidal modulation voltage of root mean square amplitude *mod = *pk/

√
2

smears out the tunneling spectra. This so-called instrumental broadening is
given by a convolution with [49]

[inst(* ) =


2
√
* 2

pk−* 2

c* 2
pk

for |* | ≤ *pk,

0 for |* | > *pk,

(2.9)

with a FWHM of ≈ 2.5*mod. Consequently, the energy resolution in STS is
limited to

Δ� =

√
Δ�2

th + Δ�2
inst =

√
(3.5:B) )2 + (2.54*mod)2. (2.10)

We will now consider the influence of a temperature difference across the
tunnel junction. If the temperatures of tip and sample differ, )T ≠ )S, the oc-
cupation of states in both electrodes will smear out by different amounts. This
results in electrons with energy � > �F tunneling from the hot electrode into
the cold electrode and electrons with � < �F tunneling in the opposite direction.
The resulting net current generated from these contrary effects depends on the
variations of matrix element and DOS with energy as seen from Equation (2.1).
Following the considerations of Tersoff and Hamann [44], Støvneng and Li-
pavský developed a model for the thermovoltage arising in STM due to this
effect [50]. Assuming a constant matrix element and a slowly varying DOS near
�F for both electrodes, the thermovoltage for small bias values reads [50, 51]

*th =
c2:B
64

(
) 2

T −) 2
S

) f′
f

����
*=0

. (2.11)

Here, f = d�/d* is the conductance and f′ = df/d* its first derivative with
respect to the bias voltage. This means that the thermovoltage can be quantified
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2 Methodology of surface investigations

in STS by measuring d�/d* and d2�/d* 2 in the vicinity of * = 0 when the
temperatures of both electrodes are known, and even lateral variations in*th can
be resolved. Conversely, with lateral variations in the sample DOS, and hence
in the tunneling conductance, the effective bias voltage *eff = * +*th will vary
depending on the tip position, leading to ill-defined tunneling conditions. This
compromises the interpretation of STM and STS data when thermovoltage is
neglected in the presence of substantial temperature gradients across the tunnel
junction.

2.3 Spin-polarized scanning tunneling
spectroscopy

In the considerations so far, the spin degree of freedom of the electron was
neglected. However, a ferromagnetic electrode for example will generally have
a DOS divided into unequal contributions of opposite spin d↑ and d↓. The
difference in the spin-resolved DOS determines the electrodes’ magnetization
®<i =

(
di,↑ − di,↓

)
4̂i and spin polarization

%i(�) =
di,↑ − di,↓
di,↑ + di,↓

, (2.12)

where 4̂i denotes the unit vector of the quantization axis in the respective elec-
trode. Elastic tunneling between the two electrodes has to conserve energy and
spin momentum. Consequently, electrons from the tip carrying spin ↑ or ↓ can
only tunnel into unoccupied sample states of the same spin direction. d↑ and d↓
are shifted in energy relative to each other for different occupations, resulting
in different densities of available final states. Depending on the local sample
magnetization ®<S and assuming a constant tip magnetization ®<T, the resulting
tunneling current will thus differ in dependence of the relative alignment of ®<S
and ®<T with extremal values for (anti-)parallel alignment [52].

Extending the Tersoff-Hamann model to spin-polarized tunneling under the
assumption of constant dT,↑ and dT,↓ yields [53]

� ∝dT

∫ 4*

0
dS,↑

(
�F + �, ®A0

)
+ dS,↓

(
�F + �, ®A0

)
d�

+ ®<T

∫ 4*

0
®<S

(
�F + �, ®A0

)
d�.

(2.13)

The second term implicitly contains the difference of the integrated spin-resolved
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2.4 Inelastic scanning tunneling spectroscopy

sample DOS. Certain bias voltages (and thus integration limits) may lead to a
vanishing of this term and the result will be identical to the spin-averaged case.

The differential conductance however reads [53]

d�
d*

(* ) ∝ dTdS
(
�F + 4* , ®A0

)
+ ®<T ®<S

(
�F + 4* , ®A0

)
. (2.14)

The magnetic contrast in d�/d* is thus only dependent on the energy-resolved
polarization and due to the scalar product on the angle \ enclosed by ®<T and
®<S:

d�
d*

(* ) ∝ f0
(
1 + %T%S(4* ) cos\

)
, (2.15)

with the spin-averaged conductance f0. By choice of a bias voltage yielding a
strong spin polarization in the sample, magnetic textures can appear much more
pronounced in d�/d* compared to constant-current height contours that depend
on the integrated spin-polarized current.

2.4 Inelastic scanning tunneling spectroscopy
Previously, only elastic tunneling processes, in which initial and final states are
equal in energy, were discussed. When tunneling electrons excite a collective
mode, they lose the energy ℏl . This process, known as inelastic tunneling, is
depicted in Figure 2.3 (a). In the reversely biased situation, electrons may as
well tunnel inelastically from the sample into states of the tip. The final state has
to be unoccupied, so that the threshold bias for inelastic tunneling via excitation

(a)

tip
sample

eU=ħω

EF

el.

inel.

(b)

d
/d

2
2

I
U

0

d
/dI

U

0-ħω eU

eU-ħω ħω

ħω

Figure 2.3: Inelastic tunneling processes in STS. (a) Schematic of the situation for positive
sample bias. Electrons tunneling elastically from tip states at �F into sample states at �F + 4*
are indicated by a green arrow. The inelastic tunneling process is depicted in red. An electron
excites a quasiparticle mode with the energy ℏli and tunnels into a sample state at �F. This
poses an additional conductance channel beyond the threshold |4* | > ℏl . (b) Consequently,
the conductance d�/d* exhibits steps at the threshold for quasiparticle generation. The second
derivative d2�/d* 2 likewise shows peaks that are antisymmetric with respect to* = 0.
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2 Methodology of surface investigations

of a mode l is given by |4* | > ℏl [54]. Above this threshold, the inelastic
tunneling can be viewed as an additional conductance channel contributing to
the total tunneling conductance. Consequently, steps can be measured in d�/d*
at 4* = ±ℏl as shown in Figure 2.3 (b). Interesting from an experimental
point of view is the second derivative of the tunneling current d2�/d* 2 because
inelastic excitations here appear as a pair of antisymmetric peaks around zero
bias. This way, the energies of collective modes in the electrodes, such as
molecular vibrational modes or phonons, can be determined and d2�/d* 2(* )
exhibits a spectrum of possible excitations [45].

Inelastic electron tunneling spectroscopy (IETS) will be used in this work to
study the coupling of electrons to surface phonons. The sketches in Figure 2.3
describe the situation for a single inelastic (phonon) excitation. On real solid
surfaces there will be a continuous phonon spectrum with the phonon DOS
� (l). The inelastic spectrum will reflect this DOS weighed by a matrix element
" (l) that contains the coupling strength of tunneling electrons to the phonon
modes [45]:

d2�

d* 2 (* ) ∝
��" (4* )

��2 � (4* ). (2.16)

To a good approximation, the matrix element is proportional to the electron-
phonon interaction strength U , and d2�/d* 2 is then a direct measure for the
Eliashberg function U2� [55, 56]

d2�

d* 2 (* ) ∝ U2� (4* ). (2.17)

Peaks in the IETS may appear slightly shifted compared to peaks in U2� due to
influences of the tunneling barrier [57].

2.5 Principles of Auger electron spectroscopy
Auger electron spectroscopy (AES) is an analytical method sensitive to the
chemical composition of a material’s surface. The chemical sensitivity stems
from the distinct energy difference between atomic orbitals in chemical elements.
Figure 2.4 depicts a schematic of the Auger process. A beam of primary electrons
with an energy of typically �p = 3 keV is focused on the sample surface. This
electron beam can ionize atoms in the sample by emission of a secondary electron
from an inner orbital with binding energy �B = �a. The process is schematically
depicted in Figure 2.4 for the case of Be with the electron configuration 1B22B2.

The resulting hole in the K shell will be spontaneously filled by an electron
from an orbital of higher energy (L shell in this case) with the energy difference
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Figure 2.4: Schematic of the Auger process occurring in Be. A primary electron beam leads
to ejection of an electron from the K shell. An electron from the L shell then drops into the K
shell. An Auger electron is emitted carrying the excess energy as kinetic energy.

�a − �b, leaving the ion in an excited state. This excess energy is then released
by either emission of a photon or — if it exceeds the binding energy �c of other
electrons in the atom — by emission of a so-called Auger electron [58]. The
kinetic energy of the Auger electrons leaving the material reads

�kin = �a − �b − �c. (2.18)

This quantity does not depend on the energy of the incident electron but only
depends on the atomic energy levels. For Be with only two distinct energy
levels of occupied orbitals, there is only one possible Auger process labeled
KLL according to the original shells of participating primary, secondary and
Auger electrons, respectively. For heavier elements, more possible transitions
(LMM, MNN, etc.) exist. The surface sensitivity of this method stems from the
finite mean free path of the Auger electrons inside the material. It extends to a
maximum of 5 nm into the sample, with exponentially decaying contributions
to the total Auger electron yield [58].

In an experiment, a cylindrical mirror analyzer is used to filter the Auger
electrons for a particular kinetic energy. Electrons of only this energy pass
through and are detected in an electron multiplier. By variation of the allowed
passing energy, a spectrum of the detected number of electrons # (�) is acquired
that shows distinct peaks of Auger electrons on a continuous background formed
by scattered electrons that experienced random energy losses in the sample prior
to detection [58]. Conventionally, the differentiated Auger spectra d# /d� (�)
are presented and can be directly measured using lock-in technique. For this,
an ac modulation voltage with an amplitude *mod of a few mV is applied to
the cylindrical mirror analyzer and the response on the electron detector, being
proportional to d# /d� (�), is measured. The rising and falling flanks of a peak in
# (�) correspond to positive and negative peaks in the differentiated spectrum.
As the low-energy side of peaks in # (�) is broadened due to energy loss, the
negative peaks in d# /d� (�) are usually quoted [58].
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2 Methodology of surface investigations

The intensity of peaks in the Auger spectrum depends on a multitude of
parameters specific to both the sample under investigation and the employed
hardware. For d# /d� spectra, the intensity of a peak 8 is proportional to *mod,
to the primary beam intensity �p, and to the lock-in sensitivity 6:

�i ∝ 6*mod�p. (2.19)

These are parameters that can be controlled experimentally. The surface rough-
ness is a parameter that is less well-controlled and a rougher surface will lead to
a lower measured intensity [58]. Furthermore, the response of an analyzer setup
is generally energy dependent [59]. For identification of the chemical compo-
sition of an unknown sample, its Auger spectrum can be compared to spectra
obtained on pure elemental samples or samples with a known stoichiometry.
Qualitatively, the constituents of the sample under investigation can be identi-
fied by comparison of the measured peak positions to peak positions occurring
for known samples.

Theoretically, the concentration 2i of an element 8 in an unknown sample is
proportional to the ratio of the intensities of a corresponding peak in this sample
�i and the peak at the same energy in a pure sample �i,0:

2i =
�i
�i,0
. (2.20)

Such a quantitative analysis requires reference samples for calibration. Another
possibility for quantification is the assignment of normalized sensitivity factors
(i to certain characteristic peaks for various elements. The concentration of an
element � in a sample can then be estimated in a single measurement through

2A =
�A/(A∑
8

�i/(i
, (2.21)

where the summation is over one peak per element identified in the spectrum.
For this purpose, Handbooks exist that compile reference spectra with tabulated
values of (i of all viable elements acquired with the same analyzer setup [58, 60].
Due to the surface sensitivity of AES, this method can only be applied rigorously
to homogeneous samples, as the Auger yield reduces with distance from the
sample surface. Also, an uncertainty remains concerning the comparability of
the analyzers used in the experiment and in the reference measurements. The
energy dependence of different setups differs considerably, so that there is a
significant spread in the relative sensitivities across different handbooks [59].
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3 Instrumentation and
experimental implementation

The experimental results presented in this thesis were obtained by using two
distinct experimental facilities. While both facilities essentially share the same
appliances for sample preparation, the STMs mounted inside are dissimilar due
to their different intended purpose. The variable temperature (VT) system is
designed to allow studies over a broad temperature range between 24 K and
room temperature with a small down time in between sample preparation and
investigation. For studies requiring temperatures down to ∼1 K or an external
magnetic field, the low temperature (LT) system has to be employed.

This chapter provides an overview of techniques and devices used for sample
and tip preparation as well as of the two STMs used in this work.

3.1 Surface preparation facilities
Ambiguities in the chemical composition of the sample, eg. impurities on
the sample surface, will lead to ambiguities in the interpretation of experi-
mental observations. Facilities and methods for preparing clean single crystal
surfaces — and metallic adlayers thereon — under ultra-high vacuum (UHV)
conditions (in situ) are presented in the following.

Both UHV systems share a design of three connected but individually sealable
chambers, exemplarily depicted in Figure 3.1 for the LT system [61]. Samples
or tips mounted on sample plates of 1 mm thickness made of heat resistant Mo
or W may be introduced via an additional small load lock. Transfer rods and
wobblesticks facilitate the transfer of samples and tips through the chamber
systems. The STMs are situated in dedicated chambers to avoid a contamination
of the insides, including the cryostats, during sample preparation.

Electron beam heating stages inside all chambers except the STM chambers
allow for heating of the samples to over 2000°C. For metal surfaces with C
impurities like W(110) or Ir(111), O2 dosing valves are attached. Electron
beam heating in an O2 atmosphere leads to promotion of C impurities to the
sample surface where they oxidize. The oxidized impurities can then be desorbed
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Figure 3.1: Schematic assembly of the vacuum chambers and components in the LT system.
Image adapted with permission from [61].

by flashing to even higher temperatures or be removed by Ar+ sputtering [62,
63].

For in situ sample or tip preparation, the systems are equipped with sputter
ion guns of the following models: a SPECS IQE 11/35 in the VT system, and a
SPECS IQE 12/38 in case of the LT system. Metallic overlayers can be grown on
samples by MBE using electron beam evaporators. Sample manipulators allow
the precise positioning of samples in front of ion gun, evaporators, or LEED/AES
optics by linear motion and rotation. Detailed descriptions of the VT system
and the LT system can be found in the dissertations of A. Schlenhoff [64] and
J. Friedlein [65], respectively.

A schematic drawing of a sample manipulator used for surface preparation is
depicted in Figure 3.2. A sample mounted on a sample plate is placed above the
integrated ohmic heating element and radiatively heated from below. As heating
elements, W wires and pyrolytic boron nitride elements are installed, allowing
sample heating up to ∼ 1000°C during sputtering or during material deposition.
The sample temperature is monitored using a K-type thermocouple mounted on
the manipulator near the contact point to the sample plate.

Ar+ ion sputtering is a technique used to clean surfaces by removal of surface
oxides, adlayers, or other impurities. The inert gas Ar is introduced into the
UHV chamber through a leak valve to a partial pressure of typically ?Ar <

1 × 10−4 mbar. A filament wire inside the sputter ion gun is heated by an
electric current to thermally overcome the work function of electrons inside
the filament and create an electron cloud around it. These electrons can be
accelerated towards an anode to ionize the surrounding Ar atoms in collision
events. The resulting ions are then accelerated towards the sample with an
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Figure 3.2: Schematic drawing of a sample ma-
nipulator installed in the UHV systems. The ma-
nipulator is equipped with a resistive heating ele-
ment. Temperature readout is realized on the ma-
nipulator close to the sample plate. By movement
of the manipulator, the sample can be positioned
in front of evaporators, an ion sputter gun, or a
combined LEED/AES assembly.

arbitrary acceleration voltage defining the kinetic energy of the Ar+ ions �Ar =
4* . The typical energy range for sputter cleaning is 0.1 keV-5.0 keV and the ion
current incident on the sample surface amounts to a few µA.

In consequence, the sample is bombarded by a beam of ions that knock atoms
out of the sample surface in collisions. This way, material is removed from the
sample surface over time. Simultaneously, the sputtering damages the surface,
leading to a roughening or to implantation of Ar below the surface. Heating
during or after the sputtering is required to anneal this damage and to reestablish
a smooth surface by thermally activated reorganization of the surface atoms.
The crystallinity of the surface and its chemical composition can be monitored
intermittently by LEED and AES. Sputtering and annealing is repeated in cycles
until the desired surface quality is obtained.

On a cleaned substrate surface, Fe overlayers can be grown by evaporative
deposition. Inside the evaporator, a 2 mm thick cylindrical Fe rod is heated
by electron bombardment until sublimation occurs. A shutter between the
evaporator and the sample allows a controlled dosage of the deposited material.
The growth can be influenced by variation of the substrate temperature, and
by variation of the deposition rate depending on the evaporant heating power.
A flux monitor detects a portion of the ions leaving the evaporator’s aperture.
This quantity — usually a few nA — is generally proportional to the deposition
rate. The evaporators were calibrated based on the known growth behavior of
Fe/W(110) in the VT lab and Fe/Ir(111) in the LT lab, respectively. The amount
of deposited Fe was determined in the regime of ≈ 1 mono-layer (ML). Due
to the smaller surface unit cell of Be(0001) compared to W(110) and Ir(111),
the difference in atomic surface densities has to be taken into account, and
the effective coverage Θ of pseudomorphically grown Fe/Be(0001) has to be
corrected by a factor of 0.64 in case of W(110) [66] and 0.71 in case of Ir(111).
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3.2 Tip fabrication

The application of the STM as a tool to precisely investigate electronic surface
properties of the sample system under investigation requires means to prepare
well defined tips. The main requirements for STM tips are sharpness, i.e. a tip
apex with small aperture angle, for high spatial resolution and a metallic surface
with slowly varying electronic DOS to prevent the distortion of tunneling spectra
by tip artifacts [43, pp. 297]. In case of SP-STM, a spin-polarized tip apex is
additionally required.

A natural choice for tunneling tips are noble metals because of their resistance
against oxidation. Tips of sufficient sharpness can be readily produced by pulling
apart a thin piece of Pt/Ir (90/10) wire. The wire will become ever thinner under
tensile stress and eventually tear, leaving a small apex at the point of rupture.
This alloy with 10 % Ir content is favored over pure Pt because it is harder and
thus more resistant in case of contact with the sample [45]. Pt/Ir tips used in
this work were prepared by tearing an end off a Pt/Ir (90/10) wire of 0.25 mm in
diameter.

Another common tip sharpening technique is electrochemical etching. The
tip material is submerged in a basic or acidic solution and biased against a
counterelectrode. The preferential etching in the area just below the surface
level of the solution, leads to formation of a neck in the tip material [67]. The
material will tear once the neck can not support the weight of the submerged
part anymore. Cr and W tips used in this work were prepared by electrochemical
etching in solutions of 1 mol l−1-5 mol l−1 HCl and 2 mol l−1 KOH, respectively,
under application of a bias voltage of 5 V. The raw material was a 99.95 % pure
wire of 0.2 mm-0.75 mm in diameter in the case of W. For Cr tips, sticks with a
cross section of 0.5 mm × 0.5 mm cut from a foil of 99.99 % purity were used.

After the etching procedure, the tips can be mounted in a tip holder and
inserted into UHV. However, they will still carry an oxide layer on the surface
that may impede the STM or STS measurements. This oxide layer can be
removed in situ by heating to high temperatures or by Ar+ sputtering. Another
possibility to manipulate the tip apex is the field emission treatment. For this,
the tip is biased with approximately −200 V and approached to the sample until
a field emission current of a few µA is observed. As a consequence of the high
current, the tip apex will melt locally, lose material, and recrystallize [43, pp.
302]. To finally sharpen the tip microscopically in an STM experiment, it can
be brought into contact with the sample in a controlled way by dipping a few Å
into the sample and subsequent retraction. Also short bias pulses of * ≤ 10 V
are routinely applied to the tunnel junction for fractions of a second. Similar to
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the field emission treatment, this induces microscopic reshaping of the tip apex
and may fortuitously lead to a sharper configuration.

Cr tips used in this work were initially conditioned by field emission treatment
at * = −200 V and � ≥ 30 µA for at least 30 min. W tips used in the VT
system were prepared by flash heating with % = 20 W for 7 s using electron
bombardment. W tips used in the LT system were sputtered for 25 min with
�Ar = 1.2 keV and ?Ar = 4 × 10−7 mbar upon insertion into UHV. All tips were
further sharpened and conditioned by combinations of bias pulses and controlled
contact with the sample surface. Additionally, spin-polarized tips were created
by controlled dipping of Cr tips into Fe layers on Ir(111) and subsequent voltage
pulses.

3.3 The variable-temperature STM
The variable-temperature scanning tunneling microscope (VT-STM) is a home-
built instrument depicted in Figure 3.3 [68]. The microscope assembly stands
on a base plate that is suspended from metal springs. Isolation from mechanical
vibrations is achieved by an eddy-current damping stage. The STM itself is
suspended inside a gold-plated radiation shield, from which it is thermally well
decoupled. For a minimum contact surface, six ruby balls separate the metallic

heat

exchanger

copper

braids

radiation

shield

base plate

STM

eddy current

damping stage

Figure 3.3: Photograph of the VT-STM on the eddy-current damping stage. The flow cryostat,
terminated by the heat exchanger, can be seen in the foreground. Image adapted with permission
from [68].
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parts of the STM and the shield. Cooling of the STM is achieved by a liquid
He flow cryostat. The exhaust of the cryostat is pumped by a scroll pump,
drawing He through the assembly. The He flow cools the heat exchanger. The
STM is thermally coupled to the heat exchanger via flexible copper braids in
order to limit the transmission of vibrations from the cryostat to the STM by
simultaneously guaranteeing a high thermal conductance. This design enables
a short downtime between sample preparation and STM investigations such
as basic structural investigations in constant-current mode. For example, a
determination of surface impurity densities can be performed with running
turbomolecular pumps as the eddy-current damping stage dampens mechanical
vibrations arising from the pump rotation and sample cleaning can be resumed
immediately if the purity is unsatisfactory.

A proportional-integral-derivative (PID) controlled valve allows setting a sta-
ble flow of He through the cryostat [69]. To further stabilize the temperature, the
heat exchanger is equipped with a resistive heater. Using a PID controlled power
supply, the heating power on the heat exchanger can be regulated to compensate
for changes of the environment, for example changes in the room temperature or
in the incident radiation on the heat exchanger. The temperature readout is real-
ized by a Si diode mounted inside the heat exchanger and a GaAs/GaAlAs diode
mounted inside the STM, near the sample. In thermal equilibrium, the sample
temperature)s is approximately 15 K higher than at the heat exchanger [70] and
the He consumption rises drastically when the sample temperature approaches
the attainable base temperature of )s ≈ 24 K. At )s = 40 K, the liquid He
consumption amounts to ca. 12.5 l per day, allowing more than two weeks of
uninterrupted operation with a 250 l reservoir dewar.

The VT-STM was built by Torben Hänke, whose dissertation contains a
detailed description of its assembly [70]. Figure 3.4 depicts the bare VT-STM,
as it is housed inside the radiation shield. The sample is mounted upside-down
inside the sample receptacle and is clamped by a CuBe spring. The tip is
clamped or glued with conductive epoxy inside a tip holder. The tip holder is
held inside the tip holder receptacle by a CuBe leaf spring. This assembly is
embedded inside the tube scanner, which is in turn glued on a macor base. To
allow an approach of the tip to the sample, the tube scanner is housed inside
a sapphire prism that can be driven up and down by stick-slip motion via six
shear piezo stacks. For in-situ tip exchange, a shuttle is inserted into the sample
receptacle that holds the tip holder in position. Then, the sapphire prism can be
moved downwards by the shear piezos, freeing the tip holder from the tip holder
receptacle. Introduction of a tip works the other way around by insertion of the
tip on a shuttle into the sample receptacle and subsequent upwards movement of
the prism until the tip holder is sheathed inside the tip holder receptacle again.

20



3.4 The low-temperature STM

shear piezo

stacks

stainless

steel ball

sapphire prism

macor base

tube scanner

STM tip

tip holder

GaAs/GaAlAs

diode

tip holder receptacle

sample

sample receptacle

CuBe spring

CuBe

leaf spring

molybdenum

leaf spring

(b)

Figure 3.4: (a) Photograph of the bare VT-STM taken from [70]. (b) Schematic cross-sectional
views of the VT-STM.

The VT system is well suited for structural investigations and growth studies
due to the easy accessibility of the STM and the eddy-current noise damping that
enable a high turnover of samples. The flow cryostat further allows experiments
in a variable temperature range between 24 K and 300 K.

3.4 The low-temperature STM
The low-temperature scanning tunneling microscope (LT-STM) is designed to
allow STM and STS studies at temperatures down to 1 K in an out-of-plane
magnetic field of up to 3 T. A detailed description of the instrument can be found
in [65]. The custom-built UHV chamber and cryostat are schematically depicted
in Figure 3.5. The bath cryostat comprises two large cryogenic reservoirs: a 130 l
liquid He tank and a 120 l liquid N2 tank around it. Inside the He tank there is a
pair of superconducting Helmholtz coils. This layered design ensures a holding
time of one week, after which the He tank has to be refilled to keep the coils fully
submerged. The STM is situated on the center axis of the Helmholtz coils where
the generated magnetic field is approximately homogeneous. It is mounted on a
pedestal coupled to a small liquid He reservoir of approximately 1 l, the so-called
"1 K-pot". The 1 K-pot can be connected to or disconnected from the LHe tank
by a valve. Pumping on the 1 K-pot lowers the boiling point of the He inside and
facilitates a minimum attainable temperature of ) = 1.1 K [71]. Alternatively,
the valve between LHe tank and 1 K-pot can be opened and the system then
operates at ) = 4.2 K and atmospheric pressure. Influx of thermal radiation

21



3 Instrumentation and experimental implementation

Figure 3.5: Schematic of the STM chamber of the LT system including the cryostat, the STM
and the cabling. Reprinted from [71], with the permission of AIP Publishing.

onto the STM is reduced by concentric radiation shields. One shield each is
mounted on the cryogenic tanks. Another shield in between is coupled to the
He exhaust of the 4 K tank and additionally shields the liquid He reservoir from
radiation. A coaxial radio frequency (RF) cable allows for optional application
of RF signals to the tip. It is fed through the side walls of the radiation shields.
The other cables, contacting the sample and the piezos inside the STM, are fed
through the bottom of the cryostat. All cables are thermally anchored at the
1 K-pot, at the 4 K-shield, and at the 77 K-shield. The shields can be rotated
to yield optical access to the STM and to exchange tips and samples using a
wobblestick.

The STM itself is depicted in Figure 3.6. The sample is mounted on a
piezoelectric tube scanner that can be moved along the vertical axis by stick-
slip motion while the tip is fixed below. The reason for this is the stiffness of
the semi-rigid RF cable attached to the tip that is embedded inside the STM
body. The tip holder is realized by a coaxial G3PO bullet connector with
a polytetrafluoroethylene (PTFE) dielectric, enabling transmission of RF ac
signals to the tunnel junction. The bullet connector’s inner conductor has a
spring holder designed to bind to its counterpart. Likewise, tips can be inserted
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Figure 3.6: Photograph (left) and cross-sectional drawing of the LT-STM. Reprinted from [71],
with the permission of AIP Publishing.

into the spring holder at one end of the connector. Tip exchange is realized
by manual disconnection of the bullet connector and insertion of a new one,
including a new tip, using the wobblestick.

In contrast to the VT-STM, the LT-STM is rigidly connected to the cryostat.
The use of the Helmholtz coils to generate an external magnetic field excludes
the implementation of an eddy-current damping stage. Instead, the whole UHV
chamber system rests on four pneumatic damping pillars.

With the lower base temperature, the LT system allows the investigation of
low-temperature phenomena and tunneling spectroscopy with higher energy
resolution compared to the VT system. The theoretically attainable energy
resolution is 0.3 meV at 1.1 K and 1.3 meV at 4.2 K. Furthermore, experiments
in out-of-plane magnetic fields of up to |� | = 3 T are possible.
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4 Physical properties of Be(0001)
and n-Fe

This chapter compiles the relevant physical properties of the substrate material
Be(0001) and of n-Fe desired to be grown on this substrate.

4.1 Electronic properties of Be(0001)
As the fourth element of the periodic table, beryllium has the atomic electron
configuration 1B22B2. It crystallizes in the hcp structure with lattice constants
of 0 = 228 pm and 2 = 358 pm [24]. Bonding in the Be crystal is facilitated by
hybridization of B and ? bands [72–74]. Among the group II elements, Be is set
apart by its peculiar electronic structure. Figure 4.1 depicts the band structure of
Be(0001) theoretically derived using the pseudopotential method [75]. Shaded
areas represent the projected bulk bands. The bulk electronic DOS of Be is
very low in the vicinity of the Fermi level, leading to electronic bulk properties
similar to semiconductors [31, 74]. In fact, the Be bulk can be viewed as a
semimetal as it has a wide band gap close to the Γ-point but there are states that
cross the Fermi level closer to the edges of the Brillouin zone [76–79].

The Be(0001) surface was found to behave more metallic than the bulk [34,
79] due to the presence of electronic surface states inside the partial bulk band
gap [26, 27, 29], indicated by the dashed lines in Figure 4.1. Angle resolved
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4 Physical properties of Be(0001) and n-Fe

photoemission spectroscopy (ARPES) experiments confirmed the parabolic dis-
persion of two surface states with band minima centered at the Γ and " points,
respectively [29]. The dispersion relation according to the model of nearly free
electrons reads

� (:) = �s +
ℏ2:2

| |
2<∗ , (4.1)

where �s is the band minimum energy, : | | =
√
:2

x + :2
y is the momentum parallel

to the surface plane and <∗ is the effective electron mass. �s and : | | are
exemplarily indicated for the Γ surface state in Figure 4.1. The Γ surface state
was assigned to B-?z states and the" surface state originates from ?x,y states [30,
77]. According to first-principles calculations, the DOS of the Γ surface state
is localized more strongly in the surface region compared to other metals, with
90 % of the charge of this state situated in the uppermost two atomic layers [32].

4.1.1 Theory of a 2D electron gas reflected in STM
The electronic band structure of Be(0001) has implications for STM experiments
on this surface, as the STM is sensitive to the spatially resolved electronic DOS
at a sample surface. The electronic surface properties of Be(0001) were found to
be dominated by parabolic surface bands in photoemission experiments [26–29].
The DOS of two-dimensional surface bands with a parabolic dispersion relation
will be described within the model of nearly free electrons in the following
considerations.

Consider a two-dimensional unit square of width ! inhabited by two states of
opposite spin. The unit volume in reciprocal space will be

+u =

(
2c
!

)2
. (4.2)

Thus, the number of states inside an area of radius : | | reads

# = 2
c:2

| |
+u

=
:2
| |!

2

2c
, (4.3)

with the factor 2 representing both spin directions. Solving Equation (4.1) for

: | | =

√
2<∗

ℏ2 (� − �s), (4.4)
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4.1 Electronic properties of Be(0001)

this can be inserted into Equation (4.3) and differentiation yields the two-
dimensional electronic surface DOS [80]

d2D (�) = d#
d�

=

{
<∗!2

cℏ2 for � > �s

0 for � < �s
. (4.5)

This means that the DOS of a parabolic band in two dimensions has a jump at
the onset energy �s and is otherwise independent of energy.

Crystal surfaces are not ideal two-dimensional planes but contain defects like
atomic step edges or impurities. Electrons propagating along the surface will
scatter from these impurities and be partially reflected, leading to interference
and thus to an oscillatory DOS at the surface, so called Friedel oscillations [81].
Following Avouris et al. [82], we consider a step edge as a one-dimensional
wall along ~ at G = 0 and a Bloch wave propagating along G and ~ with an
exponentially decaying part along I. Assuming no transmission through the
wall, the wave functionk has to fulfill the conditionk (G = 0) = 0:

k = 2 sin (:xG) 4
(
:y~

)
4−

∫ I

0 ^dI . (4.6)

Here, 2 is a constant and ^ describes the decay of the wave function into the
vacuum along I. The number of states in dependence of energy � and distance
from the step G can now be found by integration:

# (�, G) =
∫
: | |≤ 2<∗

ℏ2 �

��k ��2 d:x d:y

∝
c:2

| |
2

©­­«1 −
�1

(
2: | |G

)
: | |G

ª®®¬ ,
(4.7)

where �1 denotes the 1st-order Bessel function. For the DOS follows

d2D (�, G) = d#
d�

∝
(
1 − �0

(
2: | |G

))
, (4.8)

with the 0th-order Bessel function �0. Consequently, the DOS will oscillate in
the vicinity of a step edge with the wave number @ = 2: | |. The spatial decay of
the oscillations is slow with the amplitude asymptotically falling off proportional
to G−1/2 [82]. In constant-current mode for low bias voltages, the STM images
contours of constant DOS and consequently Friedel oscillations can be mapped.
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4 Physical properties of Be(0001) and n-Fe

4.1.2 Previous STM investigations of Be(0001)

Previously, STM experiments in constant-current mode were conducted on
Be(0001) [37], as well as on Be(1010) [83, 84]. These experiments revealed
pronounced charge density oscillations on these surfaces near defects for sample
bias voltages within |* | ≤ 400 mV. Surface states were identified as the cause
for these oscillations, as the oscillations’ wave vector @ matches twice the Fermi
wave vector :F [37, 84] (cf. Equation (4.8)). A striking observation was the en-
hancement of the oscillations’ amplitudes on Be(0001) when the bias approaches
zero, increasing from 4.2 pm at * = −35 mV to 42 pm at * = −2.1 mV [37].
This strong bias dependence contradicted the simple interpretation as Friedel
oscillations of surface state electrons. For the parabolically dispersing Γ surface
state, a negligible bias dependence would be expected since the DOS for such
a state in 2D has only a weak energy dependence (see Equation (4.5)) [37]. A
CDW was proposed as a possible cause for this bias dependence of the oscilla-
tion amplitude [37]. Transitions to a CDW state are often accompanied by the
formation of a band gap at the Fermi level [85]. But Hengsberger et al. excluded
the existence of a band gap wider than 4 meV at the Fermi level in Be(0001) for
) > 12 K through ARPES experiments [41, 86].

Furthermore, strong coupling of the Be(0001) surface state to phonons was
put forward as a possible explanation for the enhanced amplitudes observed
near the Fermi level [37]. The underlying physical mechanism in this case
would be the renormalization of the surface state dispersion, flattening the band
inside the energy range of the phonon bandwidth around the Fermi level and
thus enhancing the electronic DOS in this range [87]. The electron-phonon
interaction in Be(0001) was intensively studied theoretically [78, 79, 88, 89],
as well as experimentally involving ARPES [76, 90, 91]. Indeed, the electron-
phonon coupling was found to be strong in Be(0001), especially for surface
phonons, with mass enhancement factors of _ = 0.7 [79, 88, 90] to _ = 0.94 [76].
The phonon bandwidth of Be is approximately 80 meV [76, 92].

Ultimately, the origin of the deviations of standing electron waves as ob-
served in STM on Be(0001) from the picture of Friedel oscillations remains
an open question. This thesis aims at resolving this question by spectroscopic
characterization of the Be(0001) surface using STS.
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4.2 Physical properties of the high-pressure n-phase of Fe

4.2 Physical properties of the high-pressure
n-phase of Fe

The bcc ground state of Fe is energetically favored over close-packed con-
figurations due to ferromagnetic interactions [16, 93]. In the pressure range
of 13.5 GPa-15.7 GPa, a loss of ferromagnetic order in Fe was detected using
Mössbauer spectroscopy [94], and x-ray magnetic circular dichroism [18]. This
magnetic transition is accompanied by a first-order structural phase transition
to n-Fe with an hcp structure [18, 95]. In the course of this transition, the
lattice constants change from 0 = 287 pm in the bcc-phase to 0 = 245 pm and
2 = 393 pm in the hcp-phase [14].

Experimentally, the magnetic state of n-Fe was investigated in diamond anvil
cells. Macroscopically, the magnetic moment vanishes in n-Fe [96]. Mössbauer
spectroscopy in external magnetic fields ruled out the existence of magnetic
moments of > 0.05`B in the material at 20 GPa [19]. However, DFT calculations
predict a higher stability for spin-polarized states with antiferromagnetic order
compared to a non-spin-polarized configuration [21, 22]. One of these states
consists of antiferromagnetically coupled planes stacked along the 2-axis with in-
plane magnetization. In the other, the planes of parallel spins lie perpendicular
to the [2110] direction [21]. Furthermore, an incommensurate spin spiral
of @ = 2c/0(0.56, 0.22, 0) was motivated using first-principles calculations as
another possible ground state, degenerate in energy with the antiferromagnetic
configurations [23]. The magnetic moments of all these configurations were
estimated to approximately 1 `B [23], which is in contradiction to the Mössbauer
result [19].

Canceling polarizations of core electrons and valence electrons in an anti-
ferromagnetic state were proposed as a mechanism preventing the detection of
hyperfine fields in Mössbauer spectroscopy [97]. Possible fast spin fluctuations
in the magnetically frustrated hcp lattice pose an alternative explanation for this
discrepancy [20]. Spin fluctuations were also proposed as an unconventional
driving mechanism behind the superconducting transition in n-Fe [98, 99] with
a critical temperature of approximately 2 K [100].

While there is a broad consensus that ferromagnetic order is lost in the bcc to
hcp transition, the magnetic state of hcp n-Fe remains unclear. Spin-polarized
scanning tunneling microscopy is a viable tool to search for indications of anti-
ferromagnetic or non-collinear magnetic order on the surface of a compressed
Fe-film, provided the n-phase of Fe can be stabilized on a hexagonal substrate
like Be(0001).
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5 Preparation of the clean
Be(0001) surface

A prerequisite for STM investigations of crystal surfaces is the ability to routinely
clean the surface of interest. On the one hand, insufficient surface purity can
impair the stability of STM and STS measurements through frequent adsorption
of impurities onto the tip. On the other hand, impurities can change the elec-
tronic surface properties of tip and sample and thus impede the interpretation of
experiments. This chapter provides an overview of the material properties of Be
relevant for preparing a clean surface. Starting from procedures previously used
in photoemission and electron diffraction measurements, a refined cleaning pro-
cedure yielding a Be(0001) surface suitable for STM experiments is presented.
The experimental refinement of the cleaning procedure was conducted in the
VT system because of its efficient turnover of samples discussed earlier. The
reproducibility of this sample preparation was then verified in the LT system.

5.1 The beryllium crystals
The first step in preparing single crystal surfaces for STM experiments is usually
mechanical polishing, or — in the case of layered materials — cleaving. Polished
single crystals of most elemental metals are commercially available. However,
there are elaborate regulations concerning the handling and distribution of Be
because of its toxicity and its application in nuclear reactors [101, 102]. This is
the reason for the limited commercial availability of Be and its compounds [101].
For example, standard providers of already polished single crystals like MaTecK
or Alfa Aeser do not distribute Be crystals.

The hazard of handling Be lies in the toxicity of its vapor or dust particles
smaller than 10 µm in diameter [102, pp. 499, 103]. If inhaled, those particles
can deeply penetrate the lungs and cause chronic berylliosys, also known as
chronic beryllium disease (CBD), a lung disease similar to asbestosis [101,
102, 104]. Because of this, equipment used to machine beryllium has to be
thoroughly decontaminated afterwards, which leads to higher prices for cutting
or polishing Be compared to other metals.
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(b)(a) (c)

[0001]

polished crystal

miscut angle

Figure 5.1: Photographs of the Be crystals studied in this work. (a) Crystals as received from
the manufacturer Materion. (b) One crystal after correction of a surface miscut of 5.0° and
polishing to a roughness 'a < 0.03 µm by SPL. (c) Schematic side view of the crystal after
polishing, showing the orientation of the polished surface and the miscut angle.

The crystals used in this study are depicted in Figure 5.1 (a) as received from
the manufacturer Materion1. They measure 3 mm× 7 mm and were cut from an
ingot by spark erosion. After that they were milled down to their thickness of
approximately 1.4 mm. Evidently, their surfaces are macroscopically rough. The
samples were then polished to a mirror finish with a roughness of 'a < 0.03 µm
by SPL2. The result is depicted in Figure 5.1 (b). The polished crystals are not
cuboid anymore but shaped like wedges. A schematic side view is provided
in Figure 5.1 (c). The reason of this shape is a misalignment of the original
crystal surface with respect to the (0001) surface. The miscut angles of the
original crystals was determined to 4.5° and 5.0°, respectively, by SPL using
Laue diffraction and corrected in the polishing process.

5.2 Previously established in situ cleaning
procedures for Be surfaces

Mechanical polishing under ambient conditions can not produce atomically flat
surfaces free of contaminants. For the best possible surface quality, further
in situ preparation under UHV conditions has to be carried out. In the past,
Be(0001) was investigated experimentally under UHV conditions for example
by LEED, AES, and ARPES. In this section, the reported preparation techniques
used in previous studies and the relevant material properties of Be(0001) will
be discussed.

Beryllium is an alkaline-earth metal that is highly reactive with oxygen and
1Materion Corporation, 6070 Parkland Blvd., Mayfield Heights, OH 44124, USA.
2Surface Preparation Laboratory B.V., Penningweg 69 F, 1507 DE Zaandam, The Netherlands.
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5.3 Refined sputter cleaning of Be(0001) for STM experiments

water and thus readily builds an oxide layer in atmosphere. This layer protects
the crystal bulk from further oxidation and its reported thickness ranges from
five atomic layers [105] to 100 Å [106]. Common impurities in Be are C and
Si [84, 107–109]. A common approach for in situ impurity depletion of single
crystals is annealing in oxygen atmosphere in order to oxidize impurities (as
for example C atoms) and subsequently desorb them at high temperatures. In
the case of beryllium, this approach has small prospects of success because
of beryllium’s high reactivity. In addition, the oxide layer is only protective
up to ∼700°C [110] and higher temperatures under O2 could lead to sustained
oxidation of the crystal.

High temperature annealing in vacuum at ) ≥ 1000°C alone was sufficient
to obtain clear hexagonal LEED patterns of the Be(0001) surface [39, 111].
However, mass spectrometry showed that this is not achieved by desorption of
the oxide layer, but by diffusion of Be from the crystal bulk to the surface [112].
Another drawback of this method is the surface degradation of Be(0001), asso-
ciated with its low melting point [39, 113].

In early LEED experiments, the Be(0001) surface was cleaned by sputter-
ing with 1 keV Ar+ ions and subsequent annealing to 750°C. This procedure
produced hexagonal LEED patterns [39, 111]. AES measurements showed that
simple cycles of sputtering at room temperature and subsequent annealing leave
traces of C and O impurities on the surface [40, 109]. The residual oxygen
contamination can be explained by promotion of impurities from the bulk to the
surface during annealing [114]. Sputtering at elevated temperatures of 550°C
- 800°C was successfully used to reduce the density of such surface contam-
inants [29, 40, 41, 115, 116]. In the following, the impact of the annealing
temperature during and after sputtering on the surface quality is presented.

5.3 Refined sputter cleaning of Be(0001) for STM
experiments

To refine cleaning procedures used previously in scattering experiments for
STM experiments on pristine Be(0001), and also later for Fe films grown on
this surface, demands on surface quality have to be formulated. First, the study
of thin film growth, and even more so of surface magnetic properties, requires
substrate terraces of sufficient width. The minimum size of terraces required is
dictated by the growth mode and the size of magnetic domains. Terraces should
be large enough to allow the study of surface relaxation in adlayers without the
interference of boundary conditions set by substrate step edges. For magnetic
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5 Preparation of the clean Be(0001) surface

adlayers they are desired to be large enough to allow an observation of magnetic
domains without a direct influence of step edges. In case of the well studied
hexagonal surface Ir(111) for example, terraces of several tens of nanometers in
width are sufficient to study the effect of lattice mismatch between the substrate
and the Fe adlayers on the growth mode, and the nanoscale magnetism in
dependence of local coverage [4, 6, 7].

Second, the terraces should preferably be free of lattice defects. To study the
electronic properties of Be(0001), the surface should be uniform over an area
large enough to observe the unperturbed spatial evolution of standing electron
waves [37]. Moreover, the surface should be depleted of individual atomic-size
impurities. The formation of a depletion zone near the surface is especially im-
portant for the goal of growing Fe adlayers on the Be(0001) substrate as smooth
epitaxial growth of Fe films on metallic substrates often requires annealing of
the sample during or after Fe deposition [117]. The annealing temperature may
result in the recontamination of a surface by promotion of impurities from inside
the crystal bulk onto the previously clean surface.

5.3.1 Interdependence of preparation parameters
The relevant parameters for sputter cleaning are the acceleration energy of the
Ar+ ions �Ar, the pressure of the Ar gas ?Ar, and the sample temperature) during
sputtering and after sputtering. A higher energy or pressure will generally inflict
more damage on the sample surface and consequently a higher temperature or
longer annealing time will be necessary to restore the surface. Simultaneously,
higher temperatures will promote more impurities from the crystal bulk to the
surface. With the right set of parameters, cycles of sputtering and annealing
may lead to a decreasing impurity concentration in the surface layers of the
crystal. Briner et al. reported to limit the annealing of Be(1010) to "flashes"
up to 630 °C for subsequent STM experiments in order to limit the promotion
of bulk impurities to the surface [84]. This was at the expense of long-range
ordering as indicated by LEED [84].

The Be(0001) sample was initially prepared by several cycles of Ar+-sputtering
for 1 h (�Ar = 2 keV, ?Ar = 8 × 10−6 mbar) in the VT system using a SPECS
IQE 11/35 ion gun and subsequent annealing to ) ≤ 660°C for 1 h. Figure 5.2
shows an STM image of the surface after this procedure. Step edges on the
sub-nanometer scale can be identified as expected for a polished and annealed
crystal surface. Heaps of impurities a few nanometers in diameter can be seen
on the surface that obviously act as nucleation sites for step edges during the
annealing. Holes in the surface that usually result from the sputtering are closed
superficially but there are many screw dislocations and warping areas on the
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Figure 5.2: Constant-current STM image of Be(0001) after 1 h of Ar+ sputtering with �Ar =
2 keV, ?Ar = 8 × 10−6 mbar and annealing at) = 660°C for 1 h as the final cleaning step. Many
screw dislocations are evident, indicating insufficient annealing. Experimental parameters:
� = 100 pA, * = 400 mV, ) = 60 K, Cr tip.

surface that indicate insufficient annealing. In this case, the final annealing of
1h at 660°C was not suitable to produce a smooth surface of low defect density.

An example of better balanced sputtering and annealing parameters is given
in Figure 5.3 (a). A similar annealing temperature of) = 650°C held for 1 h was
sufficient to remove dislocations inflicted by the softer and shorter sputtering
with lower ion energy and lower pressure (�Ar = 1 keV, ?Ar = 4 × 10−6 mbar,
C = 30 min). As a result, terraces of parallel orientation have formed. The caveat
of this preparation is a high density of atomic-scale impurities on the surface,
depicted in Figure 5.3 (c). This illustrates the difficulty of minimizing different
kinds of detrimental defects simultaneously: lattice defects and atomic-scale
impurities.

Following the approach of sputtering at elevated temperatures previously em-
ployed in photoemission experiments [41, 115], the impurity density could
be decreased by sputtering for additional 10 min at a reduced pressure of
?Ar = 1.7 × 10−6 mbar and ) ≈ 500°C. The resulting surface is shown in
Figure 5.3 (b). Indeed, the density of atomic scale impurities �i is significantly
reduced by an order of magnitude from 2.7 nm−2 to 0.3 nm−2. However, domed
features have emerged in the surface as can be seen in the line profiles depicted
in Figure 5.3 (d). Such features were observed before in STM on Al(111) [118]
and by transmission electron microscopy of Be [119]. They originate from
three-dimensional bubble defects below the surface caused by gas implantation,
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Figure 5.3: Constant-current STM images of the sputter-annealed Be(0001) surface. (a) The
sample surface after a final preparation step of 30 min of sputtering (�Ar = 1 keV, ?Ar =

4 × 10−6 mbar, ) ≤ 200°C ) and subsequent annealing at ) = 650°C for 1 h. (b) The same
sample after additional 10 min of sputtering (�Ar = 1 keV, ?Ar = 1.7 × 10−6 mbar) at) ≈ 500°C.
Experimental parameters: � = 1 nA,* = 200 mV,) = 60 K, Cr tip. (c) Magnified details of the
images above. The respective impurity densities �i are indicated. (d) Line profiles showing the
extent of warping areas in (b).

in this case Ar implantation during sputtering.
Hence, sputtering and annealing treatments both create surface defects, the

removal of which requires the other treatment. This interdependence is described
in Figure 5.4. Impurities or even oxide layers on the surface have to be removed
by sputter cleaning. This can succeed but inevitably induces defects in the
surface and leaves Ar atoms embedded below it. Annealing of the sputter
damage requires heating of the crystal to high temperatures, which in turn
promotes impurities to the surface. The removal of impurities requires further
sputtering, which closes the circle. To make Be(0001) a suitable surface for
STM experiments, a cleaning procedure has to be established that reproducibly
minimizes sputter defects and impurities simultaneously.
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Figure 5.4: Schematic depiction of the problem of sputter cleaning the surface of a crystal with
mobile impurities in the bulk.

In order to achieve large, defect-free surface areas with low impurity density,
the cleaning procedure is split up into two separate steps as schematically de-
picted in Figure 5.5. The goal of the first step is to erase the oxide layer from
the surface after the crystal was exposed to atmosphere, or to erase Fe adlayers
deposited in previous experiments. This is done by cycles of "rough" sputter-
ing with Ar+ energies of 1 keV-2 keV and subsequent annealing of the sputter
damage at relatively high temperatures. As a consequence of the high tempera-
ture, mobile impurities are promoted to the surface. To break the vicious circle
outlined in Figure 5.4, a second, "soft" sputtering step is introduced. Here,
the sputter energy and intensity has to be matched with the sample tempera-
ture to continuously remove impurities from the surface as they emerge without
introducing too many sputter defects. The optimization of the relevant prepara-
tion parameters to yield a clean Be(0001) surface as the basis for sophisticated
experiments is shown in the following.

Be

Oxide / Adlayers

Be Be

Depletion zone

1. Rough sputtering,
Hot annealing

2. Soft sputtering at
elevated temperature

[0001]

Impurity atoms

Figure 5.5: Schematic of surface preparation in two steps: 1. removal of adlayers from the
crystal surface and 2. creation of an impurity-depleted zone on and below the surface.
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5 Preparation of the clean Be(0001) surface

5.3.2 Preparation step one: The influence of the annealing
temperature

The mean terrace width of a single crystalline surface is basically dictated by the
surface miscut. In case of the (0001)-surface that is the deviation of the surface
normal from the [0001]-direction. However, the maximum size of terraces found
on a surface depends on the crystal preparation procedure. Figure 5.6 (a) depicts
an STM image of the Be(0001) surface after preparation by cycles of sputtering
and subsequent annealing to a maximum temperature of )max = 660°C. The
result is a surface of terraces with parallel orientation. However, this surface
is peppered with clustered impurities that likely act as nucleation sites for Be
terraces during annealing. The numerous nucleation sites for edges lead to
comparably small terraces.

For comparison, the surface after a similar preparation procedure with)max =

810°C is shown in Figure 5.6 (b). The higher temperature leads to larger but
fewer impurity clusters, typically some nanometers in height. Coincidentally,
the distribution of terrace widths has changed. Notably larger terraces and
larger areas free of impurity clusters are created in the process. Also between

(a)

50 nm

T = 660°Cmax

impurity clusters

22 Å

0 Å

22 Å

0 Å

(b)

50 nm

(b)

50 nm

T = 810°Cmax

impurity clusters

sputter defects

Figure 5.6: Influence of the annealing temperature on the distribution of terrace width and
residual impurities. Constant-current STM images of the Be(0001) surface after several cycles
of Ar+ sputtering with �Ar = 2 keV and a maximum annealing temperature)max of (a) 660°C and
(b) 810°C, respectively, are shown. Impurity clusters that act as nucleation sites for step edges
and bubble defects resulting from sputtering are exemplarily marked. Experimental parameters:
(a) � = 100 pA, * = 400 mV, ) = 60 K; (b) � = 100 pA, * = 600 mV, ) = 40 K, Cr tip. The
sample depicted in (b) was prepared and investigated together with Jan-Hendrik Schmidt [66].
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(a) (b)

18 mm

(c) Before heatingAfter heating to 800°C

Figure 5.7: Photographs of a Be crystal after several sputter-anneal cycles with temperatures up
to ca. 800 °C. (a) The crystal is bound onto a W sample plate using W wire. (b) Magnified view
of the crystal showing a roughening of the surface. (c) A photograph of the polished crystal
surface before heating for comparison.

warping areas, originating from subsurface sputter defects, distances of tens of
nanometers are found in some instances.

In both cases, step edges run along directions of sixfold symmetry, in accor-
dance with the symmetry of the Be(0001) surface. Interestingly, the step edges
avoid forming acute external angles. Narrowing terraces will always end on
an impurity. This can be explained by the lowered coordination number of Be
atoms at external angles compared to internal angles. The surface morphology
seen in Figure 5.6 (b) is preferable because it leaves larger areas unperturbed by
defects and the STM enables selective studies of these areas.

Substantially higher temperatures than∼ 800°C were avoided because already
at this temperature prolonged annealing causes a macroscopic roughening of the
surface. The vapor pressure of Be at 800°C is on the order of 1 × 10−7 mbar [120,
121], so that evaporation from the crystal surface can be expected. This is
supported by the observation of a steadily increased pressure inside the UHV
chamber to 8 × 10−9 mbar during annealing at 800°C compared to the chamber’s
base pressure below 2 × 10−10 mbar. Another reason for a limitation of the
temperature is the detrimental effect of high temperatures on the macroscopic
surface morphology of the crystal. Photographs of a Be crystal that underwent
several sputter-anneal treatments at temperatures up to ca. 800 °C, bound to a
W sample plate, are shown in Figure 5.7. A facetting of the surface and an
increased roughness compared to the freshly polished surface in Figure 5.7 (c)
is evident.
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5.3.3 Preparation step two: Minimization of the impurity
density

Unfortunately, the high annealing temperatures necessary to create extended
flat Be(0001) terraces promote many impurities of atomic size from inside the
crystal to the surface [114], as was observed in Figure 5.3 (a). To reduce their
density on the surface, sputtering at elevated temperatures is introduced as a
second preparation step after the first rough step erased oxide layers formed in
atmosphere or adlayers deposited in previous experiments. Ideally, the param-
eters in this final cleaning step are to be matched, so that impurities can be
promoted to the surface during sputtering from a zone below the surface at a
sufficient rate, while continued sputtering leads to a depletion of impurities in
this zone. Between the parameters there are interdependencies. The sputter
yield should be high enough to erase impurities from the surface at a similar
rate as they are promoted to the surface at a given temperature. Higher sputter
energies, however, will lead to deeper implantation of Ar into the surface and
consequently to bubble defects as seen in Figure 5.3 (b). Lastly, a sputter yield
that is too high will lead to an erosion of the surface region that is faster than
the temperature-driven impurity promotion, with the consequence that the im-
purity density on the surface will not significantly decrease during prolonged
sputtering.

The parameter space for optimization is vast and multi-dimensional. But
some considerations can be made to identify a promising subspace. First of all,
this cleaning step should ideally only affect the top surface layer. The sputter
ion energy can thus be lowered to limit the penetration depth of the Ar+ ions.
The lower ion energy will lead to less severe subsurface implantation of Ar.
Consequently, a lower temperature than the 800°C needed to create extended
terraces should suffice to heal the sputter damage inflicted during this second
step. Finally, with a fixed set of energy and temperature, the Ar pressure and
the duration of this sputtering process can be varied to optimize the impurity
density.

A summary of the tested parameters �Ar and ?Ar in the temperature range
550°C ≤ ) ≤ 660°C is compiled in Figure 5.8. An ion energy of �Ar =

300 eV was found to be sufficient to reduce the surface impurity density in this
temperature regime. The insets in Figure 5.8 compare the impurity densities
on the Be(0001) surface after two such sputter treatments. One trial with only
�Ar = 200 eV (right) did not result in a reduction of the surface impurity density
over the course of 60 min. The combination of �Ar = 300 eV and a reduced Ar
pressure (left) led to a significantly reduced impurity density. The reason for the
different performance could be either a sputter yield that is overall too high at
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Figure 5.8: Summary of the investigated parameter pairs [�Ar, ?Ar] for impurity depletion in
the temperature range 550°C ≤ ) ≤ 660°C. The scaling of the vertical axis is logarithmic.
Exemplary STM images acquired at ) = 60 K for successful (left) and unsuccessful (right)
impurity reduction are shown.

the increased pressure or a change in the preferentially sputtered atom species
between �Ar = 200 eV and �Ar = 300 eV.

In the following, the ion energy was fixed to 300 eV for further optimization
of the cleaning procedure. An impurity depletion was achieved in the pressure
range (1.1 × 10−6–5 × 10−6) mbar, leading to ion currents of (0.2–1.2) µA. A
combination of �Ar = 300 eV and ) = 580°C was found to decrease the density
of atomic-size impurities on the surface.

The evolution of the surface impurity density throughout this cleaning pro-
cedure is documented in Figure 5.9. Figure 5.9 (a) depicts a constant-current
STM image of the Be(0001) surface after completion of the first cleaning step,
ending with an annealing to a temperature of 650 °C. A dense decoration with
impurities is evident. An impurity density of �i = 1.9 nm−2 was counted. In-
troduction of a second, softer sputtering step for 1.5 h leads to a significantly
reduced density of impurity atoms of �i = 0.5 nm−2, shown in Figure 5.9 (b),
despite the higher annealing temperature of 800 °C after the rougher sputtering.
Lastly, the impurity density converges to �i = 0.1 nm−2 after 4 h of soft sput-
tering with ?Ar = 5 × 10−6 mbar and �Ar = 300 eV at ) = 580°C, as depicted
in Figure 5.9 (c). Here, also a standing wave pattern emanating from a step
edge on the right edge of the image becomes visible. The impurities appear
with different apparent diameters in the three images because different STM tips
were used. The structures observed in constant-current STM images represent
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The literature value of 104 eV for the characteristic Be peak position is marked in red [60].

a convolution of the tip shape and the sample surface. Consequently, a blunter
tip will lead to a smearing of the imaged impurities.

The success of the cleaning procedure was further verified by AES. An Auger
spectrum acquired on a Be(0001) sample that was sputter-cleaned for C > 4 h
with above-mentioned parameters is shown in Figure 5.10. A single peak at
� = 105 eV is observed, in agreement with the literature value of 104 eV [60].
Peaks of Ar, C, or O, commonly observed in reference spectra [60], are not
discernible in the spectrum. This demonstrates the quality of such-prepared
Be(0001) surfaces

In conclusion, a reliable cleaning procedure to produce high-quality Be(0001)
surfaces for STM investigations was developed in the VT system. The cleaning
procedure consists of

1. Multiple cycles of rough sputtering and annealing, consisting of
a) Ar+ sputtering with ?Ar ≤ 2 × 10−5 mbar, �Ar = 1 keV − 2 keV at

room temperature for 30 min,
b) Annealing at ) ≈ 800°C for 1 h.

2. Softer Ar+ sputtering with ?Ar ≤ 5 × 10−6 mbar, �Ar = 0.3 keV at ) ≈
580°C for a minimum of 4 h.

5.3.4 Reproducibility in the low-temperature system
The reproducibility of the developed preparation routine was tested in the LT
system. Because of a different sputter ion gun (SPECS IQE 12/38) equipped on
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5 Preparation of the clean Be(0001) surface

Figure 5.11: Preparation of Be(0001) in the LT system. (a) Overview STM image of the surface
acquired in constant-current mode. Clusters of impurities act as nucleation sites for step edges.
Parameters: ) = 4.2 K, � = 100 pA, * = 1.4 V, Cr tip. (b) Line profile along the line indicated
in (a). (c) Constant-current STM image of a single terrace showing the low density of atomic
scale impurities. Parameters: ) = 4.2 K, � = 1 nA, * = 50 mV, W tip.

this system with an integrated Ar valve close to the filament, the Ar pressure was
limited to ?Ar ≤ 4 × 10−7 mbar. The resulting incident ion current measured at
the sample, however, was only reduced to 0.8 µA compared to 4 µA in the VT
lab with ?Ar = 2 × 10−5 mbar.

Figure 5.11 (a) shows an overview STM image of the Be(0001) surface
prepared in the LT system using the refined two-step cleaning procedure. Again,
extended terraces can be seen in between impurity clusters. The graph in
Figure 5.11 (b) shows a line profile across step edges and a large impurity cluster.
The cluster appears with a corrugation of 2.1 nm. Such impurities were observed
independently on two different crystals in two experimental UHV systems with
base pressures below 2 × 10−10 mbar. Consequently, it appears probable that
these impurities originate from contaminations in the original crystal material
as for example carbon. With the generally lower sputter yield of C compared
to Be [122], sputtering could lead to an enrichment of these contaminants at
the surface. The evaporation of Be during high temperature annealing may also
play a role in the concentration of intrinsic impurities with lower vapor pressure.

A single atomic step in the Be(0001) surface of 1.8 Å is measured in Fig-
ure 5.11 (b) in agreement with the literature value of 2Be/2 = 1.79 Å [24].
Nucleation of steps at the large impurity clusters leads to occasional step bunch-
ing of, for example, six consecutive steps in direct succession, also visible in
Figure 5.11 (b).

Figure 5.11 (c) depicts a higher resolution STM image of the surface showing
the low impurity density. An area of 10 nm × 10 nm appears completely free
of impurities. The low impurity density achieved in the LT system shows the

44



5.3 Refined sputter cleaning of Be(0001) for STM experiments

reproducibility of the developed cleaning procedure applied to different crystals
across different laboratories. The only adaption made in the LT system was a
lower Ar pressure due to the different sputter ion gun used there. Important for
the success of the procedure is a sufficient annealing temperature of ) ≈ 800°C
in the first step to properly heal sputter damage. In the second step, a low
energy of �Ar = 0.3 keV for preferential sputtering of impurities at ) ≈ 580°C
is important. If no impurity depletion is observed in the second step, the ion
beam intensity has to be lowered by variation of the Ar pressure. The resulting
surface morphologies and impurity densities for well balanced parameters are
satisfactory for further STM investigations of Be(0001).
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6 Characterization of the Be(0001)
surface by STM and STS

The investigation of iron adlayers on Be(0001) requires well defined experimen-
tal conditions in terms of substrate morphology and electronic structure. In this
chapter, a characterization by means of STM and STS of the Be(0001) surface,
prepared as described above, will be presented. The atomic lattice is identified
in high resolution STM data, which ascertains the surface orientation. STS re-
sults are interpreted with respect to the band structure of Be(0001). Especially
the influence of surface states will be explored in conjunction with phononic
excitations. Parts of this study were published in Physical Review B [123].

6.1 Be(0001) imaged on the atomic scale
The detailed characterization of Be(0001) begins with STM at low bias voltages.
Figure 6.1 displays high resolution STM images of a Be(0001) surface acquired
under different experimental conditions together with their FFT. In Figure 6.1 (a)
the hexagonal atomic lattice is resolved on pristine Be(0001). The FFT shown
in the inset reveals six bright spots, corresponding to the reciprocal lattice. In
the vicinity of impurities, a pattern of standing waves additionally appears on
the surface as seen in Figure 6.1 (b). It is the interference pattern in the surface
electronic DOS as a consequence of scattering from impurities as described in
section 4.1.1. The wave pattern is reflected in the FFT as an additional ring
feature.

Quasiparticle interference mapping

In order to interpret this standing wave pattern, the influence of a material’s
band structure on the resulting wave pattern will be discussed in the following.
Equation (4.8) described the spatial variations in the DOS in the special case of
intraband scattering of electrons with momentum: | | in a single free-electron-like
band in one dimension, leading to oscillations in the DOS with a wave number
@ = 2: | |.
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0 pm2 nm2 nm

(a) (b)

Figure 6.1: Atomic resolution STM images of the Be(0001) surface acquired in constant-current
mode. a) An image taken in the absence of defects or impurities. The hexagonal atomic lattice
is resolved. The inset depicts the fast-Fourier transform (FFT) of the image. Experimental
parameters: � = 1 nA, * = 50 mV, ) = 4.2 K, W tip. b) An image obtained in the presence
of impurities acting as scatterers for surface electrons. A standing wave pattern superimposed
on the atomic lattice is visible and appears as a ring in the FFT. Experimental parameters:
� = 8 nA, * = −10 mV, ) = 4.2 K, Cr tip.

For materials with more complex constant energy contours, elastic scattering
will generally cause interference of states with different momenta ®:a and ®:b,
leading to modulations in the density of states with wave vector ®@ = ®:a−®:b [124].
The situation is schematically depicted in Figure 6.2 for a surface with hexagonal
symmetry and two states with concentric contours of constant energy. The
scattering process can occur between states in a single band (intraband scattering)
or between different bands (interband scattering) [125]. Corresponding wave
numbers are exemplarily indicated along Γ−" in the schematic. Consequently,
the surface DOS can generally exhibit complex wave patterns resulting from a
superposition of multiple scattering processes. The contributions of individual
scattering vectors can be discriminated by FFT of STM or STS maps.

In constant-current mode STM, the resulting profile I
(
G,~

)
at the bias volt-

age * is influenced by contributions of states in the interval [�F, �F + 4* ].
Consequently, constant-current images acquired at low bias voltages will re-
flect the Friedel oscillations at �F [37, 126]. In the differential conductance
d�/d* , the energy range of contributing states is limited to

[
�F + 4 (* −*mod) ,

�F + 4 (* +*mod)
]
. The electron dispersion can thus be reconstructed through

Fourier analysis of d�/d*maps acquired at varying * . This technique called
quasiparticle interference mapping was successfully employed to map the dis-
persion of the surface states on noble metals [36, 127].
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Figure 6.2: Schematic of scattering vectors in reciprocal space. The reciprocal hexagonal lattice
is represented by gray dots and the reciprocal lattice vector ®� . The Brillouin zone is depicted in
black. The circles represent constant energy contours of two electronic states with momenta :1
and :2. Different possible scattering vectors @ are depicted along the Γ−" direction for elastic
intraband (blue, red) and interband scattering (violet).

Standing electron waves imaged in constant-current STM

With the small applied bias of * = 10 mV in Figure 6.1 (b), the STM is
sensitive to electronic states close to �F. The single dominant ring feature can
be interpreted as the result of interference between states from a single band.
Accordingly, the radius of the ring measures approximately @ = 2:F, with the
Fermi wave vector :F.

Figure 6.3 (a) again shows the FFT-STM picture of the standing waves and
the atomic lattice. Here, the reciprocal lattice deviates from a perfect hexagon.
It is distorted along the vertical axis, corresponding to the slow scan axis, by
4.9 %. The reason is drift between tip and sample, caused for example by piezo
creep of the tube scanner. The sharpness of the spots in the FFT signifies that
the distortion is linear. This justifies a correction of the vertical axis in order to
extract precise values for the @-vector of the standing waves.

The corrected data is depicted in Figure 6.3 (b). Here, the spots correspond
to reciprocal lattice vectors ®� of Be(0001). On careful inspection, deviations
of the ring feature from a perfect circle are evident. This corresponds to an
anisotropy of the standing electron waves. Line sections along Γ−" and Γ− 
of the Fourier component’s absolute values |( | are shown in Figure 6.3 (c) and
(d), respectively. The peaks in the Fourier spectra mark the wave vector of
the standing waves seen in real space. Local fitting with Gauss profiles yields
@F = (18.2 ± 0.1) nm−1 along Γ−" and @F = (18.0 ± 0.1) nm−1 along Γ− . The
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Figure 6.3: Analysis of the direction dependence of standing waves. (a) Enlarged depiction
of the FFT in Figure 6.1 (b). The data is distorted along the vertical axis by 4.9 %. (b) The
data with corrected vertical dimensions. The reciprocal lattice vectors ®� are indicated. (c), (d)
Fourier spectra along Γ−" and Γ− , respectively, measured on the colored lines in (b). The
standing waves’ wave vector is deduced from a local Gaussian fit to the data.

falling background in |( | was neglected in the fitting procedure. The deduced
Fermi wave vectors of :F,Γ−" = 9.1 nm−1 and :F,Γ− = 9.0 nm−1 agree well with
the ARPES results of 9.2 nm−1 and 9.0 nm−1, respectively, for the Γ-surface
state [29].

The appearance of the sample surface depends on multiple parameters. Apart
from impurities on the surface, also the chemical composition of the tip and its
sharpness influence the tunneling process. For different terminations of the tip,
contributions from different sample states to the tunneling process may vary,
resulting in variations in the measured corrugation of standing electron waves
and of the atomic lattice. A subtle change in the tip’s electronic structure can
change the measured corrugation or conductance modulation drastically, so that
quantitative investigations of wave amplitudes are viable only with the same
stable microtip.

The bias dependence of the standing wave corrugation can be seen in a series
of STM images in Figure 6.4, obtained with a single tip in the vicinity of a
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specific impurity [123]. The wave amplitude varies between 2 pm and 4 pm
between * = 87 mV and * = −1 mV, with a general tendency towards higher
corrugations for lower absolute bias. The enhancement of the wave amplitude
is markedly smaller compared to the observation by Sprunger et al. [37], who
observed an enhancement of the waves’ amplitude by one order of magnitude
at |* | = 2.1 mV compared to |* | = 35 mV. Beyond that, the I-corrugation is
not suitable for a quantitative analysis of the bias-dependent wave amplitude or
periodicity, as it includes contributions of sample states across a broad energy
range.
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Figure 6.4: Constant-current STM images of standing electron waves in the vicinity of an
impurity, imaged at varying bias voltage as indicated (� = 1 nA,) = 40 K, Cr tip). Line sections
along the black lines in the images are displayed in the bottom row. They show a decreasing
corrugation of the standing waves with increasing absolute bias [123]. Copyrighted by the
American Physical Society.

6.2 Scanning tunneling spectroscopy results on
Be(0001)

For an energy-resolved investigation of the electronic states of Be(0001), STS
will be employed from here on to investigate the energy dispersion of the standing
waves and their physical origin.

A typical tunneling spectrum of the Be(0001) surface, acquired inside the
rectangle in Figure 6.5 (a) is depicted in Figure 6.5 (b) [123]. In the measurement,
the tip was stabilized in I at � = 7.75 nA and * = −4 V. Then the I-feedback
was disabled and d�/d* was measured in dependence of * at constant tip-
sample distance. For comparison to the spectroscopy curve, the band structure
of Be(0001) is depicted in Figure 6.5 (c).
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Figure 6.5: (a) Constant-current STM image of Be(0001). Parameters: � = 1 nA, * =

−400 mV, ) = 4.2 K, W tip (b) Broad range tunneling spectrum averaged over 25 query points
inside the rectangle in (a). Stabilization conditions: � = 7.75 nA, * = −4 V, *mod = 10 mV,
5 = 4815 Hz, W tip). A shoulder is visible inside the bulk band gap (arrow). A steep rise in
d�/d* corresponds to the edge of the bulk conduction band. (c) Schematic of the band structure
of Be(0001) for comparison. Shaded areas represent bulk states and broken lines are surface
bands. (c) is adapted by permission from Springer [75] © 2000.

Several features in the spectrum can be related to the band structure. First,
the steep conductance increase near 4* = 1 eV signifies the onset of the bulk
conduction band [77, 78]. Between �F and � = 1 eV there is a region of relatively
low conductance, corresponding to the partial bulk band gap of Beryllium [77].
Below �F, there is a general trend of decreasing conductance with increasing*
that can be explained by the likewise decreasing bulk DOS [78].

Another reason for the decreasing conductance can be found in the bias
dependence of the decay constant [128]:

^ =

√√√√
2<e

ℏ2
©­«q − |4* |

2
+
ℏ2:2

| |
2<∗

ª®¬. (6.1)

Due to the external bias voltage, the barrier height is effectively reduced by
|4* | /2. In addition, the momentum parallel to the surface : | | of electronic
states in Be(0001) increases for 4* approaching �F [75]. The result is a further
increase of the decay constant and a fast decay of electronic states into the
vacuum for states close to �F compared to states at much lower energy or inside
the conduction band.

An additional striking feature in the tunneling spectrum is the shoulder on
the falling background at negative energies, where the bottom of the Γ surface
state band is found [75, 77]. In order to interpret this spectroscopic feature, the
effect of scattering processes leading to a finite lifetime of surface states, and
the implications for tunneling spectroscopy will be discussed.
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6.2 Scanning tunneling spectroscopy results on Be(0001)

Lifetime corrections to the free electron model

The DOS of parabolic surface state bands in two dimensions as found on
Be(0001) were discussed idealistically in section 4.1.1. In experiments on real
crystal surfaces, many-body interactions like electron-electron and electron-
phonon scattering will influence the measurements and lead to variations from
the free electron model. Namely, surface state electrons will scatter through
electron-electron or electron-phonon interactions into different surface states
or into bulk states. The influence of these interactions on the single particle
state are described by the self-energy Σ = Re Σ + 8 Im Σ. The real part Re Σ
renormalizes the dispersion relation:

�renorm

(
®:
)
= �

(
®:
)
+ Re Σ

(
®:, �,)

)
, (6.2)

thus affecting the DOS [90]. Additionally, the many body interactions lead to a
finite lifetime g of the single particle states, which is quantified by Im Σ. Instead
of g , the inverse lifetime Γ is more customarily used as it represents the linewidth
of states in spectroscopic measurements [90, 129]:

Γ =
ℏ

g
= 2|Im Σ| . (6.3)

The self-energy, and consequently Γ, is generally energy- and temperature
dependent. For the electron-electron contribution, the temperature dependence
is explicit [130, 131]:

Γee (�) = 2V
[
(c:B) )2 + (� − �F)2

]
, (6.4)

where V is a material-dependent prefactor. The electron-phonon contribution

Γep (�) = 2cℏ
∫ �max

0
U2�

(
�′

) [
1 − 5

(
� − �′

)
+ 5

(
� + �′

)
+ 2=

(
�′

) ]
d�′ ,

(6.5)

depends on the Eliashberg function U2� , consisting of the phonon DOS �

weighed with the interaction strength U [131, 132]. �max denotes the energy
of the highest occupied phonon mode. The temperature dependence enters via
the Fermi-Dirac distribution function 5 (�) and the Bose-Einstein distribution
=(�). Another important measure in this respect is the electron-phonon coupling
parameter

_ = 2
∫ �max

0

U2� (�)
�

d� (6.6)
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6 Characterization of the Be(0001) surface by STM and STS

describing the enhancement of the effective mass near the Fermi level by the
factor (1 + _) [133].

The finite lifetime leads to a broadening of the DOS at the minimum of a
parabolic surface band compared to the step function in Equation (4.5), where
many-body interactions were neglected [129]:

d2D(�) ∝ arctan
(
� − �s
Γs/2

)
. (6.7)

Here, Γs is the inverse lifetime of the surface state at the band minimum �s.
Surface electron bands similar to those on Be(0001) exist on the (111) surfaces
of the noble metals Cu, Ag and Au [129, 134]. These surfaces were studied
intensively with STS in the past, exploiting the proportionality of the differential
conductance d�/d* to the sample DOS (see section 2.2). In the following,
experimental techniques to deduce the surface state lifetime and dispersion from
STS data will be introduced.

Threshold spectroscopy around the band minimum

With the bias voltage * applied to the sample in an STM junction, only sam-
ple states in the energy window [�F, �F + 4* ] will contribute to the tunneling
process. In point mode STS, * is varied at constant tip-sample distance. When
4* exceeds the onset energy of a surface band �s, additional states abruptly
become available for the tunneling process, leading to a stepwise increase in
the measured differential conductance d�/d* analogously to Equation (6.7). At
low temperatures, with the Fermi-Dirac distribution converging towards a step
function, the thermal broadening of the tunneling spectrum can be neglected
and the differential conductance can be modeled as

d�
d*

(* ) ∝ dbulk + 2 arctan
(
4* − �s
Γs/2

)
, (6.8)

with a constant scaling factor 2, representing a broadened step on a background
provided by bulk sample states [135]. This simple model neglects influences of
the tip wave function. Additionally, for 4* > �s the momentum parallel to the
surface : | | of the surface state will increase. This diminishes the surface state
contribution to d�/d* because of the increasing decay into the vacuum region
for high : | | [136]. These distortions of the spectra complicate the interpretation
in terms of linewidths.

Nevertheless, this technique was successfully applied to deduce �s and Γ of
surface states on noble metals from STS data [135, 137, 138]. The advantage
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6.2 Scanning tunneling spectroscopy results on Be(0001)

of this technique compared to photoemission is the lateral resolution of STS
allowing for a reduced influence of impurity scattering on the linewidth. The
linewidths found in STS [137] are in good agreement with theoretical Green’s
function calculations [137] and photoemission data [139], which shows the
reliability of this approach.

Quantitative analysis of tunneling spectroscopy on Be(0001)

The broad range tunneling spectrum of Be(0001) is depicted again in Fig-
ure 6.6 (a) with electron energy along the vertical axis. Comparison to the band
structure of Be(0001) showed that the falling background for 4* . 1 eV can be
interpreted as contributions of bulk states to the tunneling conductance. This
background contribution to the spectrum was fitted with a 4-th order polynomial.

The difference between the experimental data and the fit to the background is
shown in Figure 6.6 (b). The curve exhibits a sharp, step-wise increase of d�/d*
followed by a slower decaying signal at higher energies. This spectral shape
was observed on noble metal surfaces as well and interpreted as a signature
of an incipient surface state band [135, 136]. In the case of Be(0001), the
observed feature occurs in the energy range where ARPES experiments found
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Figure 6.6: (a) Broad range tunneling spectrum of Be(0001) () = 4.2 K, stabilization conditions:
� = 7.75 nA, * = −4 V, *mod = 10 mV, 5 = 4815 Hz, W tip). A shoulder is visible near the
onset energy of the Γ-surface state. A 4-th order polynomial fit to the monotonously falling
background is shown in red. (b) Difference of the experimental data and the background fit
in (a), representing the surface state contribution to the tunneling spectrum. (c) Top panel:
Tunneling spectrum around the surface state onset taken with higher resolution (stabilization
conditions: � = 1 nA,* = −2.2 V,*mod = 5 mV). The broken gray line represents a symmetric
conductance step. Bottom panel: Numerical derivative d2�/d* 2of the data above. The onset
energy �s is determined as the peak position. A Lorentzian fit is shown in blue. The figure is
reproduced from [123]. Copyrighted by the American Physical Society.
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6 Characterization of the Be(0001) surface by STM and STS

the onset of the Γ surface state. Consequently, Figure 6.6 (b) is interpreted as an
approximation of the surface state contribution to the tunneling conductance.

A higher resolution spectrum in the respective energy range is given in Fig-
ure 6.6 (c), again after subtraction of the polynomial background. According to
the model Equation (6.8), the point of inflection marks the surface state band
minimum �s. Within this model, the conductance should be symmetric (indi-
cated by a gray dotted line) with respect to the point of inflection. This deviation
from a symmetric step could be explained by the increasing momentum : | | car-
ried by surface state electrons with increasing energy � − �s. The increasing
values of : | | will lead to a suppression of the tunneling probability for states with
increasing energy due to the their faster decay into the vacuum [45, 128].

The quantitative analysis of the spectrum is complicated by the deviations
from the model as a direct fit of Equation (6.8) is not possible. However, the
point of inflection �s can be extracted as the peak position of the differentiated
spectrum. The numerical derivative d2�/d* 2 is given in the bottom panel of
Figure 6.6 (c). The onset energy �s was estimated to �s = (−2.81 ± 0.01) eV by
fitting the peak position locally with a parabola. For the surface state model,
differentiation of Equation (6.8) leads to a Lorentzian profile:

32�

3* 2 (* ) ∝ Γs

4 (4* − �s)2 + Γ2
s
. (6.9)

A fit of this profile to the d2�/d* 2 data restricted to � < �s, where the mea-
surement is unaffected by the influence of finite : | |, is shown in blue. The fit
yields a surface state linewidth of Γs = (272 ± 4) meV. This value is of the
same magnitude as the ARPES value of Γs ≈ 350 meV extrapolated to low tem-
peratures [140]. A tentative explanation for the higher value found in laterally
averaging ARPES experiments could be a stronger influence of impurity scatter-
ing compared to STS measurements. Our STM measurements revealed residual
impurities on Be(0001) surfaces that coexist besides extended clean terraces
even after extensive sputter treatment. ARPES measurements will average over
extended surface areas including the surrounding of such impurities, whereas
STS probes surface areas of a low local impurity density. In conclusion, the tun-
neling spectrum in its entirety can be explained by the bulk electronic structure
of Be complemented by the surface DOS of Be(0001).

6.3 Mapping the surface electron dispersion
The standing electron waves on Be(0001) observed in STM for tunneling bias
close to the Fermi level were discussed in section 6.1. In this section, the
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Figure 6.7: Decay of standing waves on Be(0001). (a) Sketch of the surface unit cell in real space
and in :-space. (b) Constant-current STM image of standing waves on Be(0001) emanating
from a straight step edge. (c) Simultaneously acquired differential conductance. A Gaussian
filter with a FWHM of 2 px was used for better visibility of the standing wave pattern in d�/d* .
(d) Graph of the unfiltered d�/d* (G) averaged over horizontal lines in (c) together with a model
fit of energy-resolved Friedel oscillations. Experimental parameters: � = 1 nA, * = −20 mV,
) = 4.2 K, *mod = 20 mV, 5 = 4444 Hz, Cr tip.

standing waves will be explored using STS with respect to their spatial decay
and their dispersion in energy.

Figure 6.7 (b) depicts an STM image of a Be(0001) terrace and a straight step
edge imaged with* = −20 mV. Directly at the step edge, an increased apparent
height is measured. This may originate from an increased DOS at the step edge
due to the lowered coordination number of Be atoms there. A standing wave
pattern on the terrace is evident. The real space unit cell of Be(0001) and the
first Brillouin zone are shown in Figure 6.7 (a). As the step edges in the Be
sample run preferentially along the high-symmetry directions 〈1120〉, they act as
well defined one-dimensional scatterers for electrons. Consequently, standing
electron waves originating from scattering at step edges propagate along the
directions 〈1010〉.
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6 Characterization of the Be(0001) surface by STM and STS

The simultaneously acquired differential conductance map is shown in Fig-
ure 6.7 (c). The standing wave pattern is reflected there in oscillations of d�/d* .
Figure 6.7 (d) shows the spatial evolution of the oscillations averaged over hori-
zontal lines. Similar to I, there is an increased d�/d* at the step edge.

As the differential conductance is a measure of the electronic sample DOS,
the oscillations in d�/d* can be compared to the model of a free-electron-like
surface state. The DOS at the surface band onset was found to be smeared out
compared to a two-dimensional free electron gas due to finite lifetime effects. For
the Friedel oscillations on surfaces, the finite lifetime leads to a finite coherence
length !(�) = g (�): (�) ℏ

<∗ and consequently to an exponential spatial decay
of the Friedel oscillations’ amplitude [141]. Consequently, Equation (4.8) has
to be modified to yield a suitable approximation for the DOS at a real crystal
step [141]:

d (�, G) = dbulk + d2D

(
1 − A (�) exp

(
−2G
!

)
�0

(
2: | |G

))
. (6.10)

Here, a finite reflectivity A (�) of the step and a background term of bulk states
were incorporated.

A fit of this model to the experimental d�/d* (G) is shown in red in Fig-
ure 6.7 (d). The enhanced d�/d* directly at the step edge was excluded from the
fitting procedure. The experimental data is well reproduced in the fit. Values of
: = (9.3 ± 0.1)nm−1 and ! = (35 ± 3)nm were extracted. the standing waves
correspond to an interference pattern of quasiparticles propagating along Γ−" in
:-space, as can be seen from the sketch in Figure 6.7 (a). The deduced :-value is
again in good agreement with the ARPES value of :F,Γ−" = 9.2 nm−1 [29]. This
shows that the standing wave pattern reflected in d�/d* behaves like Friedel os-
cillations in a two-dimensional electron gas for low bias voltages, corresponding
to electron energies close to �F.

In the following, the evolution of the standing waves’ period with varying
bias voltage are presented. Figure 6.8 (a) exhibits three d�/d* maps of a
surface area in the vicinity of an atomic step edge, acquired at * = −1800 mV,
* = −800 mV, and * = 200 mV, respectively. Standing electron waves are
visible in all three images with a clearly varying wavelength. This is indicative
of a dispersive behavior of the standing waves on Be(0001).

In order to map the dispersion of the surface state in more detail, a series
of tunneling spectra was acquired at varying distance from a scatterer. The
situation is depicted in Figure 6.8 (b). A straight step edge is exploited to study
the dispersion of the wave pattern perpendicular to it. At successive setpoints
G of the distance from the step edge, the feedback loop was opened at defined
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Figure 6.8: (a) Bias-dependent d�/d* maps of standing wave patterns, acquired at values of* as
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� = 8 nA, 5 nA, 3 nA). (b) Constant-current STM image of standing waves emanating from
a step edge that runs along a high-symmetry direction of Be(0001) () = 4.2 K, � = 1 nA,
* = −100 mV). The propagation direction of standing electron waves is along [1010]. (c) Color
plot of d�/d* from tunneling spectra taken as a function of distance G from an atomic step edge
as schematically indicated in (b). Bias ranges: [−3.0;−1.6] V; [−1.5;−0.3] V; [−0.3; 0.7] V.
Stabilization conditions: (−3.0 V, 2 nA); (−1.5 V, 2 nA); (−0.3 V, 1 nA). Each horizontal row
is normalized to its mean value. Adapted from [123]. Copyrighted by the American Physical
Society.

stabilization conditions and the bias * was ramped between −3 V and 0.7 V.
Figure 6.8 (c) depicts the color coded d� /d* -values as a function of * and G
along [1010]. Because of the huge variations of the tunnel current associated
with sweeping the bias voltage over a range of more than 3 V, the experiment
was split into three smaller bias ranges. This guarantees a sufficient signal-
to-noise ratio for the lock-in detection and prevents a saturation of the current
amplifier. A continuous change in the periodicity of the spatial variation of
d� /d* in dependence of the bias voltage* is evident.

In order to extract the energy dependence of the electron wave number : ,
Figure 6.8 (c) was analyzed using the 1D-FFT along G . The result is shown in
Figure 6.9 (a). Absolute values of the Fourier components

��( (:)�� for every bias
voltage * are plotted against the wave number : in the the first Brillouin zone
along Γ−" . Note that this wave number corresponds to half the wave number
@ of the observed standing waves (see Equation (6.10)). Evidently, the major
Fourier components follow a parabola in agreement with the model of energy
resolved Friedel oscillations of a free-electron-like surface state.

Using the dispersion relation

� (:) = �s +
ℏ2:2

| |
2<∗ , (6.11)

59



6 Characterization of the Be(0001) surface by STM and STS

G

MG

K

M

(a)

k

-3.0

-2.0

-1.0

0.0

e
(e

V
)

U

me=1.16 (b)

0.8 1.2 1.6
4

6

8

10

S
u

m
 o

(a
rb

.
)

f 
|

(
,

)|
u

n
it
s

S
k
 U

m* (me)

Fit

1.16

Figure 6.9: (a) Color map of normalized Fourier components along the Γ−" direction calculated
from the data in Figure 6.8 (c) using one-dimensional FFT along G . (b) Cumulative sum of
Fourier components in (a) along parabolic dispersion curves with �s = −2.81 eV in dependence
of<∗. A Gaussian fit to the peak is given in red. (a) is adapted from [123]. Copyrighted by the
American Physical Society.

the effective mass <∗ of the surface state electrons can be extracted from the
data. For this purpose, the sum of Fourier components

��( (:,* )
�� along supposed

parabolic dispersion curves with varying<∗ and �s = 2.81 eV fixed to the value
found in section 6.2 is displayed in Figure 6.9 (b). The maximum cumulative
weight in the FFT, corresponding to the best accordance with the model, can be
found by local fitting of the peak in Figure 6.9 (b) with a Gaussian profile. The
fit yields <∗ = (1.16 ± 0.01)<e. This value is in good agreement with values
between 1.19<e [86] and 1.27<e [142] found along Γ−" in photoemission stud-
ies. Consequently, the observed standing waves show a dispersion characteristic
for Friedel oscillations of the Γ-surface state on Be(0001).

The analysis was limited to the [1010] direction (corresponding to Γ−"
in reciprocal space) because the dominant directions of step edges favors the
propagation of coherent standing waves along this direction. The resolution
in :-space depends on the extent of the probed standing waves in real space.
Standing waves along [1120] of a similar extent to those in Figure 6.8 (a) are
scarce to nonexistent, so that an analogue analysis for the Γ− direction was
omitted.

Comparison of the results to previous STM studies

The standing wave pattern on Be(0001) exhibits a parabolic energy dispersion
that corresponds to the dispersion relation of the free-electron-like Γ-surface
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state. No drastic bias dependence of wave amplitudes was found for values of
* within a few mV of �F, in contrast to a previous STM study by Sprunger
et al. [37], in which this enhanced amplitude was interpreted as a possible
manifestation of a CDW. The dispersive behavior of the standing waves observed
in this work is in contradiction to a CDW [143]. A difference between this study
and the previous experimental approach is that in this study tip and sample are
thermally coupled to a cryostat, while only the sample was effectively cooled to
150 K in the previous one [144].

Remembering Equation (2.11), a temperature difference between tip and sam-
ple creates a thermovoltage of

*th =
c2:B
64

(
) 2

T −) 2
S

) f′
f

����
*=0

(6.12)

across the tunnel junction. Here, f = d�/d* is the conductance and f′ = df/d* .
Consequently, the thermovoltage can be deduced from a tunneling spectrum and
its numerical derivative.

Spatially resolved values for f (* = 0) and f′(* = 0) were deduced from the
STS data in Figure 6.8 (c). Figure 6.10 (a) shows the resulting values of *th
for the situation of a sample at ) = 150 K and a tip at ) = 300 K. One can
see that the standing wave pattern is reflected in the data with significant spatial
variations of *th. The variations amount to |*th | . 2 mV. For the situation
in [37] with * ≈ −2 mV this means that the effective bias *eff = * + *th will
vary laterally between 0 mV and −4 mV. In constant-current mode, this will
have a significant influence on the measured corrugation of the standing waves,
as explicitly demonstrated by Homoth et al. in the case of Ag(111) [145]. For
larger bias values, the magnitude of the thermovoltage becomes comparably
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6 Characterization of the Be(0001) surface by STM and STS

smaller and its influence on the integrated tunneling current becomes gradually
less severe. Accordingly, the influence of the spatially varying thermovoltage
on the tip-sample separation in constant-current mode is diminished for larger
absolute bias values. Consequently, the enhanced standing wave amplitudes
observed by Sprunger et al. for small bias values can be explained by a difference
in the experimental setup.

However, an enhanced magnitude of the standing waves on the energy scale of
4* / ±80 meV was observed in this work, as shown in Figure 6.10 (b). The data
exhibits a relative enhancement of the spectral density of the standing waves’
@-vector in this energy window. A similar observation was made concerning the
surface state on Ag(111) [146]. There, the enhancement is attributed to inelastic
tunneling effects.

6.4 Inelastic tunneling effects on Be(0001)
So far, the electronic structure of the Be(0001) surface and its manifestation
in STS were discussed in this chapter. Now the discussion will be extended to
inelastic tunneling processes.

6.4.1 Results of inelastic tunneling spectroscopy
The tunneling spectrum over a broad bias range (Figure 6.6), showed a relatively
low tunneling conductance within |4* | < 1 eV. This was explained by the partial
bandgap of Be(0001) in this range hosting only electronic states of large parallel
momenta : | |. Carefully inspecting Figure 6.6 (b), one notices a further reduced
conductance at �F. On the same surface region, a tunneling spectroscopy
study with higher resolution in this energy range was conducted. The data,
averaged over 25 spectroscopy points on the clean Be(0001) surface is shown
in Figure 6.11 (a). The spectrum exhibits a reduced d�/d* within ±80 meV on
a decreasing background.

Upon closer examination, two symmetric steps on both, the positive and the
negative bias side become evident. Figure 6.11 (b) exhibits d2�/d* 2 derived
from numerical differentiation of the spectrum. Incidental with the symmetric
steps in d�/d* , asymmetric peaks at ±41 meV and at ±67 meV can be identified
in d2�/d* 2. Such an enhancement of the tunneling conductance symmetric
around * = 0 V is indicative for inelastic tunneling processes, as described in
section 2.4 and sketched in the insets. A schematic picture of inelastic tunneling
processes in STM in the case of tunneling from the surface state band of the
sample into unoccupied tip states is shown in Figure 6.11 (c). Below a threshold
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by the American Physical Society.

energy (|4* | < ℏl) only elastic tunneling of electrons is possible (green). Here,
ℏl is the lowest energy of possible inelastic excitations that could be for example
vibrational modes in molecules or phonon modes in solids. If the energy of the
tunneling electron at least equals ℏl , it can tunnel into unoccupied states in the
opposite electrode under excitation of such a mode and loss of the respective
energy. This inelastic tunneling process is depicted in red. Consequently, the
inelastic process adds to the elastic tunneling probability and leads to a stepwise
increase in the tunneling conductance at 4* = ℏl .

6.4.2 Influence of electron-phonon coupling on the tunneling
process

In order to elucidate the origin of the inelastic tunneling processes, the phononic
properties of Be(0001) are presented in the following as they pose a possible
cause for the observed phenomena. The phonon spectrum of Be(0001) is
depicted in Figure 6.12 [74]. Phononic states exist for energies up to ∼ 80 meV.
The bulk phonon DOS is high for phonon energies �ph > 50 meV [78, 147].
Below this energy, a mode appearing with high intensity in electron energy
loss spectroscopy exists, marked by filled circles in Figure 6.12. This so-called
Rayleigh mode is highly surface-localized for :-values away from the Γ-point
and is associated with atom displacements perpendicular to the surface [74, 147].
Another surface mode, the shear horizontal mode, is found at higher energies,
crossing the " point at ca. 50 meV [74, 76, 147].

The electronic properties of Be(0001) are influenced by coupling to these
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6 Characterization of the Be(0001) surface by STM and STS

Figure 6.12: Phonon disper-
sion of Be(0001). Filled and
open circles represent intense
and weak features found in
electron energy loss spectros-
copy measurements, respec-
tively. Solid lines represent
calculated surface phonon
modes. Reprinted with per-
mission from [74]. Copy-
right (1996) by the American
Physical Society.

phonon modes. On the one hand, the electron-phonon coupling influences
the electron self-energy. Its imaginary part, and with it the linewidth Γ of
electronic states, rises continuously for electron energies up to the maximum
phonon energy of �max ≈ 80 meV, according to Equation (6.5). Above �max,
the phonon contribution to Γ is nearly constant [76]. Consequently, the lifetime
of surface states outside of ±80 meV around �F is reduced, leading to a faster
decay of energy-resolved Friedel oscillations at these energies. This can explain
the enhanced spectral weight observed in Figure 6.10 (b) [146]. Additionally,
the real part of the self-energy flattens the surface state dispersion within this
energy range, locally reducing the effective mass and enhancing the DOS. Due
to the limited resolution in momentum space associated with the decay of the
standing waves, the subtle change in<∗ is not resolved in Figure 6.10 (b).

Interpretation of the inelastic tunneling spectroscopy

The role of electron-phonon coupling in IETS can be understood through the
schematic in Figure 6.13 (a). As discussed previously, for energies close to �F,
the electron momentum parallel to the sample surface is large and hence the
absolute elastic tunneling probability is low. In an inelastic tunneling process,
a phonon with momentum :ph equal to the difference of momenta of initial
and final electronic states :i − :f is generated. Thus, the number of possible
transition processes, including final states closer to the Γ point, increases, leading
to a higher tunneling probability and a higher conductance. Within this picture,
the inelastic effects seen in the IETS can be related to the phonon spectrum.
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IETS (black) with the Eliashberg function U2� (blue) derived by DFT from [79]. Images adapted
from [123]. Copyrighted by the American Physical Society.

Figure 6.13 (b) shows the absolute d2�/d* 2 values from Figure 6.11 (b)
averaged over the positive and negative bias values. The bias range of sizable
d2�/d* 2 values and hence of considerable inelastic contributions to the tunneling
process is shadowed in gray. Comparison to the phonon spectrum in Figure 6.12
exposes that there is a high phonon DOS in the corresponding energy range.
Peaks in d2�/d* 2 appear at 41 meV and 67 meV. On Be(0001), the Rayleigh
phonon mode disperses up to approximately 40 meV for large momenta parallel
to the surface [78, 79]. Consequently, the first peak in Figure 6.13 (b) is assigned
to inelastic tunneling via coupling to Rayleigh phonons. The peak at higher
energy will be attributed to the opening of an additional inelastic conduction
channel via different phonon modes.

The magnitude of the inelastic tunneling contribution depends on the involved
initial and final electronic states, as well as on the DOS of participating phonons
of the sample and their coupling strength to electrons. Influences of phonons in
the W tip on the d2�/d* 2 spectrum can be neglected due to the small electron-
phonon coupling of W [56]. The electron-phonon coupling in the sample as
a function of energy is described by the Eliashberg function U2� of Be(0001),
reflecting the continuous phonon spectrum. From Equation (2.17) we see that
d2�/d* 2 can be qualitatively compared to U2� [55, 56]:

d2�

d* 2 (* ) ∝ U2� (4* ). (6.13)

A comparison of the experimental IETS data and U2� as derived from DFT
for electron-phonon coupling of the Γ-surface state at �F [79] is depicted in
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6 Characterization of the Be(0001) surface by STM and STS

Figure 6.13 (c). Both quantities exhibit similar shapes with respect to energy: a
low intensity at 4* = 0 meV followed by a steep rise and a low intensity again
for 4* > 80 meV. Also the relative intensities are well reproduced. A deviation
exists at low energies, where the IETS data exhibits a higher intensity compared
to the theory.

The IETS peak at 41 meV coincides with a peak in U2� that was also attributed
to strong coupling of the Rayleigh phonon mode to the surface state in DFT [79].
A peak at the same energy was also observed experimentally in ARPES for states
with momentum along Γ−" [90]. For the peak at 67 meV there was a pendant
previously observed in ARPES experiments [76] and attributed to coupling via
bulk phonon modes [148]. Consequently, there is a good qualitative agreement
between d2�/d* 2 measured in IETS and previous experimental, as well as
theoretical studies of the electron-phonon coupling in Be(0001).

When comparing IETS and ARPES measurements, the experimental differ-
ences of these approaches have to be kept in mind. In ARPES, the renormalized
electron dispersion is measured along a set of directions in reciprocal space.
From the deviations compared to the bare particle dispersion, the real part of
the electron self-energy Re Σ

(
�, ®:

)
can be deduced (see Equation (6.2)). U2� is

then reverse engineered by inversion of the integral [149]

Re Σ
(
�, ®:,)

)
=

∫ ∞

0
U2�

(
l, �F, ®:

)
 (�,l) dl, (6.14)

 
(
~,~′

)
=

∫ ∞

−∞

2~′

G2 − ~′2
5
(
G − ~

)
dG, (6.15)

with the temperature dependence implicit in the Fermi distribution function
5 (G). This measurement depends on the many-body interactions of the probed
band, such as electron-phonon and electron-electron interactions, governing
the self-energy. The initial and final states involved in the electron-phonon
scattering processes are exclusively states in the sample. For Be(0001), U2�
derived in this way from the renormalized surface state dispersion will represent
the phonon-mediated scattering of surface state electrons with energy close to �F
into all available electronic final states. Eiguren et al. calculated that intraband
scattering of the Γ-surface state together with scattering into the surface state
around " contribute 90 % to the Eliashberg function.

In IETS the situation is different. The inelastic tunneling process comprises
an initial state in one electrode and a final state in the other. Furthermore,
the STM geometry favors states with : | | = 0. Consequently, for metal sur-
faces without a projected gap in the center of the Brillouin zone, d2�/d* 2 is in

66



6.4 Inelastic tunneling effects on Be(0001)

good approximation proportional to the momentum resolved Eliashberg func-
tion U2�

(
l, �F, : | | = 0

)
[150]. Be(0001), however, has a partial bandgap at

�F, meaning that the (elastic) transmission probability is diminished according
to Equation (2.6). Inelastic processes open additional tunneling channels for
electrons that enhance the total tunneling probability, given a sufficient excess
energy to excite a phonon mode in the sample. With the excited phonon ensur-
ing conservation of momentum, tip states with low : | | that decay slower into the
vacuum region can contribute to the inelastic tunneling processes [151, 152].
This could lead to a further enhanced tunneling probability at energies 4* cor-
responding to energies of phonon modes with momenta matching the electronic
sample states. Accordingly, these modes may appear with an enhanced intensity
in the d2�/d* 2 spectrum, compared to U2� deduced from ARPES or density
functional theory. Additionally, the IETS spectrum contains contributions from
all possible ®: values, while ARPES analyzes specific directions in ®:-space.

6.4.3 Bias dependence of the tunneling barrier height
The bias-dependent contributions of elastic and inelastic tunneling events to the
tunnel current also influence the effective decay of the current perpendicular to
the sample plane. In order to investigate the different decay at energies where
bulk and surface states, respectively, contribute primarily to the sample DOS, the
tunnel current as a function of tip-sample separation was recorded for different
bias setpoints. In the experiment, the tip position in I was stabilized at � = 3 nA
and a fixed value of * , before disabling the feedback loop and withdrawing the
tip from the stabilization position by ΔI = 367 pm. According to Equations (2.4)
and (2.5), the tunnel current decays exponentially and the apparent barrier height
can be extracted as

q =
ℏ2

8<e

(
d
dI

ln(� )
)2

+ |4* |
2
. (6.16)

Here, adding |4* |
2 compensates for the shift in Fermi levels of tip and sample

relative to each other by the external bias. Effects of parallel momenta according
to Equation (6.1) were neglected in this consideration.

The resulting values ofq over a bias range between −5 V and 5 V are presented
in Figure 6.14 (a). There is a general trend of a reducing barrier height with
increasing bias voltage and an increase in the barrier height around * = 0 V.
At * ≈ 1 V there is a sudden drop in q by more than 1 eV. This drop marks
the onset of the bulk conduction band and can be explained by sample states
with : | | = 0 becoming available for tunneling into this band. Consequently, this
plateau in Figure 6.14 (a) is interpreted as the apparent barrier height for states
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Figure 6.14: (a) Apparent barrier q as deduced from � (I) curves. Sweep distance ΔI = 367 pm;
current setpoint for stabilization � = 3 nA, tip material: W. (b) Decay constant ^ deduced from
the experimental data in (a) and the theoretical value calculated based on Equation (6.18).

without a momentum component parallel to the surface plane q0 = 4.65 eV. For
* ∈ [−2.8 eV, 1 eV], there are no states at the Γ point of the sample and the
sample states of minimum parallel momentum are of surface state character.
At negative bias, the tunnel current is carried mainly by electrons from states
near the Fermi level of the sample [45]. These states in the surface band have a
Fermi wave number :F far away from Γ, enhancing the apparent barrier height.
Taking this into account, the enhanced barrier height, calculated as q0 + ℏ2 :2

F
2<∗

based on the surface state dispersion found in section 6.3 [151], is indicated in
Figure 6.14 (a) as well. The measured apparent barrier height approaches this
value in the limit of high negative bias values. For bias voltages close to 0 V,
the barrier height is markedly enhanced.

To elucidate the origin of this enhancement, we will compare the experimental
data to the expected bias dependence of the decay for elastic tunneling. The
experimentally acquired decay constant

^ = −1
2

d ln �
dI

(6.17)

as a function of* is shown in Figure 6.14 (b) together with the values calculated
using the elastic tunneling model from Equation (6.1) by setting q = q0 and
: | | = :F [128]:

^ =

√√√
2<e

ℏ2

(
q0 −

|4* |
2

+
ℏ2:2

F
2<∗

)
. (6.18)
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6.4 Inelastic tunneling effects on Be(0001)

The model reproduces the experimental results quite well, apart from bias
values, where a sizable inelastic contribution to the tunnel current is to be ex-
pected: The difference between measured decay constants for elastic tunneling
into the bulk conduction band at * > 1 eV and into the surface state band at �F
is well reproduced in the model. Away from �F, the measured decay constant
is reduced, which can be explained by inelastic tunneling processes carrying a
sizable portion of the tunneling current. In inelastic tunneling processes, mo-
mentum parallel to the surface is transferred to phonons and consequently the
decay constant is diminished [151]. Towards the onset of the surface state at
−2.81 eV, the elastic tunneling model approaches the experimentally observed
values of ^ again. This can be understood as a reduced contribution of inelasti-
cally tunneling electrons to the current as electron-phonon coupling in Be(0001)
weakens for negative energies with respect to �F [79].

Summary of the STS investigation of Be(0001)

To summarize, the electronic properties of Be(0001) as probed by STS were pre-
sented in this chapter. Contributions of bulk and surface electrons to the tunnel-
ing spectrum were discussed. The nearly isotropic standing waves on Be(0001)
were identified as Friedel oscillations of the parabolic Γ surface state. No ex-
perimental indications for the presence of a CDW on this surface were found.
Nevertheless, a reduced conductance around the Fermi level was measured. Its
origin is the relatively high contribution of inelastic tunneling processes to the
total conductance for |4* − �F | > 80 meV. The d2�/d* 2 spectrum measured on
Be(0001) reveals that these inelastic contributions originate from phonon exci-
tations. Conclusively, the Be(0001) surface presents a two-dimensional electron
gas that is strongly coupled to phonon modes.
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7 Growth of Fe on Be(0001)
In this chapter, the fundamental principles of thin film growth will be discussed.
The actual growth of Fe on Be(0001) was studied in dependence of the substrate
temperature and the deposited amount of Fe using STM and AES. In the course
of this work, the bachelor thesis of Jan-Hendrik Schmidt [66] and the master
thesis of Karoline Oetker [153] were supervised. Further, Vojtěch Přikryl and
Radek Dao contributed to this study within the framework of their Erasmus
program.

7.1 Mechanisms of thin film growth of Fe/Be(0001)
Under ambient conditions, Fe crystallizes in the bcc structure. This structure
is referred to as U-Fe. At high temperatures of ∼ 910 °C, a transition to the
face-centered cubic (fcc)-phase occurs [154]. For pressures of ? > 13 GPa,
there is a transition from the U-phase to an hcp-phase called n-Fe [15, 18, 93].
The lattice constants of the conventional unit cells of these phases are compiled
in Table 7.1.

Element Phase Lattice 0 (pm) 2 (pm)

Fe
U bcc 286
W fcc 359
n (at 19.2 GPa) hcp 245 393

Be U hcp 228 358

Table 7.1: Lattice constants of Be and Fe in different structural phases [14, 24, 155].

Heteroepitactic growth of films on a substrate material poses a possibility to
realize structural phases that would not form under equivalent conditions in the
absence of the substrate. Thin films of fcc-like Fe were for example realized by
growth on Cu(111), which has only a marginal lattice mismatch compared to
the W-phase [156]. Accordingly, the formation of n-Fe on a suitable substrate
material can be imagined without the need of externally applied pressure. The
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7 Growth of Fe on Be(0001)

nearest neighbor distance on the hexagonal Cu(111) surface is 255 pm and thus
still unapt to simulate the compression in n-Fe. Fe film growth in continuation
of a hcp substrate was achieved for example on Re(0001), but in this case with
a larger basal lattice constant of 0Re = 276 pm [12]. With its smaller surface
lattice constant of 0Be = 228 pm, Be(0001) is a candidate material to host Fe
films in a compressed configuration. A prerequisite to realizing n-Fe grown on
Be(0001) is that the growth occurs either pseudomorphically, meaning in direct
continuation of the substrate’s crystal structure, or in a relaxed hcp-structure
with a basal lattice constant of 0 ≤ 245 pm. The lattice mismatch between the
basal planes of Be and n-Fe is 7.5 %, putting compressive stress on hypothetical
pseudomorphic Fe films.

The growth mode of films on substrates depends on which configuration
minimizes the total free energy. A wetting of the substrate by an adlayer will be
favored if

Ws > Wa + Wi + We, (7.1)

where Ws and Wa are the substrate and adlayer free energies per surface unit,
respectively, Wi is the interfacial energy per surface unit, and We is the strain
energy in the adlayer per surface unit [155, 157]. This is the prerequisite for the
Frank-van der Merwe growth mode, in which each adlayer is fully closed before
growth of the next layer commences.

Adversely, for
Ws < Wa + Wi + We, (7.2)

the Volmer-Weber growth mode is favored. In this growth mode, islands of
multiple atomic layers in height form on the substrate instead of a closed layer.
Generally, interfacial and strain energies may vary based on the adlayer thickness,
leading to the Stranski-Krastanov mode: island growth that sets in after a number
of full atomic layers are completed. Also in the Volmer-Weber mode, with
increasing amount of deposited material, islands will eventually coagulate and
fully cover the substrate surface.

Apart from the growth mode as described above, the atomic configuration of
films or islands is of interest. Even for crystalline adlayers or islands, there exists
another degree of freedom, namely the stacking with respect to the substrate
lattice. For Be(0001) there would be the possibility of adatoms to occupy sites
that continue the hcp substrate’s A-B-A stacking, where atoms in every second
layer align along the 2-axis. Likewise, overgrown structures may assume the
A-B-C stacking, where atoms in every third basal layer match up. In principle,
for every additional atomic layer added to a film — or island — two different
stacking scenarios exist. Nucleation of adlayers may happen simultaneously in
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7.2 Growth for room temperature deposition of Fe

different adsorption sites, leading to coexistence of differently stacked structures
on a surface.

For the Be(0001) substrate, DFT calculations yieldWBe = 1.8 J m−2, whileWFe
ranges from 2.2 J m−2 to 2.7 J m−2 for different high-symmetry surface termina-
tions of the bcc-phase [158]. For the fcc Fe(111) and the hcp Fe(0001) surfaces
WFe(111) = 2.7 J m−2 andWFe(0001) = 2.9 J m−2 were calculated [159]. This means
that — according to the considerations above — a smooth layer-by-layer growth
of Fe on Be(0001) can generally not be expected. However, the surface free
energies alone are insufficient to thoroughly predict the growth behavior of an el-
ement on a substrate as they correspond to equilibrium conditions. MBE growth
is a dynamical process, in which adatoms condense on the substrate one at a
time and coalesce to ever growing structures. The equilibrium configuration can
only form if the mobility of the adatoms is high enough to allow the required dy-
namics [157]. The surface mobility can be influenced by the temperature during
Fe deposition. Even after deposition, the surface morphology can be influenced
by post-annealing. It is to note that even for the same substrate temperature, the
resulting surface configuration may differ depending on whether the adatoms
are deposited at this temperature or whether the temperature is increased after
deposition. This is because the energetically preferred state may depend on
the number of adatoms or adlayers already present on the surface. Also, the
activation energy needed to transfer once-formed structures or clusters into the
equilibrium configuration may exceed the thermal energy [157]. Accordingly,
a state forming dynamically on a hot substrate for initially small coverages may
not be attained if the sample is heated only after cold deposition of the same
total amount of deposit.

7.2 Growth for room temperature deposition of Fe
To study the actual growth, Fe was deposited by evaporation from a rod onto
the clean Be(0001) surface prepared as described in section 5.3. Values for
the deposited Fe amount are given as the number of MLs it would create on
Be(0001) in case of pseudomorphic growth with one Fe atom per surface unit
cell of Be(0001).

First, an amount of Fe equivalent to 1 ML was deposited at room tempera-
ture at a rate of 0.5 ML/min without further post-annealing of the film. The
sample was then transferred into the cold VT-STM and imaged at ) = 60 K.
Figure 7.1 (a) depicts the resulting sample surface. Compared to the clean sub-
strate surface, separated islands of approximately 10 nm in diameter formed on
extended terraces. Along step edges, traced by the broken line, elongated islands
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Figure 7.1: (a) Constant-current STM image of 1 ML Fe/Be(0001) deposited at room temper-
ature. The broken line traces a step edge in the substrate. Islands grow on terraces and at step
edges. (b) Higher resolution image of the area inside the blue square in (a). Small clusters are
visible in between the larger islands. (c) Height profile along the gray line in (a). The apparent
heights of clusters and islands are traced with broken lines. Experimental parameters: � = 1 nA,
* = 700 mV, ) = 60 K, Cr tip.

that trace the step edge are found. In between the islands on the terraces there are
small clusters of approximately 1 nm in diameter as can be seen in the zoom-in
image in Figure 7.1 (b). A height profile along the gray line in Figure 7.1 (a) is
depicted in Figure 7.1 (c). There, I = 0 is fixed to the lowest I-value along the
line. The corrugation of the clusters measures 1.4 Å. The islands appear most
abundantly with a corrugation of approximately 5.5 Å and more scarcely with
7.9 Å. Occasionally, small islands of smaller height can be observed.

Consequently, the islands grow in a three-dimensional fashion with higher
layers forming before a closed single layer is achieved, according to the Volmer-
Weber mode. Islands with a corrugation of∼ 5.5 Å seem to appear preferentially
at an effective coverage of 1 ML. Based on the apparent height difference to the
next highest islands ofΔI ≈ 2.40 Å, these islands can be interpreted as two layers
of Fe. However, there is a substantial variation in the corrugation of islands and
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7.2 Growth for room temperature deposition of Fe

some appear peaked like three-dimensional clusters instead of flat-topped. The
appearance of rough islands and clusters indicates that pseudomorphic growth
of Fe on Be(0001) does not occur in extended structures for room temperature
deposition.

Effects of post-annealing after growth at room temperature

Post-annealing at higher temperatures than the deposition temperature is a com-
mon way of achieving more uniformly grown thin films. The increased thermal
energy enables deposited atoms to overcome possible energy barriers hindering
a rearrangement into a structure that minimizes the total energy. A sample of
Θ = 1 ML was subjected to a series of annealing treatments summarized in
Table 7.2. The sample was heated on a resistive heating element and then held
in the respective temperature range for the quoted duration. The spread in the
temperatures is caused by the slow heating-up of the element for low heating
powers.

Treatment # Annealing temperature (°C) Duration

1 200-240 20 min
2 300-310 30 min
3 350-370 20 min
4 400-415 20 min

Table 7.2: Compilation of the post-annealing treatments applied to a sample of Θ = 1 ML of
Fe/Be(0001).

STM images of islands on the sample surface after treatments 2 and 4 are
exemplarily shown in Figure 7.2. Compared to the morphology before heating
(cf. Figure 7.1), at ) ≤ 310 °C the islands are observed to roughen, as can
be seen in Figure 7.2 (a). The granular structure of the islands surface can be
seen in the differentiated image. At higher temperatures of up to 415 °C and for
longer elapsed annealing duration, smooth areas form in between these granular
structures (see Figure 7.2 (b)). The higher-resolution image in the inset reveals
standing waves on such a smooth, low lying area. A period of the standing
waves of (337 ± 8) pm, or a wave vector of @ = (18.7 ± 0.4) nm−1, was deduced
from the line profile across this standing wave pattern. This wave pattern can be
compared to the expected wave number for Friedel oscillations in the Γsurface
state on Be(0001) at* = 60 mV as deduced in section 6.3. Comparison yields a
good agreement with the expected value of @ = (18.6 ± 0.2) nm−1 along [1010].
The line profile investigated here deviates from the [1010] direction by 25°, but

75



7 Growth of Fe on Be(0001)

the data is still comparable because of the small anisotropy of the surface state
near �F of ∼ 2 % [29]. Accordingly, the area exhibiting the wave pattern can be
interpreted as bare Be(0001).

An increase in temperature allows or accelerates the formation of energetically
stable structures on the surface that were hindered by an activation energy at
lower temperatures. Instead of the intended smoothing, post-annealing of room
temperature-grown islands roughens the surface morphology for temperatures
up to 310 °C. A further increase of the temperature to 415 °C leads to the
exposure of Be(0001) in parts of the sample. This can be understood by the gain
in energy associated with the lower surface energy of Be compared to Fe [158,
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Figure 7.2: Post-annealing of a room temperature-grown sample of Θ = 1 ML Fe/Be(0001).
(a) STM image of an island on the sample after annealing treatment 2 at 300 °C. The constant-
current I contour (top) and its numerical differentiation (bottom) are shown. The island’s
surface has roughened compared to before the heat treatment. (b) STM image of an island on
the sample after annealing treatment 4 at 400 °C. Smooth areas appeared between rough island.
Experimental parameters: � = 1 nA, * = 100 mV, ) = 60 K, W tip. The inset shows a zoom to
a smooth area, exhibiting a standing wave pattern of 337 pm (see line profile) characteristic for
the Be(0001) surface (� = 1 nA, * = 100 mV). The data was acquired together with Vojtěch
Přikryl.
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7.3 Growth for Fe deposition at elevated temperatures

159]. An increase in temperature furthers the agglomeration of Fe, leaving a
higher total surface area of the energetically favored Be(0001).

7.3 Growth for Fe deposition at elevated
temperatures

After extended films of Fe/Be(0001) were not achieved by room temperature
deposition and subsequent annealing, the deposition of Fe onto a substrate held
at elevated temperatures was studied. A higher substrate temperature increases
the mobility of deposited atoms and may lead to better ordering during the
growth process compared to deposition at room temperature. This is due to the
fact that the nucleation density decreases with increasing substrate temperature
and consequently larger, continuous films may form instead of many small
clusters [160]. The growth at elevated temperatures will be presented with
increasing Fe coverage Θ in the following.

7.3.1 Growth for Fe coverages ≤ 0.2 ML
Figure 7.3 (a) shows an image of 0.2 ML of Fe deposited onto Be(0001) at
) = 300 °C. The temperature was held for 10 min after deposition before
removing the sample from the manipulator. Despite the lower coverage, the
resulting islands are wider compared to the deposition at room temperature in
Figure 7.1. Another qualitative difference lies in the islands’ edges that follow
the high-symmetry directions of the substrate. Again, elongated islands have
formed along a step edge, indicated by an arrow.

A histogram of I evaluated on the large upper terrace is plotted in Fig-
ure 7.3 (b). Three peaks can be identified, corresponding to the substrate and
to islands of two dominant levels in apparent height. The shoulder on the first
peak is caused by clusters scattered between islands. In certain areas these
clusters appear especially dense. These areas are identified as warped parts of
the surface due to underlying bubble defects originating from Ar+ sputtering (cf.
Figure 5.6). One peak in the histogram, labeled with H1, is measured with a
corrugation of 2.96 Å above the substrate and corresponds to two free-standing
islands in Figure 7.3 (a). The second kind of islands, corresponding to peak
H2, appears more abundantly and is measured 1.77 Å higher. Interestingly, this
height difference corresponds to one atomic distance in Be along the 2-axis(
2/2

)
= 1.79 Å.

A magnified image of one H2 island and the surrounding area is shown in
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Figure 7.3: (a) Constant-current STM image of a Be(0001) terrace after deposition of 0.2 ML
of Fe at ) = 300 °C at a rate of 0.04 ML/min. Elevated regions appear along a step edge
(arrow). On the terrace, islands of two dominant levels in apparent height H1 and H2 are
found. Additionally, small clusters exist on the terrace, especially densely on bubble defects.
Experimental parameters: � = 0.2 nA, * = 400 mV, ) = 40 K, Cr tip. (b) Histogram of I
evaluated on the large terrace in (a). The three peaks correspond to the substrate and to islands
of the two different apparent heights. (c) Magnification of an island in (a) of dominant apparent
height H2. (d) Line sections across this island reveal three additional levels of I within this
island: A small area of height H1 and additional terraces offset by 1.8 Å from the substrate and
2.1 Å from H2.

Figure 7.3 (c). The surface of the island is not uniform in height as multiple
nuances in the constant-current STM image reveal. Two line sections across the
island are depicted in Figure 7.3 (d). They reveal discrete steps in I. The center
of the island measures ΔI = 1.8 Å with respect to the substrate. Further offset by
1.1 Å is a narrow terrace corresponding to the apparent height H1. The largest
areas on the island are of height H2, offset by another 1.8 Å. And a small terrace
approximately 2.1 Å higher exists. To understand this growth mode, we will in
turn examine the clusters scattered across the surface, the stripes growing at step
edges of Be(0001) and the free-standing islands in more detail.
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Figure 7.4: Constant-current STM image of a step edge separating Be(0001) terraces with a
coverage of 0.1 ML Fe deposited at) = 300 °C at a rate of 0.2 ML/min. (a) Color scale chosen to
identify clusters. On the upper terrace clusters form densely at the step edge and more sparsely
away from it. (b) The same image with the color scale adapted to emphasize details between the
clusters away from the step edge. A standing wave pattern with@ = (17.9 ± 0.4) nm−1, evaluated
over six periods inside the marked rectangle can be seen. It is characteristic for Be(0001)
surface state electrons scattering from the clusters. Experimental parameters: � = 100 pA,
* = −100 mV, ) = 40 K, Cr tip.

To examine the clustering, a sample with a lower coverage Θ = 0.1 ML of
Fe grown at ) = 300 °C was prepared. Figure 7.4 (a) shows the clustering on
the Be(0001) substrate near a step edge. Dense clustering is observed in an
approximately 7 nm wide stripe on the upper terrace at the step edge. Further
away from the edge, individual clusters of sub-nanometer size can be seen. In
Figure 7.4 (b) the color scale is adjusted to reveal details on the upper terrace.
A standing wave pattern with @ = (17.9 ± 0.4) nm−1 is found in between the
clusters. This value agrees with the wave vector @ = (18.2 ± 0.2) nm−1 of
Friedel oscillations in the Be(0001) surface state at * = −100 V. In this
respect, the surface in between clusters retains the expected substrate properties.

For Θ = 0.2 ML, the stripes at step edges grow already in multiple layers, as
was observed in Figure 7.3. A higher resolution image is shown in Figure 7.5.
Films of different apparent height are marked H0-H2. Line profile 1 shows
the step height of the substrate of 1.8 Å. Clusters on the substrate appear with
corrugations of up to 0.8 Å. The films grown in stripes along the step edge
have occasional depressions in them. The line profiles 2 and 3 cross the films
through such depressions. The film’s surface appears rough compared to the
substrate. H0 appears with a corrugation of 1 Å relative to the substrate. H1 has
a corrugation of 2.8 Å and a depression inside it that is offset by 1.8 Å from the
substrate. The apparent height of H2 is 4.6 Å. Interestingly, the films grow in
a layered structure with an apparent height of 1.0 Å + = × 1.8 Å with the layer
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Figure 7.5: Detailed constant-current STM image of the step edge in Figure 7.3. Line profile 1
crosses a step in the Be(0001) substrate of height 1.8 Å. Clusters appear with an apparent height
of up to 0.8 Å. Lines 2 and 3 cross various areas were films have formed. The films on the upper
terrace appear with an apparent height of ca. 1 Å (orange). Steps of ΔI ≈ 1.8 Å are colored
in gray and interpreted as layers of Be. Experimental parameters: � = 1 nA, * = 400 mV,
) = 40 K, Cr tip, Θ = 0.2 ML.

index = = 0, 1, 2. The offset of ΔI = 1.8 Å between layers corresponds to the
height of one layer of Be(0001). The areas below the line profiles are colored
accordingly.

In order to understand this phenomenon, a comparable analysis of a free-
standing island of height H1 is shown in Figure 7.6 (a). Also on this island
depressions are evident. The line sections reveal that the depressions in the
island’s surface appear again 1 Å in depth, same as for the films at step edges.
The island itself has an apparent height of 2.8 Å with respect to the substrate,
differing by ∼ 0.1 Å compared to Figure 7.3. This difference may stem from the
higher setpoint current of 1 nA in this case, compared to 0.2 nA in the latter.

With the high apparent barrier height of Be(0001), the current falls off more
rapidly with tip-sample separation compared to structures of lower barrier height
like Fe. The decay constant of the tunnel current into the vacuum ^Be for the

80



7.3 Growth for Fe deposition at elevated temperatures

5 Å

0 Å

5 nm

1

2

3

0 10 20 30 40

0

3

z
(

)
Å

x (nm)
0 10 20 30 40

x (nm)
0 10 20 30 40

x (nm)

1.8 Å

0.4 Å 1.0 Å

Line 1 Line 2 Line 3

5 Å

0 Å
5 nm

Fe/Be(0001) island(a)

Be(0001) substrate(b)

z
(

)
Å

0 5 10
1

2

3

4

x (nm)

1.8 Å

step height:

edge corr.: 0.4 Å

Figure 7.6: (a) Detailed constant-current STM image of a free-standing island grown at ) =

300 °C with Θ = 0.2 ML. Large depressions on the island are exemplarily marked by arrows.
Line sections across the island including the depressions are shown below. (b) For comparison:
STM image taken with the same tunneling parameters on Be(0001) and line section across a
step edge. The step height of 1.8 Å is reflected in the island in (a), and also the ridge of 0.4 Å at
the Be(0001) step is found at the edge of the island as well. Experimental parameters: � = 1 nA,
* = 400 mV, ) = 40 K, Cr tip.
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Figure 7.7: Sketch of the influence of a change in cur-
rent on the constant-current contour across materials
with different decay constants. Changing the current
setpoint by a factor of 5 from 0.2 nA to 1 nA leads
to a decrease in the measured corrugation of Fe on
Be(0001) by 10 pm.
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Be(0001) substrate was measured in section 6.4.3. At* = 400 mV it amounts to
^ = 1.25 Å−1. For Fe, ^Fe = 1.09 Å−1 can be deduced from the literature value
of the work function q = 4.7 eV [161]. The situation in STM is schematically
depicted in Figure 7.7. When the current is increased from 0.2 nA to 1 nA, the tip
approached the sample surface according to � ∝ exp (−2^I) [45]. On Be(0001),
the necessary difference is 0.64 Å, while it is 0.74 Å for Fe. Consequently, the
measured corrugation of Fe films is diminished by 0.1 Å. This means that the
observed corrugation of Fe films in STM with respect to the substrate is highly
dependent on the tunneling parameters. Furthermore, the films’ surfaces are
rough with grains varying by approximately ±0.2 Å in apparent height from the
mean value.

Line 1 in Figure 7.6 (a) crosses an edge of the island where a wide depression
occurs. The height profile exhibits a 0.4 Å high ridge at this edge. Comparable
ridges are found at step edges of bare Be(0001), as can be seen in Figure 7.6 (b).
We have seen that the offsets in height between layers of Fe/Be(0001) islands
correspond to the step height of Be(0001). This motivates that the islands may
indeed consist of layers of Be topped with Fe at the surface. The characteristic
ridge observed at an edge of an island where the underlying layer is exposed
substantiates this theory. Interesting in this respect is that films on islands have
a corrugation of at least 2.8 Å while thinner films of only 1 Å exclusively grow
at step edges. During preparation of the substrate, free-standing Be islands were
never observed to arise during heating. Consequently, the supposed Be content
inside the islands seems to stem from the interactions with deposited Fe.

A model for growth of islands with Be content is shown in Figure 7.8. In this
model, Fe sinks into the Be(0001) surface and freed Be atoms form islands or
migrate to step edges. Fe settles preferentially on these dynamically growing
areas, leading to densely covered films of height H0, H1, H2, and so forth. In
this model, films of different thickness are expected to have identical physical
properties. Tunneling spectra acquired on islands of different height would
hence be expected to show similar characteristics.

Figure 7.8: Model for growth of
Fe/Be(0001) islands based on inter-
mixing. Deposited Fe atoms sink
into the substrate. Be atoms in turn
move to step edges or form islands.
Fe atoms form more densely on the
upper side of step edges or on islands.
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Figure 7.9: Scanning tunneling spectroscopy of Fe/Be(0001) islands and films of various height.
(a) Constant-current STM image showing various islands classified as H0-H2 based on their
apparent height found in the line profiles shown in (b). Experimental parameters: � = 0.1 nA,
* = −400 mV, ) = 40 K, Cr tip. (c) STS performed on five different areas labeled A-E in (a).
The spectra are averaged over 2-4 points, marked by crosses. Stabilization conditions: � = 1 nA,
* = −400 mV, *mod = 20 mV, 5 = 4815 Hz. The data was acquired jointly with Radek Dao.

STS on Fe/Be(0001) islands and films

Tunneling spectra were acquired on areas of different apparent height, both on
free standing islands, and at step edges. The results are displayed in Figure 7.9.
Figure 7.9 (a) shows the areas under investigation labeled A-E. Based on the
line profiles shown in Figure 7.9 (b), area A is classified as a film of height H0,
B and C as H1, and D and E as H2.

The spectra were averaged over several points per area, indicated by crosses
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7 Growth of Fe on Be(0001)

in Figure 7.9 (a). The results are displayed in Figure 7.9 (c). All spectra
share common features, namely a steep increase in tunneling conductance for
increasing negative bias values, and a relatively constant conductance for positive
bias. In spectrum C, there is a hump at around* = −0.5 V. Apart from that, no
characteristics of specific film thicknesses or differences between free-standing
islands and films at step edges can be attested within the measurement accuracy.
In contrast to spectra on Be(0001), the conductance is not falling continuously
for 0.1 V < * < 1 V, but rather constant. Tunneling spectra acquired on Fe(001)
exhibit a sharp peak at ∼ 0.2 V that is not reflected in the experimental spectra
either [162]. In this respect, the spectra of Fe/Be(0001) deviate from both,
typical Be(0001) and typical Fe spectra.

We have seen that deposition of Fe at 300 °C led to growth of laterally more
extended islands compared to room temperature deposition. The vertical spacing
of these islands and tunneling spectra suggest that layers of Be exist in these
islands.

Effect of post-annealing on Fe/Be(0001) islands

The same sample discussed in the previous section was further annealed for
90 min at temperatures between 380 °C and 400 °C to investigate the influence
of higher temperatures on the growth and if this leads to more extended or better
ordered films.

An STM image of an island after the annealing is shown in Figure 7.10. The
surface morphology of the island differs from the state before annealing. Most
of the island’s surface is smooth with rough areas on its rim and in its center.
The inset of Figure 7.10 (a) shows a zoom-in on the island’s surface with an
adjusted color scale. Standing waves with @ = (19.2 ± 0.4) nm−1 are revealed
on the smooth area. This value deviates from the Friedel oscillations on pristine
Be(0001) with @ = 18.5 nm−1 by only 4 %.

Figure 7.10 (b) depicts a height profile along the white line in Figure 7.10 (a).
The smooth part of the island lies 5.36 Å above the substrate, corresponding to
exactly three atomic steps in Be along the principal crystallographic axis. The
disordered part at the edge of the island appears with an apparent height of
6.10 Å. This indicates that the island’s surface is actually Be(0001), which is a
peculiar observation as free-standing islands were not observed on the substrate
prior to Fe deposition.

Figure 7.10 (c) depicts the simultaneously acquired d�/d* -image of the island
and the surrounding substrate. We see that the annealing lowered the density of
clusters on the substrate surrounding the island. The d�/d* values measured on
the island show more spatial variations compared to the lower lying substrate,
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Figure 7.10: Effect of higher temperature annealing on islands. (a) An island observed after
deposition of 0.2 ML Fe at ) = 300 °C and annealing to 380 °C-400 °C for 90 min. The island
exhibits disordered apparent elevations in the center and at edges. The inset highlights standing
waves observed on the smoother part of the island. (b) Height profile across the line indicated
in (a). (c) Differential conductance map acquired simultaneously with (a). The deviations of
d�/d* on the island are considerably larger than on the surrounding substrate. Experimental
parameters: � = 1 nA,* = 40 mV,*mod = 40 mV, 5 = 4185 Hz,) = 40 K, Cr tip. (d) Tunneling
spectra averaged over several points on the smooth part of the island (green) and on the elevated
edge (red). For comparison, a spectrum taken on island "C" in Figure 7.9 before post annealing is
shown (blue). Broken lines mark peaks in the spectrum after annealing. Stabilization conditions:
� = 1 nA, * = −400 mV, *mod = 20 mV. The data was acquired jointly with Radek Dao.

indicating differences in the electronic structure, despite the observed standing
wave pattern on the island’s surface.

Scanning tunneling spectra obtained on the Be(0001)-like parts of the island
(green) and on the rough edge of the island (red) are shown in Figure 7.10 (d).
The increase of conductance at* ≈ 1 V in the green curve is a characteristic of
Be, marking the onset of the bulk conduction band. This sudden increase is not
found in the red curve. Both curves differ from the spectrum obtained before
annealing. For comparison, a spectrum acquired on island C in Figure 7.9 is
displayed in blue. On the negative bias side it is similar to the spectrum acquired
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7 Growth of Fe on Be(0001)

on the island’s edge after annealing. Both spectra taken after annealing display
peaks, indicated by broken lines, on the negative bias side that were not found
before annealing and do not occur for pristine Be(0001), either [123]. These
peaks may originate from electronic states of the tip as the tip’s microscopic
configuration has changed in between the experiments.

The combined observation of the characteristic standing wave pattern, spec-
troscopic evidence, and a step height of multiple atomic distances indicates that
Fe deposition onto Be(0001) followed by annealing to ) > 380 °C produces is-
lands on the surface with a terminal layer of high Be content. The deviations in
d�/d* may be a hint on foreign atoms in these islands, possibly Fe. Apparently,
deposition at 300 °C leads to the creation of larger islands of well defined height
and shape compared to room temperature deposition. But annealing at higher
temperatures eventually overcomes the activation energy to bare Be(0001) in
favor of Fe. A model of this interpretation of the growth is depicted in Fig-
ure 7.11. Fe incorporation into the island’s volume could explain the observed
deviation of 4 % in the standing wave period compared to the pristine surface
due to doping or modification of the effective electron mass. For example dif-
ferent ARPES studies found significant variations in the effective mass of the
Be(0001) Γ surface state between 1.19<e and 1.27<e [86, 142]. Even during
deposition at ) ≤ 300 °C, this diffusion may already take place at a lower rate.

Figure 7.11: Model for the ef-
fect of annealing at ) > 380 °C
on Fe/Be(0001) islands grown at
) = 300 °C. Fe atoms cluster
or diffuse into the islands, baring
areas of Be(0001) at the island’s
surface.

annealing

Fe Fe

Be Be[0
0

0
1

]

7.3.2 Ordered Fe/Be(0001) films forming for Fe coverages
≥ 0.5 ML

The deposition temperature will be limited to approximately 300 °C in the follow-
ing to allow for growth of extended structures, and the heating after deposition
will be kept as short as possible to prevent the grown structures from disinte-
gration. The heater is switched off directly after deposition and the sample is
taken from the heating stage in under five minutes. The morphology of the films
was studied in dependence of Fe coverage with the goal of identifying extended,
ordered films.
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Figure 7.12: (a) Constant-current STM image of a step edge in the Fe/Be(0001) surface after
deposition of 0.5 ML of Fe at) = 300 °C. A closed film, approximately 20 nm wide has formed at
the edge. On the terraces left and right of this edge, the growth occurred in clusters. Experimental
parameters: � = 100 pA, * = 600 mV, ) = 60 K, Cr tip. (b) Higher resolution STM image of
the border between cluster and film growth. A local ordering in a hexagonal pattern is visible. A
line section of the image across the pattern is visible below. The oscillations in the I-corrugation
have a period of (450 ± 20) pm. Experimental parameters: � = 1 nA, * = −100 mV, ) = 60 K,
Cr tip.

Deposition of 0.5 ML of Fe

Figure 7.12 (a) depicts a step edge on the sample surface after deposition of
Θ = 0.5 ML of Fe. The first striking feature of this step edge is that it shows
kinks and notches, in contrast to the usually straight running step edges on
the Be(0001) surface after the cleaning procedure described in section 5.3.
Discontinuous clusters are found on both sides of the step edge. In between,
a continuous film of approximately 20 nm in width exists on the upper terrace,
following the course of the step. In this respect the growth behaves comparable
to the sample with a coverage of only 0.2 ML (cf. Figure 7.5). The stripe
grown at the step edge grew wider with the increased deposited amount, and the
substrate farther away is more densely covered with small clusters.

But the structure of the film along the step edge has changed. In Fig-
ure 7.12 (b), the border between cluster and film growth on the upper terrace is
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7 Growth of Fe on Be(0001)

shown in more detail and with tunneling parameters ensuring a closer tip-sample
separation. On the continuous film, dots appear that form an ordered hexagonal
pattern (indicated by a white hexagon). The pattern aligns with the directions of
step edges and accordingly with the high-symmetry directions of the Be(0001)
substrate. A height profile measured along these locally ordered dots reveals a
periodicity of (450 ± 20) pm, approximately twice the basal lattice constant 0 of
Be. Hence, for deposition of at least 0.5 ML of Fe at 300 °C, an ordered growth
reflecting the underlying Be(0001) lattice commences. The evolution of this
growth with increasing Fe coverage is presented in the following.

Deposition of 1 ML of Fe

The Fe coverage was increased to Θ = 1 ML. On extended terraces, this leads to
the growth of stepped pyramidal islands as can be seen in Figure 7.13 (a). The
islands exhibit up to six consecutive terraces (labeled with numbers) that are
separated by steps of atomic height. The basal layer is labeled "B". This layer
shows a rougher corrugation in I compared to the islands, as can be seen in the
exemplary line profile (green). A possible explanation of this roughness could
be that the deposited Fe does not exclusively form islands but also resides on
or in the basal layer. This can be understood as a consequence of the clustering
observed for lower Fe coverages growing denser.

A histogram of I-values measured on the labeled island in the upper left
corner and the basal layer around it is plotted in Figure 7.13 (b). The frequency
of occurrence of data points d for a certain I-value is given in arbitrary units. The
peaks in the histogram corresponding to the basal layer and the five labeled layers
of the island are indicated accordingly. The peak positions Iabs as determined
by Gaussian fits and the height differences Irel between them are compiled in
the adjacent table. It is apparent that the layers of the island are not uniformly
spaced. The steps between second and third, as well as between third and
fourth layer measure approximately 180 pm, coincident with the lattice spacing
in Be. The other step heights range from 159 pm to 223 pm, well in the range
expected for monatomic steps. The large deviation of consecutive step heights
motivates that the growth mechanism of islands may be more complex than pure
layer-by-layer growth with a single preferred stacking.

Figure 7.13 (c) depicts zoomed STM images of consecutive terraces of layers
B to 4. Hexagonally ordered patches can be seen on layers 3 and 4. On layers 1
and 2, the ordering can be seen to emerge in patches spanning only a few lattice
points. The basal layer appears completely disordered.

The island in the top left corner of Figure 7.13 (a) was used as the basis
for an exemplary spectroscopic study of the Fe/Be(0001) system. Constant-
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7.3 Growth for Fe deposition at elevated temperatures

current I and d�/d* data obtained at a bias voltage of * = −100 mV is shown
in Figure 7.14 (a) and (b), respectively. Layers 1 and 2 exhibit a differential
conductance similar to the basal layer at this bias voltage. Layers 3 and 4 show a
higher d�/d* and layer 5 appears with an intermediate level in d�/d* . Important
to note is, that the ranges of measured d�/d* values on all areas are strongly
overlapping. This indicates that the spread in d�/d* found on an individual
layer is greater than the difference between average values for different layers.

Tunneling spectra in the range of −1.5 V < * < 1.5 V acquired on all five
layers of the island in addition to the basal plane are shown in Figure 7.14 (c). The
spectra acquired on the basal plane and the two consecutive layers are similar to
the spectra measured on islands for Θ = 0.2 ML of Fe (cf. Figure 7.9). Spectra
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Figure 7.13: (a) Constant-current STM image of Be(0001) after deposition of 1.0 ML of Fe at
) = 300 °C at a rate of 0.24 ML/min. The line section shows the roughness of layer B compared
to an island. (b) Histogram of I measured on and around the stepped island in the top left corner
of (a) with a fit of six Gaussians to it (red). The resulting peak positions Iabs and differences
between consecutive peaks Irel are compiled in the table. The maximum standard deviation of
the peak positions is 3 pm. (c) Zoom-ins on a stepped Fe/Be(0001) island in (a) showing a
local ordering on consecutive terraces. Experimental parameters: (a) � = 0.2 nA, (c) � = 1 nA;
* = −200 mV, ) = 40 K, Cr tip. The data acquisition was done jointly with Radek Dao.
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Figure 7.14: STS on a stepped Fe/Be(0001) island. Constant-current STM image (a) of an
island with a maximum height of five atomic layers relative to the basal plane B and the
simultaneously acquired differential conductance (b). Local layer heights are indicated by
numbers. Parameters: * = −100 mV, � = 1 nA, ) = 40 K, *mod = 40 mV, 5 = 3667 Hz, Cr tip.
(c) Tunneling spectra acquired on all the areas labeled in (a). The spectra are vertically offset for
clearer separation. Broken lines indicate offset zero points in d�/d* . Stabilization conditions:
� = 1 nA, * = −100 mV, *mod = 40 mV, 5 = 3667 Hz. The tunneling spectra were acquired by
Radek Dao.

of layers 3 and 4 are similar to each other but deviate from spectra B, 1, and 2 by
a stronger slope for negative bias values. Spectrum 5 resembles spectrum 4 apart
from a rising flank at * < −1 V. None of the spectra is similar to the spectrum
of pristine Be(0001) in Figure 6.6 (a) with a strongly increasing conductance
at the bulk conduction band onset near * ≈ 1 V. The height of the first layer
with respect to the Be(0001) substrate can not be ascertained as the substrate is
densely covered by Fe clusters. Consequently, the growth of Fe on Be(0001) at
elevated temperatures of ) ≈ 300 °C takes place on an extended basal plane in
addition to island growth.

Influence of prolonged annealing on the growth mode

In order to understand the dynamic processes governing the growth, this same
sample with a nominal coverage of Θ = 1 ML of Fe was further annealed at
the deposition temperature of ) = 300 °C for a total of 3.5 h. The surface
morphologies before and after annealing are compared in Figure 7.15 (a) and
(b). While individual stepped islands on a common basal layer can be seen
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Figure 7.15: Changing morphology with longer heating after Fe deposition. (a) Constant-
current STM image of Θ = 1 ML Fe on Be(0001) deposited at ) = 300 °C. (b) The same
sample after additional annealing at 300 °C − 325 °C. Individual islands have merged to form
extended structures. Occasionally triangular islands formed on top (marked by arrows). (c)
Higher resolution STM images of the triangular islands and the underlying terraces. Both
islands exhibit local order in the surface (panels 1 and 3). The left island is surrounded by a
terrace showing no order (panel 2), while the terrace below the right island is ordered as well
(4). Experimental parameters: (a) * = 400 mV, � = 200 pA, (b) * = 400 mV, � = 100 pA, (c)
* = −200 mV, � = 1 nA; ) = 40 K, Cr tip.

before annealing, after annealing more interconnected, and wider structures are
found.

Occasionally, islands with straightened edges are observed after the annealing,
culminating in triangular islands indicated by arrows in Figure 7.15 (b). The
formation of triangular islands on hexagonally ordered substrates is a common
observation. It is driven by two different atomic configurations occurring for step
edges that meet at an angle of 120°. If one edge configuration is energetically
favorable over the other, those will end up longer during growth with the ultimate
result of triangular islands and step edges meeting at 60° [163].
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7 Growth of Fe on Be(0001)

Detailed images, acquired with higher resolution, of the triangular islands and
the lower lying surroundings are shown in Figure 7.15 (c). Both islands show
patches of hexagonally ordered areas on their surface. In case of the left island
(panel 1), the surrounding area shown in panel 2 appears disordered. The right
island in panel 3 on the other hand grows on top of a likewise ordered layer
(panel 4).

We have seen that prolonged annealing at the deposition temperature of 300 °C
changes the surface morphology. It furthers the interconnection of islands
and favors wider terraces. Disordered and hexagonally ordered surface areas
coexist. Some islands assume a triangular shape during the prolonged annealing,
independent of them growing on top of an ordered or a disordered area.

The electronic properties of the surface after annealing were probed by STS.
Constant-current I and d�/d* data of an island are shown in Figure 7.16 (a) and
(b), respectively. The differential conductance image shows contrast between
different areas on the island. The d�/d* contrast is not singularly dependent
on the apparent height of the area as can be seen in the line profile. A higher
resolution image in Figure 7.16 (c) reveals ordered structures on the bright
part of the terrace. On the basal layer in close vicinity of the island, rather
homogeneously appearing areas can be identified (highlighted by a green circle
in Figure 7.16 (b)). The tunneling spectra presented in Figure 7.16 (d) reveal
that this homogeneous area shows spectroscopic signatures of Be(0001), namely
the surging conductance when the bias crosses 1 V and tunneling into the bulk
conduction band of Be becomes possible (cf. section 6.2). This is in contrast to
the spectrum observed on the basal layer before annealing shown in Figure 7.14.
Also, the investigated areas on the island, marked by black and blue circles, still
lack this feature after the prolonged annealing.

This behavior has implications for the interpretation of the observed growth
mode. Be(0001) is first covered at ) = 300 °C but laid bare again in places
after prolonged annealing at this same temperature. Apparently, bare Be(0001)
is energetically favorable but the diffusion of Fe is too slow at this temperature
to yield only island growth. Instead, during deposition, the sample assumes
a metastable state with locally varying degrees of atomic order that slowly
disintegrates when maintaining the temperature for longer periods of time.

Growth of extended films for higher Fe coverages

The density of ordered patches forming during deposition and their size both
increase with increasing Fe coverage. Figure 7.17 (a) depicts the Be(0001)
surface after deposition of 1.6 ML of Fe at 300 °C. Instead of compact islands
on a disordered basal layer, the substrate is covered by a continuous film of
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Figure 7.16: STS on a sample of 1 ML Fe/Be(0001) after annealing at 300 °C-325 °C for 3.5 h.
(a) Constant-current STM image of an island at a step edge after the annealing. (b) Simultane-
ously acquired d�/d* channel. One terrace of an island appears split into two d�/d* levels (cf.
gray line profile). Parameters: * = −200 mV, � = 1 nA,) = 40 K,*mod = 40 mV, 5 = 3667 Hz,
Cr tip. (c) Higher resolution image of the areas appearing bright and dark in (b). A short-range
ordering on the bright area is visible. Parameters: * = −400 mV, � = 1 nA, ) = 40 K, Cr tip.
(d) Tunneling spectra acquired on the basal layer and on areas of the island appearing bright and
dark in d�/d* , respectively. Stabilization conditions: � = 1 nA, * = −400 mV, *mod = 40 mV,
5 = 3667 Hz. The Investigated areas are marked with colored circles in (a-c). After the an-
nealing, the tunneling spectrum acquired on the basal layer exhibits an increase in d�/d* at the
onset of the Be(0001) bulk conduction band. The experiment was carried out by Radek Dao.

varying local thickness. The magnified image in Figure 7.17 (b) shows the
microscopic surface morphology on extended terraces. Both terraces exhibit a
patched hexagonal superstructure with a lattice constant of 0FeBe ≈ 450 pm, that
was observed to start forming at Θ = 0.5 ML in Figure 7.12. The lattice constant
is twice as large as the basal lattice constant of Be. Furthermore, the ordered
patches are oriented parallel to high-symmetry directions of the substrate.

Apparently, the hexagonal crystal structure of Be(0001) is reflected in the
film grown at elevated temperatures, although the film does not grow pseudo-
morphically. To characterize the ordered structures in the Fe/Be(0001) films
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Figure 7.17: (a) Constant-current STM image of 1.6 ML of Fe on Be(0001) deposited at
) = 300 °C at a rate of 0.23 ML/min. A magnified image of the low lying terraces inside
the black rectangle is shown in (b). Depicted is the numerically differentiated I-signal after
application of a Gaussian filter of 2f . Hexagonal ordering is observed even on an extended
terrace. Experimental parameters: (a) � = 50 pA (b) � = 1 nA; * = −200 mV, ) = 40 K, Cr tip.
The data was acquired together with Jan-Hendrik Schmidt.

in terms of symmetry and commensurability with the substrate, high-resolution
STM images with differing directions of the fast scan axis were acquired. In
STM, the slow scan direction is prone to distortions due to random move-
ments of the tip relative to the sample that are induced by thermal expansion.
Avoidance of distortions is important to exclude the misinterpretation of, for
example, a distorted bcc(110) surface as a hexagonal lattice or vice versa. Three
images with the fast scan direction successively rotated by 60° are shown in
Figure 7.18 (b). It is evident that the (horizontal) fast scan direction is nearly
parallel to high-symmetry directions of the structures in the film in all three
cases.

Line profiles along all three directions of high symmetry were extracted
from the scans and fit with a sine function to extract the periodicities _i in
these directions. The results of _1 = (455 ± 2) pm, _2 = (459 ± 3) pm, and
_3 = (454 ± 5) pm show that the structure is indeed a regular hexagonal lattice.
Within the measurement accuracy, the lattice constant measures twice the lattice
constant of Be(0001): 0film = 20Be = 456 pm. Consequently, it can be concluded
that commensurable (2 × 2) superstructures exist locally inside the film.
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(b) Three higher resolution STM images (� = 2 nA;* = −200 mV) of an area in (a) with the fast
scan direction incrementally changed by 60°. An impurity is encircled for orientation. The fast
scan directions are nearly parallel to high-symmetry directions of the ordered surface structure.
Height profiles taken along the three high-symmetry directions are shown below in gray with
sine fits to the experimental data in red. The fitted periods _i of the lattice in the three directions
are indicated.

LEED investigation of Fe/Be(0001)

A LEED experiment was performed to further characterize the superstructure
forming during Fe deposition at 300 °C. Figure 7.19 (a) and (b) show diffraction
patterns of clean Be(0001) and 2 ML of Fe/Be(0001), respectively, for a beam
energy of 80 eV. The clean Be(0001) surface shows only the hexagonal first-
order (1 × 1) diffraction spots of the reciprocal atomic lattice. For the Fe covered
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Figure 7.19: LEED patterns acquired with � = 80 eV of (a) clean Be(0001) and (b) 2 ML of Fe
on Be(0001). Six spots corresponding to the (1 × 1) reflection peaks of the Be(0001) lattice are
visible. After Fe deposition, additional spots corresponding to a (2 × 2) superstructure appear.
(c), (d) LEED patterns of the same samples but acquired with � = 125 eV. On Fe/Be(0001)
the second-order spots of the (2 × 2) structure become visible at this energy. The reciprocal
unit cells of the (1 × 1) and (2 × 2) structures are indicated in red and blue, respectively. The
contrast in the images is artificially increased for better visibility of the smeared out (2 × 2)
spots.

surface, additional faint spots appear at half the distance from the center of the
screen, corresponding to the (2 × 2) superstructure seen in STM. LEED patterns
of the same samples acquired with � = 125 eV are depicted in Figure 7.19 (c)
and (d). At this energy, the diffraction pattern on the screen appears smaller
and second-order spots of the superstructure are visible. The (2 × 2) diffraction
spots appear very faint in the experiment and are smeared out over a wider
area on the screen compared to the (1 × 1) structure. This can be interpreted
as a consequence of the only locally ordered superstructure. Because of the
high degree of mosaicity in the film, atomic distances are less well-defined,
compared to the long-range ordered substrate and the diffraction spots smear
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7.3 Growth for Fe deposition at elevated temperatures

out accordingly. Nevertheless, the orientation of the superstructure is well
defined with reciprocal lattice vectors parallel to the reciprocal lattice vectors of
Be(0001).

Saturation of ordered film growth
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Figure 7.20: (a) Constant-current STM image (top) and its numerical derivative (bottom) of
3.8 ML Fe deposited onto Be(0001) at) = 300 °C at a rate of 0.27 ML/min. Flat terraces coexist
on the surface together with rough hills, several nanometers in height (� = 100 pA,* = 600 mV,
) = 40 K, Cr tip). (b) Height profile across terraces and hills along the white line in (a), showing
the different magnitudes in I-corrugation. (c) High resolution STM image of a terraced area
in (a) (� = 2 nA, * = 175 mV, ) = 40 K, Cr tip). Fourier filtering with a maximum cutoff
periodicity of 1 nm was applied to the image to highlight atomic-scale corrugations on multiple
terraces. The flat terraces in between hills exhibit a well ordered (2 × 2) surface structure with
respect to the Be(0001) lattice.

The Fe coverage was further increased to investigate the range in which
this growth mode persists. This experiment was performed together with Jan-
Hendrik Schmidt [66]. An STM image of a sample withΘ = 3.8 ML can be seen
in Figure 7.20 (a). Because of the protruding structures of several nanometers
on the surface, the differentiated image is additionally supplied. The line profile
in Figure 7.20 (b) shows the coexistence of a flat terraced film, as observed at
lower coverages, and steep, three-dimensional upheavals.

A high-resolution STM image of the terraces is depicted in Figure 7.20 (c).
The image is Fourier filtered to highlight atomic-scale structures on multiple ter-
races. The terraces exhibit again a (2 × 2) structure of improved order compared
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7 Growth of Fe on Be(0001)

to samples with lower Fe coverages (cf. Figure 7.17). From the coexistence
of these well-ordered areas with three-dimensional growth occurring at this Fe
coverage, it can be inferred that there is a maximum local thickness for films
in the (2 × 2) structure. Excess Fe deposited onto the surface gathers in three-
dimensional structures.

Volume analysis of Fe/Be(0001)

We have seen that at an effective Fe coverage of Θ = 0.5 ML, films with a
hexagonal atomic order start to form on Be(0001) that spread over an increasing
portion of the surface with increasing coverage and assume a (2 × 2) superstruc-
ture on the Be(0001) substrate. For coverages Θ ≥ 3.8 ML, these ordered areas
are gradually superseded by disordered 3D structures. Still, the origin of the
ordered superstructure remains unclear. There are several possible explanations
for the observed (2 × 2) structure. One would be a bcc-like Fe growth with a
(111) termination. Another explanation would be a pseudomorphically grown
Fe film under compressive stress with a (2 × 2) surface reconstruction. This
would lead to an observed surface coverage smaller than the nominal coverage
Θ as the deposited material would need to form a pseudomorphic film plus a
relaxed structure on top. This scenario is in contradiction to the observation
of a larger surface area of Be(0001) being covered than would be expected for
a pseudomorphic film of coverage Θ. This is evident in the instance of 1 ML
of Fe in Figure 7.13 (a), covering the Be(0001) surface nearly completely and
additionally exhibiting multilayer islands.

In order to quantify the Be(0001) surface area covered per deposited Fe atom,
an analysis of the volume of Fe/Be(0001) islands was carried out. Figure 7.21 (a)
displays a sample of Θ = 1 ML Fe deposited on Be(0001) at ) = 300 °C. The
sample preparation is identical to the surface area depicted in Figure 7.13 (a).
Here, an exceptionally large surface area of 300 nm × 300 nm without steps in
the basal layer was chosen to analyze the volume of the grown islands. The
lack of step edges circumvents the ambiguous assignment of islands grown at
step edges to thicknesses of one atomic layer more or less on the upper or lower
terrace. Inside the blue circle in Figure 7.21 (a), there is an island visible with
its flat surface destroyed by a preceding contact with the tip. This island was
excluded from the analysis due to its uncertain original thickness.

The islands exhibit stepped surfaces with step heights on the order of distances
between atomic lattice planes. Areas exhibiting corrugations of ≥ 1, ≥ 2, ..., ≥ 5
lattice planes are marked in Figure 7.21 (b)-(f). The projected surface areas of
the marked features were analyzed and divided by the total area of the image.
The result is compiled in Table 7.3.
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1.5 nm0 nm

50nm

(a) Islands of thickness ≥ 1(b)

Islands of thickness ≥ 2(c) Islands of thickness ≥ 3(d)

Islands of thickness ≥ 5(f)Islands of thickness ≥ 4(e)

Figure 7.21: Analysis of the volume of islands for a nominal coverage of Θ = 1 ML of Fe grown
at ) = 300 °C. (a) 300 nm × 300 nm constant-current STM image of multilayer islands grown
on Be(0001). Parameters: * = −200 mV, � = 200 pA, ) = 40 K, Cr tip. The projected surface
areas of islands with corrugations corresponding to thicknesses of 1-5 atomic layers are marked
in green in (b)-(f). A defect encircled in blue in (a) was excluded from the analysis.
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Local island thickness
(atomic layers)

Covered surface area
(unity)

≥ 1 0.59
≥ 2 0.52
≥ 3 0.44
≥ 4 0.33
≥ 5 0.14

Sum 2.02

Table 7.3: List of relative covered surface areas by islands in Figure 7.21 in dependence of local
island thickness. The combined island volume amounts to the equivalent of at least 2.02 atomic
layers.

While 59 % of the surface area is covered by islands of at least one atomic layer
in thickness, the areas covered by five or more layers make up only 14 percent of
the total area. Above five steps, the surface of the islands do not retain a flat finish
and the excess volume is neglected, so that the analysis poses a lower limit for
the real achieved coverage of the substrate. In total, the stepped islands grown
above the basal layer contain enough material to cover the analyzed surface
area at least 2.02 times. Including the area of the defect and assuming it to
originally have been five layers thick would enhance the result to only 2.07-fold
coverage, a negligible difference considering the necessarily imprecise nature
of this analysis.

Counting the basal layer as additionally fully covering the Be(0001) substrate,
it can be concluded that deposition of Fe at ) = 300 °C leads to structures
covering around 3 times the surface area Θ expected for pseudomorphic growth.

Intermixing of Fe and Be forming an alloy with a surface unit cell of 20Be
appears as a plausible explanation for this observation, especially in view of the
low surface free energy of Be(0001) [158]. In this interpretation, Fe is diluted
in an alloyed phase that covers the surface of pure Be(0001). Depending on
the stoichiometry and interatomic spacings inside the alloyed phase, the covered
surface area will be larger compared to pseudomorphic growth. In the following
section, an AES study comparing the chemical surface composition of Fe grown
in islands at room temperature (RT) on the one hand, and of ordered films grown
at ) = 300 °C on the other hand, is presented.
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7.4 Coverage-dependent Auger electron spectroscopy

7.4 Coverage-dependent Auger electron
spectroscopy

In the previous section, we saw that the substrate temperature during Fe depo-
sition has critical influence on the observed growth mode. Deposition of small
amounts of Fe at 300 °C leads to larger islands compared to room temperature
deposition. These larger islands were also observed to develop a ? (2 × 2) super-
structure and to coalesce into extended films for higher coverages. These films
disintegrate during prolonged annealing at 300 °C, uncovering pure Be(0001)
again on the surface. Whether the Fe is concentrated in certain areas on the
surface or diffuses into the Be matrix during the disintegration remains unclear.
Given the low surface free energy of Be(0001), the intermixing of the deposited
Fe with the substrate is plausible. Accordingly, the observed (2 × 2) structures
may already originate from an intermixed state. In order to elucidate this hy-
pothesis, an AES study was carried out on samples grown at room temperature
and ) = 300 °C, respectively. AES provides a chemical sensitivity of a few
atomic layers at the sample surface with decreasing sensitivity for layers lying
deeper below the surface. In case of intermixing at elevated temperatures of Fe
and Be, the decreased Fe content compared to room temperature growth should
be reflected in Auger spectra. The AES study presented here was part of the
master thesis of Karoline Oetker [153] that I supervised in the context of this
work. The experiments were carried out jointly.

For reference of the evaporant material, an Auger spectrum acquired on 20 ML
Fe/W(110) is presented in Figure 7.22. Four major peaks characteristic for Fe
are observed: The measured values of the LMM peaks at 48 eV, 598 eV, 651 eV,
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Figure 7.22: Auger spectrum of 20 ML Fe on W(110). Parameters: �p = 3 keV, �p = 30 µA,
*mod = 5 mV. Peak positions are indicated by arrows and related to elements where possible.
The insets depict zooms to peaks of low intensity. Four peaks characteristic for Fe are labeled.
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7 Growth of Fe on Be(0001)

and 704 eV are in good agreement with the literature values of 47 eV, 598 eV,
651 eV, and 703 eV [60].

Additionally, three minor peaks are observed. The peaks at 213 eV and 275 eV
correspond to Ar and C contaminations found in reference spectra of Fe samples
at 212 eV and 272 eV, respectively [60]. The origin of the peak at 135 eV is
unclear with no corresponding peak of common surface contaminants at that
energy. Noteworthy is the absence of a peak around 503 eV that would indicate
an oxygen contamination. Consequently, AES of the Fe film shows no major
contaminations of foreign metals. The residual surface contaminants found also
exist in reference spectra in literature [60].

After verification of the evaporator material as Fe, an AES study of Fe/Be(0001)
was conducted. Figure 7.23 (a) depicts Auger spectra of Fe/Be(0001) samples of
Θ = 1.0 ML grown at room temperature and at 300 °C, respectively. Exemplary
STM images accompany the Auger spectra to show the surface morphology in
the two growth modes. Auger spectra for Θ = 2 ML together with STM images
of samples in this coverage regime are depicted in Figure 7.23 (b). The spectra
obtained on samples in both growth modes and in both investigated coverages
show the peak at 48 eV characteristic for Fe, as well as the characteristic Be peak
at 105 eV.

The volumetric structure of the investigated Fe/Be system is unknown to us.
For the low coverages under investigation that exhibit smoothly grown films, the
sample can not be expected to have a homogeneous chemical composition within
the sensitivity range of the Auger spectroscopy. For this reason, the quantitative
comparison of a single spectrum to literature spectra through tabulated sensi-
tivity factors for different elements is not feasible. Direct comparison of peak
heights in a Fe/Be(0001) sample to peak heights in reference spectra of pristine
Be(0001) and Fe samples, respectively, may be misleading, too. A reason for
this is that the surface roughness of the inspected samples varies for different
temperatures during Fe deposition, and the surface roughness has influence on
the Auger yield [60]. Auger analysis was used instead to qualitatively examine
the changes in Fe concentration in surface-near layers on Be(0001) induced by
variations of the growth conditions. This is done by comparison of the ratios be-
tween characteristic Fe and Be peaks for samples prepared at different substrate
temperatures during Fe deposition with otherwise identical parameters. As a
measure for the Fe content in surface-near layers, the ratio of the peak intensities
for Fe and Be

j =
�Fe
�Be

=
d# /d� (48 eV)
d# /d� (105 eV) (7.3)

is introduced. The ratio j compares intensities measured on a single sample
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Figure 7.23: Comparison of Auger spectra for growth at room temperature and at ) = 300 °C,
respectively. (a), (b) Auger spectra for Θ = 1 ML and Θ = 2 ML of Fe on Be(0001) grown at
a rate of 0.12 ML/min. STM images with similar Fe coverages grown at room temperature and
at 300 °C, respectively, are exemplarily shown. Deposition at elevated temperatures leads to
an increased intensity of the Be-peak at 105 eV and a simultaneous decrease of the Fe-peak at
48 eV. Parameters: �p = 3 keV, �p = 30 µA, and*mod = 2 mV.

and in a single experiment and should be robust with respect to changing total
intensities due to surface roughness.

In Figure 7.23 (a) and (b) the Auger spectra in the two growth modes deviate
around 48 eV and 105 eV. The intensity of the peaks at these energies, corre-
sponding to Fe and Be, show a dependency on the sample temperature during
Fe deposition. For room temperature deposition, the Fe peak is most prominent.
Deposition at 300 °C leads to an increase of the Be peak in the Auger spectrum
at the expense of the Fe peak.

At Θ = 1 ML, islands and clusters form at room temperature, while at 300 °C
the Be(0001) surface is covered by a disordered and uneven film. It is imagin-
able, that the substrate contributes substantially to the AES signal in both cases
because of the thin coverage and especially because of the bare substrate in inter-
stitial spaces of islands for room temperature growth. This contribution is found
to be stronger for an elevated deposition temperature with j300 °C = 0.90 versus
jRT = 1.79 for room temperature. Even for this low coverage, the deposition
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7 Growth of Fe on Be(0001)

temperature has a measurable influence on the relative peak heights, despite the
large substrate contribution to the AES signal.

For Θ = 2 ML, values of jRT = 3.95 for room temperature deposition and
j300 °C = 1.48 for deposition at) = 300 °C can be extracted. As a consequence,
a higher concentration of Be within the topmost surface layers of the sample
grown at elevated temperatures is expected.

In order to interpret this result, the surface morphologies for the two growth
modes in this coverage regime are compiled in more detail in Figure 7.24. At
room temperature (Figure 7.24 (a)), the growth still occurs in the Volmer-Weber
mode. But compared to Θ = 1 ML, coalescence of islands has started with
deep trenches remaining between many islands. Figure 7.24 (b) shows the
corrugation in I along the white line across multiple islands. The height of the
islands amounts to approximately 1 nm. The small distance between neighboring
islands may be too small for the tip to reach the lowest point in between, possibly
influencing the line profile in the interstitial spaces.

Figure 7.24 (c) shows details of the films grown at 300 °C. The height pro-
file in Figure 7.24 (d) shows the monatomic step height between neighboring
terraces and the reduced roughness compared to room temperature grown sam-
ples. A magnified part of the image is shown numerically differentiated in
Figure 7.24 (e). The ? (2 × 2)-ordered superstructure is observed on all the
terraces, including the lowest lying one.

Despite the fully covered Be(0001) surface in this regime for growth at 300 °C,
the Auger spectrum showed a higher Be content in surface-near layers compared
to room temperature growth. This is contradictory to pseudomorphic Fe growth
with a (2 × 2)-reconstructed surface for the ordered film. In such a case, a closed
Fe film would be expected to yield a higher relative Auger intensity compared
to growth in separated islands.

The observations corroborate the hypothesis that the observed ? (2 × 2) struc-
ture is a manifestation of intermixing at elevated deposition temperatures. The
behavior can be explained by an argument about the dynamics of the growth
process. Bare Be(0001) is energetically favorable over an intermixed surface or
an Fe covered substrate. During Fe deposition, Fe atoms land on the Be surface
and an energy barrier hinders the fast diffusion into the substrate. At RT, the
Fe stays on top or intermixes slower than islands form on top. At ) = 300 °C, a
slow diffusion process takes place. A metastable intermixed phase forms until
a thickness of saturation is reached. The incorporation of deposited Fe will
become less likely as the intermixed film grows, because the mean distance to
the Be reservoir in the substrate increases with film thickness. Consequently,
the excess Fe grows in 3D islands as observed in Figure 7.20. In the following
section, high resolution STM images of the ordered ? (2 × 2)-structured sur-
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Figure 7.24: (a) Constant-current STM map of Θ = 2.2 ML of Fe on Be(0001) deposited at
room temperature. Growth of islands of various thicknesses is observed. In contrast to growth
at 300 °C, coalescence of the islands is not concluded at this coverage. Parameters: � = 1 nA,
* = 700 mV, ) = 60 K, Cr tip. (b) Height profile along the white line in (a). (c) Constant-
current STM map of Θ = 2.5 ML of Fe on Be(0001) deposited at 300 °C. A continuous film has
formed. Parameters: � = 1 nA, * = −200 mV, ) = 40 K, Cr tip. (d) Height profile along the
white line in (c). (e) Numerical differentiation of the rectangular area in (c), revealing patched,
hexagonally ordered structures on consecutive terraces.

faces will be compared to known Fe-Be intermetallic compounds to identify
candidates that could explain the observed growth.
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7.5 Microscopic investigation of
(
2×2

)
-ordered

Fe-Be films
So far, AES and STM showed indications of an intermixed phase of Fe and Be that
exhibits a hexagonal surface order with a lattice constant of 0 = 20Be = 456 pm.
STM data with high spatial resolution can be exploited to draw conclusions
about possible atomic configurations inside the observed (2 × 2) surface unit
cell and their comparison to ordered Fe-Be alloys.

7.5.1 Fe growth on Be(0001) compared to Fe-Be alloys
The Fe/Be(0001) surface was investigated regarding the internal structure and
relative orientation of (2 × 2) ordered areas. STM images of the same surface
area acquired with* = −200 mV and −700 mV are depicted in Figure 7.25 (a)
and (b), respectively. They were obtained on a Be(0001) surface after deposition
of Θ = 1.5 ML of Fe. While the structure appears as hexagonally ordered eleva-
tions in Figure 7.25 (a), it appears as a honeycomb structure in Figure 7.25 (b).
In between these two scans, the tip spontaneously changed on the microscopic
scale. Therefore, the drastic change of appearance can not be attributed to the
change in bias voltage alone.

In the zoomed image in Figure 7.25 (c), the apparent elevations seen at
* = −200 mV are marked by green dots. In Figure 7.25 (d), the green lattice
spots are overlaid on the honeycomb lattice seen at* = −700 mV. Every second
vertex of the honeycomb lattice corresponds to an elevation at * = −200 mV
(green). The other neighboring vertices are labeled in blue. A line defect in the
lattice separating two crystalline domains is marked. In the bottom domain in
Figure 7.25 (c), point defects are marked by circles. These sites may be vacancy
sites. For comparison, in Figure 7.25 (d), these sites can be identified as missing
vertices in the honeycomb lattice. This motivates the interpretation of these
green sites as places where atoms reside. Accordingly, the surface structure can
be interpreted as a hexagonal lattice with a two-atom basis (green and blue).
The different appearance of the lattice in dependence of tip configuration and
bias voltage shows that the two atoms per basis are not equivalent. They have to
differ either in atomic species or occupy distinct lattice sites.

On closer inspection, one finds that the line defect separates two rotational
domains of this lattice rotated by 180°. The unit cell of the superstructure
with its two-atom basis — marked by a red diamond in the image — is threefold
symmetric. It is found to align with the substrate lattice that is sixfold sym-
metric. Accordingly, there are two different rotational domains that can form
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Figure 7.25: (a) Constant-current STM map of Θ = 1.5 ML of Fe on Be(0001) imaged with
* = −200 mV. A lattice of apparent protrusions is visible. (b) shows the highlighted area
in (a) imaged with * = −700 mV after a spontaneous change of the tip. The appearance of
the lattice changed to a honeycomb structure. (c) Magnification of the highlighted area in (a)
with lattice points and vacancies marked in green. A line defect separating two ordered areas
is visible. (d) Honeycomb lattice model overlaid on the image in (b). Green lattice spots are
identified as vertices of the honeycomb lattice. Unit cells with a two-atomic basis are indicated
by red diamonds. The line defect separates two domains that are rotated by 180°. Parameters:
* = −200 mV (a,c), * = −700 mV (b,d), � = 2 nA, ) = 60 K, Cr tip.

during growth and the random distribution of grains growing in one or the other
orientation will induce dislocations where both domains meet.
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The Fe-Be intermetallic system

Fe and Be are miscible substances in the sense that the total free energy is
reduced for an intermixed phase compared to a separated phase. In solid Be for
example, substitution of a Be atom by an Fe atom leads to a gain of 0.09 eV [164].
Accordingly, there are several stable bulk alloys of Fe and Be with a negative free
energy of formation. Of those alloys, DFT calculations show that Fe2Be17 and
FeBe2 are the most stable ones for) ≤ 1000 K [165]. Consequently, intermixing
between the Fe adlayer and the Be(0001) substrate may be expected for sufficient
substrate temperatures that allow interdiffusion of deposited material into the
substrate [166].

The Fe-Be intermetallic system was structurally investigated in bulk by means
of x-ray diffraction [24, 167]. Ohtani et al. derived the phase diagram by ab-
initio calculation of the Gibbs free energy [168]. At ) ≈ 300 °C, two stable
phases exist: The Be-rich n-phase with a stoichiometry of FeBe11 or FeBe12 for
Fe concentrations up to ca. 28 % [168, 169]; and for higher Fe concentrations
up to 50 % the Z -phase with a composition of FeBe2 [165, 168, 169].

As the observed ordered films in this work exhibit a (2 × 2) superstructure
of the closely spaced Be(0001) surface, the surface unit cell is expected to host
a maximum of four atoms. Also, this structure was seen to saturate for Fe
coverages ≥ 3.8 ML, suggesting it to be a phase of high Fe content. Because of
these factors, the FeBe2 phase, stable at higher Fe concentration is of particular
interest.

Atomic structure of FeBe2
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Figure 7.26: Conventional unit cell of FeBe2 in the C14 Laves structure with lattice parameters
of 0 = 422 pm and 2 = 686 pm [165, 169].

FeBe2 crystallizes in the C14 Laves structure, which is a hexagonal structure
with optimal packing for spheres of two different sizes. A differently stacked
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configuration of FeBe2 in the C15 Laves structure with a cubic unit cell was
found to be energetically unfavorable for ) < 1000 K [165]. The conventional
unit cell of the C14 structure is shown in Figure 7.26. It consists of a sequence
of mixed (C) and Be-heavy (B) layers stacked along the 2−axis. The surface
structure of FeBe2 was not subject of investigations so far. Consequently, bulk-
truncated surfaces terminated by layer B or C will be discussed. Additionally,
the structure may be terminated in an only partially completed layer (A). These
slices of the structure are shown in Figure 7.27. They represent imaginable
surface terminations of the FeBe2 Laves structure. The surface unit cells of such
terminated surfaces are shown in a top view (parallel to the 2−axis), and from
the side (perpendicular to the 2−axis).

Be Fe (above)Fe (below)

B

Legend:

C

A

Top view Side view

SupercellSurface unit cell

cc

Figure 7.27: Representation of the surface terminations of FeBe2 based on the layers A, B and
C assigned in Figure 7.26. Fe atoms that are offset above (below) the plane of Be atoms in A and
C are marked in yellow (orange). Supercells of nine surface unit cells are shown for comparison
to the experimental data.

In the case "B" consisting exclusively of Be atoms, these atoms form a hexag-
onal lattice in a single plane with three atoms per unit cell. In case "A", the unit
cell has a two-atomic basis with Fe atoms situated below the plane formed by Be
atoms. In this case, both atomic species form hexagonal lattices and the super-
cell illustrates that this termination can be understood as a buckled honeycomb
lattice with Fe atoms on top of hollow sites in "B". In case "C", the hollows
inside this honeycomb lattice are filled by Fe atoms lying in a plane offset along
the c-axis relative to the Be plane.
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STM of Fe/Be(0001) compared to bulk-truncated FeBe2

On Fe/Be(0001)surfaces, a hexagonal unit cell with two-atomic basis was found
in STM (cf. Figure 7.25). Comparison to the possible surface terminations
of FeBe2 in Figure 7.27 shows that the terminations "A" and "C" could explain
the observed bias-dependent appearance as either honeycomb-like or hexagonal.
The different appearances would result from different atomic species, or alter-
natively of Fe atoms in differing lattice sites, with contributions to the tunneling
current that vary for different configurations of the tip apex or vary with the
applied bias voltage. The surface termination "B" has a unit cell of the same
size, but this termination layer is sixfold symmetric and does not motivate an
appearance as observed in STM in Figure 7.25. Also with Fe atoms inside the
hollows in "B", the structure remains sixfold symmetric and can be excluded.

Figure 7.28 displays pictograms of supercells of layers A, B and C viewed
from the top. Additionally, it is shown how layers A and C are stacked on layer B.
Termination A can be superimposed on the experimental data by identification
of the blue lattice sites in Figure 7.25 as receded Fe atoms, and the green lattice
spots as Be atoms in the FeBe2 termination A. Consequently, the experimen-
tally observed lattice defect presents itself as a domain boundary between two
rotational domains of the FeBe2 lattice.

The assignment of this specific configuration is ambiguous. The assignments
of Be and Fe atoms could be reversed and still possibly yield the observed
STM constant-current contour. Likewise, the FeBe2 termination C provides
another explanation for the observed structure. In this case, the assignment of
protruding (yellow) Fe atoms to green lattice sites seems natural, as these sites
appear as protrusions at* = −200 mV. Nevertheless, the STM is sensitive to the
sample’s electronic DOS and not its topography, so that additional investigations,
as for example theoretical calculations of the electronic surface DOS, would be
necessary for an unambiguous assignment.

The basal lattice constant of FeBe2 in the C14 structure is 0 = 422 pm in
bulk [165, 169]. The observed superstructure, however, has a lattice constant of
20Be = 456 pm, corresponding to a mismatch of 8 %. Accordingly, overlayers
grown this way experience a tensile stress in the basal planes with more ample
interatomic spacing than occurring in bulk material. The observed small scale
of ordered surface areas may be a cause of this mismatch. Atoms occasionally
occupying sites with smaller interatomic spacing during growth may be the
cause of discontinuities in the surface structure. This interpretation of the data
in Figure 7.28 was developed jointly with Karoline Oetker [153].

An open question is how the assumed alloy is oriented with respect to the
underlying substrate. Evidently, the orientation of the substrate’s high-symmetry
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Figure 7.28: Models of different terminations of FeBe2 overlaid on the STM-image from
Figure 7.25 (b). Top: Pictograms of FeBe2 layers A, B and C, as well as A and C superimposed
on B. Two variations rotated by 180° are shown. Bottom: FeBe2 terminations A and C overlaid
on the experimental data. Layer B underneath is shown to demonstrate the stacking sequence.
Comparison to Figure 7.25 allows the identification of two rotational domains separated by a
domain boundary. Parameters: * = −200 mV, � = 2 nA, ) = 60 K, Cr tip.

directions is preserved in the superstructure and the substrate’s basal lattice
constant is reflected in it as well. This suggests that Fe atoms may replace Be
atoms in the substrate during deposition and occupy their previous lattice site.
If this is the case, then the structural domains imaged on the sample surface
should be offset relative to one another based on the boundary conditions set by
a common substrate lattice. In order to investigate the relative shift of ordered
domains, we turn to a relatively high Fe coverage of Θ = 3.8 ML, yielding
well-ordered structures across multiple terraces as known from Figure 7.20.
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7 Growth of Fe on Be(0001)

An STM image of the stepped surface is depicted in Figure 7.29 (a). First, we
will investigate the domains within the largest terrace. A high-resolution STM
image acquired with* = −200 mV, yielding good contrast of the (2 × 2) struc-
ture in this area, is shown in Figure 7.29 (b). Four domains are representatively
chosen and marked with letters A-D. Solid, equally spaced, vertical lines of
distance 3 ≈

√
30Be between each other track the lattice spots on domain A. The

lattice of domain C aligns with the one of domain A in this direction. Broken
lines are horizontally offset from solid lines by 3

2 and align with domains B and
D. Accordingly, domains B and D are horizontally offset from domains A and
C by

√
3

2 0Be. In Figure 7.29 (c) and (d), the process is repeated along the other
high-symmetry directions with solid lines again centered on domain A. Due to
a distortion caused by thermal drift between tip and sample, the high-symmetry
directions in the image deviate from the ideal ±120° with respect to the vertical
axis by 2° and 2.5°, respectively. In Figure 7.29 (c), domain B aligns with A and
in Figure 7.29 (d), it is domain D that aligns with A. We find that each of the
other domains aligns with domain A along one of the high-symmetry directions.

An explanatory model is depicted in Figure 7.29 (e). Green spots represent the
surface domains and black spots represent an imaginary underlying Be(0001)
substrate. The shifts found between the domains correspond to offsets by 0Be in
one of the three directions of high symmetry, leading to four possible configu-
rations. This is a consequence of the unit cell in the surface structure being four
times as large as the substrate unit cell.

For the relative orientation of domains on different terraces, we turn to the step
downward from this terrace. The area of interest is depicted in an STM image in
Figure 7.30 (a). Lateral drift effects were corrected here based on the lattice on
the topmost terrace to yield hexagonal symmetry. This correction is necessary
to ascertain that the lateral offsets between ordered domains, amounting to
only a few Å, are not artificially displaced. The drift correction is justified,
as the superstructure was found to have hexagonal symmetry by LEED (c.f.
Figure 7.19) and by STM under exclusion of drift effects (c.f. Figure 7.18). A
line profile across the three depicted terraces is shown in Figure 7.30 (b). The
terraces are vertically offset by (1.8 ± 0.5) Å, corresponding to the step height
of Be along the principal axis. A full additional layer of FeBe2 would result in a
vertical offset of 22 = 3.4 Å [165], maybe slightly reduced by the lateral stretching
due to the lattice mismatch. This discrepancy motivates that a step edge of the
Be(0001) substrate may be buried there instead of a stepped overgrown film.

A magnified image of the area around the step edge is depicted in Fig-
ure 7.30 (c). Low-frequency Fourier components were filtered out to reduce the
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Figure 7.29: (a) Constant-current STM image of Θ = 3.8 ML of Fe on Be(0001) deposited at
300 °C. (b-d) Higher resolution STM image of the area marked on the largest terrace in (a).
The data is filtered with a cut-off period of 800 pm to emphasize the superstructure. Structural
domains are labeled A-D. Solid lines are aligned on bright spots (elevations in I) on domain
A. Broken lines are positioned halfway in between solid lines. (e) Structural model showing
the positions of the domains relative to each other and to a common Be(0001) substrate layer.
Parameters: (a)* = 175 mV; (b-d) * = −200 mV, � = 2 nA, ) = 40 K, Cr tip.
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mains. The data was corrected for lateral drift assuming a (2 × 2) superstructure on the upper
terrace. (b) Line profile across the terraces in (a). (c) Magnified view of the area marked in
(a). Fourier filtering with a maximum cutoff periodicity of 800 pm was applied to diminish
the magnitude of the step relative to the lattice corrugation. Structural domains on the bottom
terrace are labeled A-C. A hexagonal lattice is aligned with the structure on the upper terrace
and extrapolated to the bottom terrace. A ball model of the domains with a buried Be(0001)
step underneath is depicted on the side. Parameters: * = −250 mV, � = 2 nA,) = 40 K, Cr tip,
Θ = 3.8 ML, deposited at 300 °C.
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magnitude of the step edge for better visibility of the lattice structures on both
terraces. A hexagonal lattice is overlaid and aligned with the data measured on
the upper terrace. Structural domains on the lower terrace are labeled A, B, and
C. An atomic model of the situation is depicted on the right with substrate layers
in gray and black, stacked on top of each other. Four sites with different shifts
compared to the (2 × 2) unit cell can be identified in the lower substrate lattice
(gray). They are shifted laterally with respect to the above layer (black) by A:(

1
3 ,
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)
, B:

(
4
3 ,
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)
, C:
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)
, and D:

(
1
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)
in a basis of the lattice vectors 01 and

02 of Be(0001). The extended ball model illustrates the arrangement of domains
A-C on the bottom terrace with respect to the lattice on the upper terrace. It re-
produces the shifts found in the STM image. Consequently, consecutive terraces
in the film can not automatically be assumed to have different thickness. In this
special case of a vertical offset of 1.8 Å between terraces, the same thickness
on both sides of the step — offset by one atomic layer of Be — can be assumed.
However, the step height between adjacent terraces was found to vary between
1.6 Å and 2.2 Å. This means that the growth of these supposedly alloyed films
will generally occur in different local thicknesses or differently stacked layers.
Also different local terminations of (2 × 2)-ordered films are possible within
the model of bulk-truncated FeBe2, as was shown in Figure 7.28, and may lead
to varying measured step heights. Additionally, a changing stoichiometry with
increasing Be content in deeper-lying layers can be imagined.

While the model of an alloyed FeBe2 surface film is in accordance with the
observed atomic surface structure, it also serves to explain the unexpectedly
large surface coverage. Due to the stoichiometry and the lower atom density in
FeBe2 compared to Be, the model alloy with the same Fe content could cover up
to four times the area of a pseudomorphically grown Fe film. Deviations from
this theoretical value may result from the inaccessibility of volume buried below
islands. If an alloying takes place, the alloy formation may as well advance from
the sample surface downward with Fe atoms diffusing into the Be crystal. In
the thin films grown on a substrate with lattice mismatch of 8 % compared to
bulk FeBe2, the volumetric structure of films may deviate from bulk material.
Additionally, different surface terminations of FeBe2 have different Fe content.
The substrate area effectively covered per deposited Fe atom will thus depend on
the preferred termination. Within these considerations, the model of an FeBe2
surface film is in accordance with the observed enhancement of the measurable
coverage of at least a factor of three.
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7.5.2 STS measurements on
(
2×2

)
-ordered films

The atomic structure of (2 × 2)-ordered Fe/Be(0001) surfaces was discussed in
the previous section as a manifestation of an Fe-Be alloy. Different chemical
constituents in the surface should influence the electronic structure and could
thus be reflected in tunneling spectra. An STS study was performed on the
atomic (2 × 2) structure in order to assess spectroscopic signatures of specific
lattice sites. The investigated area with a nominal coverage of Θ = 2.5 ML is
depicted in Figure 7.31 (a). The well-known layered structure of ordered terraces
is reproduced. Higher resolution images of the investigated area are shown in
Figure 7.31 (b) and (c). The hexagonal unit cell and the lattice constant of 0Be are
indicated. The vertices of the hexagonal unit cell appear with different apparent
height in agreement with the model of different atomic species in the surface of
FeBe2. The corrugation in the structure measures ΔI ≈ 20 pm between dips and
peaks as is evident in the line profile.

Challenges in this experiment arise from the necessity of a tip that is sharp
enough to resolve the (2 × 2) structure including the distinct lattice sites within
the structure, and is simultaneously stable over a wide range of applied bias val-
ues to yield comparable tunneling spectra. The bias range in the spectroscopy
experiment was limited to [−0.4 V,0.4 V] because higher absolute bias values
provoked frequent tip instabilities. The tip was stabilized in I above a certain po-
sition on the surface at* = −0.4 V and � = 1 nA. Then the I-feedback loop was
disabled and the bias swept to 0.4 V. The acquired spectra d�/d* (* ) for various
lateral positions on the surface are shown in Figure 7.31 (d). The green spectrum
is averaged over three query points on depressions, marked in Figure 7.31 (c).
The black spectrum originates from elevations in the superstructure next to the
depressions, circled in black. The spectra differ decidedly only in the lower
conductance measured on depressions for positive bias. The spectrum in blue,
representative of sites with intermediate corrugation, differs from the spectrum
on depressions by a lowered conductance at around* = −0.3 V.

Color maps of tunneling spectra acquired on two horizontal lines are displayed
in Figure 7.31 (e). The lines are vertically spaced by 1.4 Å and the spectroscopy
points horizontally spaced by 1.1 Å. The spectroscopic differences seen in the
point spectra are reflected in the color plot of line B with an exceptionally high
conductance at 0.4 V on point 5 and a reduced conductance at −0.3 V on points
1-3. This reduced conductance is reflected in line A as well on points 5-7,
reflecting the geometry of the superstructure. A further correspondence of the
constant-current image to spectroscopic features is identified by the reduced
conductance measured at * ≈ −0.15 V on or near elevations (points A1, A7,
and B4) compared to neighboring sites. Still, the spectra acquired on these
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Figure 7.31: STS on various lattice sites of the (2 × 2)-ordered surface structure. (a,b) Constant-
current STM images of Θ = 2.5 ML Fe/Be(0001) grown at ) = 300 °C. (c) Enlarged image of
the surface structure under investigation with a lattice constant of 20Be. A hexagon marks the
unit cell. A line section across various lattice sites is shown in gray. Experimental parameters:
(a) * = 1.2 V; (b,c) * = −200 mV, � = 1 nA, ) = 60 K, Cr tip. (d) Tunneling spectra averaged
over the sites marked with respective color in (c). (e) Color map of the tunneling conductance
acquired on a spectroscopy grid of 2 by 7 query points. Stabilization conditions: � = 1 nA,
* = −400 mV, *mod = 40 mV, 5 = 4814 Hz.
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various sites clearly share a common overall shape in the investigated bias range.
While the structure of the (2 × 2)-ordered surface is reflected in the tunneling
conductance, the minute site-dependent differences of the spectra do not serve
to reveal which sites are inhibited by a specific atomic species.

7.5.2.1 Summary of Fe growth on Be(0001)

To summarize, Fe was found to grow in the Volmer-Weber growth mode on
Be(0001) when deposited at room temperature. The resulting multilayer islands
avoid coalescence into extended films. At substrate temperatures of 300 °C,
deposited Fe intermixes with the substrate. Extended ordered films can be
grown at this temperature. When the temperature is held for several hours or
raised, these structures decompose and Be(0001) is exposed again on the sample
surface. The films grown at elevated temperatures were identified as alloys of
Fe and Be by a combined STM and AES study. The suspected composition is
FeBe2.
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8 SP-STM investigation on the
Fe/Be(0001) surface

The growth behavior of Fe on Be(0001) could be explained by the formation
of an ordered alloy that resembles FeBe2 in terms of its surface structure. In
this chapter, the Fe/Be(0001) system will be investigated regarding its magnetic
properties.

Alloys of Fe and Be have been studied regarding their magnetic properties by
means of Mössbauer spectroscopy and magnetometry [170–172]. Ohta et al.
found FeBe2 with perfect stoichiometry to be ferromagnetic with an easy axis
parallel to the 2-axis [170]. In magnetometry experiments, the magnetization
of polycrystalline FeBe2 was found to saturate in an external magnetic field of
0.5 T [172]. Hysteresis measurements of FeBe2 powder with a mean particle
size of 1 µm showed a coercive field of�c = 1 kOe that reduces to < 0.2 kOe for
particles above 50 µm in size [171]. The Curie temperature was experimentally
determined to be 880 K [172] and to decrease with increasing Be content [171].
In the C14 Laves structure of FeBe2, all Fe atoms have four nearest Fe neighbors.
For increasing Be content, the Fe sites in the lattice are gradually replaced by
Be, altering the magnetic properties. At a Be concentration of 78 %-85 %, the
alloy becomes paramagnetic at liquid nitrogen temperature [170].

The surface of FeBe(0001) films resembles the basal lattice plane of FeBe2, as
was shown in the previous chapter. Assuming the film to also retain the magnetic
properties of FeBe2, a ferromagnetic film could be assumed. However, the film
grows strained with a lattice mismatch of 8 % on Be(0001). Strain and the
proximity to a substrate have decisive influence on the magnetic ground state of
thin films [2]. Fe for example that is ferromagnetic in bulk has a non-collinear
magnetic ground state in thin films of two atomic layers grown on Ir(111)
with a period in the local magnetization of only 1.9 nm [6]. The sensitivity of
the magnetic properties of Fe-Be alloys on the particle size and stoichiometry
suggest that the magnetic properties in thin Fe/Be(0001) films may deviate from
bulk properties of FeBe2. Thin films of Fe-Be alloys, have not been subject to
investigations regarding their magnetic properties so far. SP-STM is a suitable
tool for such an investigation as it combines surface sensitivity with a high lateral
resolution.
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8 SP-STM investigation on the Fe/Be(0001) surface

In this chapter, the LT system, capable of applying an external magnetic field
in the out-of-plane direction, is used to investigate the magnetic properties of
Fe-Be islands with SP-STM. First, the magnetic properties of the STM tip
are characterized based on the reference material system of two atomic layers
of Fe/Ir(111). This tip is then used to measure the tunneling conductance
on a Fe/Be(0001) sample in dependence of the external magnetic field. This
study was supported by Karoline Oetker, who contributed to the preparation
of a magnetically sensitive tip and to the data analysis as part of her master
thesis [153].

8.1 Characterization of the tip magnetization on
the reference sample Fe/Ir(111)

According to Equation (2.14), the differential conductance in SP-STM depends
on the scalar product of the magnetizations of tip ®<T and sample ®<S

d�
d*

∝ ®<T ®<S(4* ). (8.1)

Consequently, the detection of magnetic contrast in an out-of-plane magnetized
sample requires a tip magnetization with an out-of-plane component. The
magnetization of ferromagnetic domains in the sample can be aligned in an
external field of sufficient magnitude. Likewise, a ferromagnetic tip apex may
align with the external magnetic field. Therefore, the interpretation of changes
in the differential conductance requires knowledge of the tip’s response to an
external magnetic field.

As a reference sample, two atomic layers of Fe were grown on Ir(111) with
a deposition rate of 0.6 atomic layers per minute. The Ir substrate was held at
an elevated temperature of 130 °C during deposition. An STM image of the
resulting sample surface can be seen in Figure 8.1 (a). A terraced surface is
visible. Fe double-layer areas can be identified by their characteristic dislocation
lines [6]. These lines release strain between bcc-like areas on the pseudomor-
phically grown monolayer [4, 6]. Monolayer and triple-layer areas can be seen
in addition to the predominantly occurring double-layer areas. A step edge in
the substrate and local coverages are indicated.

Cycloidal spin spirals propagating along the dislocation lines represent the
magnetic ground state of the Fe double-layer on Ir(111) [6]. These spin spirals
offer a good reference system to calibrate the magnetization of a tip, because they
contain magnetization components in all spatial directions and are insensitive to
magnetic fields up to 9 T [63].
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Figure 8.1: Magnetic characterization of the STM tip. (a) Constant-current STM image of 2
atomic layers of Fe on Ir(111). Local thicknesses of the Fe film are labeled with numbers in
terms of atomic layers. A step edge in the Ir(111) substrate is indicated by a broken line. (b)
Differential conductance images of spin spirals on the Fe double-layer indicated in (a), acquired
with an out-of-plane magnetic field of � = ±2 T, respectively. (c) Line profiles of d�/d*
along the lines indicated in (b). The spin spirals appear with a phase-shift of 180° for reversed
external magnetic field. The magnified insets in (b) illustrate the apparent phase shift relative to
impurities (broken lines). Parameters: * = 200 mV, � = 500 pA, *mod = 40 mV, 5 = 4277 Hz,
) = 4.2 K, Cr tip. The data was obtained and analyzed together with Karoline Oetker [153].

A magnetically sensitive tip was prepared by controlled contact with the
sample surface and voltage pulses. This was realized by first stabilizing the tip
above a triple-layer area at * = 200 mV and � = 500 pA. Subsequently, the
tip was driven towards the sample by 700 pm into contact and retracted under
application of 2 V. This is done to either pick up Fe from the sample surface or
reshape the Cr tip into a configuration with a spin-polarized state at the apex.
Then pulses of a few volt were applied to the tip with a pulse length of 100 ms
until magnetic contrast was achieved.

Differential conductance maps of the Fe double-layer acquired with such-
prepared tips are shown in Figure 8.1 (b) for an out-of-plane external magnetic
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8 SP-STM investigation on the Fe/Be(0001) surface

field of � = ±2 T. The magnetic texture of the spin spiral is reflected in the
periodic modulation of d�/d* along the dislocation lines. Figure 8.1 (c) depicts
line profiles along the spin spirals taken in the areas marked in Figure 8.1 (b).
The periodic signal shows a phase shift of 180° for external magnetic fields of
opposite polarity. This is also evident in the magnified insets, where the phase
of the spin spiral shifts relative to impurities on the surface with a change of sign
of the external magnetic field. According to the scalar product in Equation (8.1),
this corresponds to a sign change of ®<T or ®<S. As the sample magnetization is
known to be independent of the applied magnetic field [6], it can be concluded
that the tip magnetization aligns with the external field. The relative orientations
of tip and sample magnetization are exemplarily indicated for one period of the
spin spiral in the pictogram in Figure 8.1 (c). The magnitude of the spin-
polarized tunneling conductance was quantified by sinusoidal fits to the line
profiles. The amplitude of the differential conductance profile corresponds to
the difference for parallel and antiparallel orientations of the tip and sample
magnetization d�/d*↑↑ − d�/d*↑↓. At * = 200 mV, the relative magnitude of
the spin-polarized conductance relative to the spin averaged conductance

d�/d*↑↑ − d�/d*↑↓
d�/d*↑↑ + d�/d*↑↓

amounts to (5.0 ± 0.5) %.
The tip material Cr itself is antiferromagnetic with a randomly oriented mag-

netic moment at the apex [173]. Because of the antiferromagnetic order, it is
generally not influenced by an external magnetic field [2]. The alignment of
the tip’s magnetization in the external field suggests that Fe may have been
picked up from the sample and transferred to the tip apex during contact. Al-
ternatively, uncompensated magnetic moments that align with the external field
may be present at the apex cluster of the Cr tip [174, 175]. In either case, this
means that an out-of-plane magnetic sensitivity of the tip can be established
through alignment with the external field. That is an advantage over a strictly
antiferromagnetic tip with a random orientation and an uncertain out-of-plane
component of the magnetization. The caveat of a ferromagnetic tip is that it may
reverse its magnetization simultaneously with a sample in a reversed external
magnetic field, thus keeping the relative alignment of ®<T and ®<S and yielding no
discernible contrast. This tip with a proven out-of-plane magnetic sensitivity in
an external magnetic field was applied to an Fe/Be(0001) sample in a subsequent
measurement.
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8.2 Probing Fe-Be islands with a spin-sensitive
STM tip

The reference sample was replaced by a sample of Θ = 1 ML of Fe on Be(0001).
The deposition rate was 0.09 ML per minute and the substrate temperature was
limited to) = 215 °C during deposition. The temperature was deliberately kept
below the 300 °C used in the VT system to prevent the possibility of excessive
heating leading to a surface dominated by bare Be(0001) instead of the alloyed
phase. The reason is that the sample is not clamped to the manipulator in the LT
system, which is the case in the VT system, and the heat conductance between
the sample and the temperature sensor is expected to be lower.

An STM image of the resulting surface is shown in Figure 8.2 (a). The
surface morphology resembles the known growth with pyramidal islands on a
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8 SP-STM investigation on the Fe/Be(0001) surface

rough base layer observed in the VT system in the previous chapter. A histogram
of the measured I-values is plotted in Figure 8.2 (c). Three main levels in height
can be discerned, being two, three, and four atomic layers above the base layer.
Minor peaks in the histogram originate from a second microtip, receded by
265 pm with respect to the dominantly imaging microtip. Artifacts caused by
this double-tip are indicated in Figure 8.2 (a) at the edges of islands. With the
decay of the tunneling current of about one order of magnitude per 100 pm, the
influence of this double-tip on extended terraces, away from higher terraces, is
negligible.

Figure 8.2 (b) depicts the differential conductance at * = −0.3 V measured
simultaneously withI. A contrast in d�/d* between different islands and terraces
can be seen, for example between the terraces labeled A and B on the one hand,
and C and D on the other hand. This contrast is independent of apparent height
with terraces B and D both lying three atomic layers above the base layer. The
contrast may be purely electronic and stem from different stackings within the
islands or different terminations of the surface. Variations of the tunneling
conductance in the Fe/Be(0001) film were also observed with nonmagnetic tips.
Alternatively, it may originate from different magnetization directions of the
islands, leading to a tunneling magnetoresistance. The out-of-plane sensitivity
of the tip demonstrated in Figure 8.1 can be used to systematically look for out-
of-plane magnetized domains in the Fe/Be(0001) film, as would be expected for
bulk-like FeBe2.

The tunneling magnetoresistance is in general a bias-dependent phenomenon.
Four rectangular areas marked on terraces A-D were chosen for a bias-dependent
investigation of the tunneling conductance. The tip magnetization was shown to
align with an external magnetic field of |� | = 2 T. To investigate the dependence
of the differential conductance on the magnetization direction of the tip, bias
sweeps at alternating signs of the external magnetic field were conducted on
these four areas. First, with � = 2 T, the tip was stabilized on area A at
a setpoint of � = 0.2 nA and the differential conductance was recorded for
−0.7 V ≤ * ≤ 0.7 V with active I-feedback, keeping the current constant. This
measurement was repeated in turn on areas B-D. Last, the measurement was
repeated on area A to examine the reproducibility of the experiment and to
sense possible changes of the tip during the measurement run. Afterwards, the
external magnetic field was reversed and the measurement was repeated on all
areas.

The resulting spectra that are averaged over typically 16 points per area are
shown in Figure 8.3 (b). They are displayed as d�/d*

�/* because of diverging
values of d�/d* as measured by lock-in technique at constant current for bias
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Figure 8.3: Tunneling spectroscopy on Fe-Be islands in dependence of the external magnetic
field. (a) d�/d* image of the Fe/Be(0001) islands under investigation. The spectroscopy sites
are marked with rectangles. Parameters: * = −0.3 V, � = 0.2 nA,*mod = 40 mV, 5 = 4277 Hz,
) = 4.2 K, � = −2 T, Cr tip. (b) Differential conductance acquired on the areas A-D marked
in (a) with active I-feedback and normalized by (�/* ) for � = 2 T and −2 T, respectively.
Spectroscopy parameters: � = 0.2 nA, ) = 4.2 K, *mod = 20 mV, 5 = 4277 Hz, Cr tip.
(c) Asymmetry calculated from the spectra above. At* = 0.2 V, an asymmetry is measured on
all areas. The data was obtained and analyzed together with Karoline Oetker [153].

values close to zero. Spectra taken on areas C and D exhibit a steep increase
of d�/d* from * = 0 V towards negative bias. The spectra acquired on areas
A and B differ from those taken on C and D, mainly in their lower conductance
at negative * and higher conductance at * > 0.6 V. This difference observed
in the spectra on areas A and C is marked by an asterisk at * = −0.3 V and
is reflected in the contrast of spatially resolved d�/d* in Figure 8.3 (a). This
contrast between islands is evident to be independent of the external magnetic
field and can be excluded to arise from out-of-plane magnetized domains of
opposite magnetization direction.

For � = −2 T, changes in all spectra with respect to those taken at � = 2 T
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can be observed. For a quantitative evaluation of these changes, the asymmetry
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was calculated. The resulting curves are shown in Figure 8.3 (c). For negative
bias values the curves are diverging but at positive bias they are more con-
cordant. The tip magnetization ®<T was previously observed to align with an
external magnetic field. With a switching tip magnetization and otherwise stable
conditions, a consistent asymmetry profile for measurements on the same area
would be expected. At negative bias values, the calculated asymmetry curves
for area A show inconsistencies that can not be explained by only the changing
tip magnetization.

Figure 8.4 shows a comparison of two spectroscopy experiments performed on
area A in an external magnetic field of � = 2 T. The spectra differ at * = 0.2 V
although they were acquired under nominally equal experimental conditions.
This difference may arise from changes of the electronic structure of the tip
apex, or from the sampling of 16 points on the heterogeneous Fe/Be(0001)
surface.

Nevertheless, a sizable asymmetry is found at * = 0.2 V in all experiments
in Figure 8.3 (c). This consistent shift of the measured differential conductance
upon reversal of the sign of the magnetic field may be an indication of mag-
netoresistance, with the tip aligning in the external field while the out-of-plane
component of the sample magnetization does not. In order to test this hypoth-
esis of a switching tip magnetization and a constant sample magnetization and
reproduce the observation, differential conductance images at * = 0.2 V were
acquired on the investigated surface area with � = −2 T and � = 2 T in direct
succession. The corresponding images are displayed in Figure 8.5 (a) and (b).
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Figure 8.4: Comparison of tunneling spectra acquired on area A in Figure 8.3 under nominally
equal experimental conditions in an external magnetic field of � = +2 T. Spectroscopy parame-
ters: I-feedback on, � = 0.2 nA, ) = 4.2 K, *mod = 20 mV, 5 = 4277 Hz, Cr tip. The data was
obtained and analyzed together with Karoline Oetker [153].
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Figure 8.5: (a), (b) Differential conductance maps of the areas A-D on Fe-Be islands acquired
in external magnetic fields of 2 T and −2 T, respectively. (c) Histograms of the d�/d* -values
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based on the asymmetry in Figure 8.3 (c). Parameters: * = 0.2 V, � = 0.2 nA, *mod = 20 mV,
5 = 4277 Hz, ) = 4.2 K, Cr tip.

An obvious change in the differential conductance with the external magnetic
field is not evident.

For a better comparison, histograms of the d�/d* -values on the terraces A-D
are compiled in Figure 8.5 (c). The histograms neither shift, nor broaden with
the applied magnetic field, in contrast to the expectations from the spectroscopy
experiment. According to the measured asymmetry in the spectroscopy exper-
iment, a shift of the mean conductance would be expected as indicated in the
insets.
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8 SP-STM investigation on the Fe/Be(0001) surface

Still, the contrast between areas (A,B) and (C,D) persists also at * = 0.2 V.
Consequently, this contrast has to stem from different electronic structures, for
example due to different surface terminations as discussed in section 7.5. Also
stacking faults inside the islands, deviating from the preferred hcp-stacking of
FeBe2, are a possible cause for the observed contrast.

To understand the discrepancy between the spectroscopy experiment in Fig-
ure 8.3 showing an apparent influence of the external magnetic field and the
scans in Figure 8.5 showing none, the relevant experimental conditions in both
experiments have to be examined in detail. The scans shown in Figure 8.5 were
surely acquired with the same microscopic tip. This becomes clear from the
identical distribution of d�/d* on all four areas. Previously, on Fe/Ir(111), a
magnetic sensitivity of the tip at * = 0.2 V was demonstrated. One obvious
explanation of this behavior is a loss of the ferromagnetic tip apex in between
the measurements. Due to the rough Be(0001) surface, it is thinkable that
the experiment was not performed with the same tip apex previously tested on
Fe/Ir(111).

Another possibility would be that the Fe-Be system is paramagnetic. In
this case no tunneling magnetoresistance would be expected. Experiments on
bulk material have shown that the ferromagnetism of Fe-Be alloys is carried
mainly by Fe atoms with three or four Fe atoms as nearest neighbors [170]. The
islands investigated here are only a few atomic layers thick and their internal
stoichiometry is unknown. Apart from that, the islands may be ferromagnetic
but with a saturated magnetization aligned with the external magnetic field. With
the tip magnetization also following the external magnetic field, this would mean
a parallel alignment of ®<T and ®<S for both signs of the external magnetic field,
and thus no discernible contrast. In this regard, it is to note, that no magnetic
contrast was observed for � = ±0.1 T, either.

Perspectives to determine the magnetic properties of Fe/Be(0001) films

For the determination of the magnetism in Fe/Be(0001), a tip with well char-
acterized and well defined magnetic properties is vital. Ferromagnetic tips
with known out-of-plane magnetization could be employed to test the hypoth-
esis that the out-of-plane easy magnetization axis of bulk FeBe2 is retained in
intermixed thin films of Fe on Be(0001). Alternatively, in-plane sensitive Fe
coated W tips [11] could be used to search for in-plane magnetized domains of
Fe/Be(0001). With such tips of ascertained magnetization direction, magnetic
field sweeps can be used to investigate the hysteresis of Fe/Be(0001) films.

However, ferromagnetic tips have the disadvantage of creating stray fields that
can locally magnetize a ferromagnetic sample, thus possibly preventing contrast
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8.2 Probing Fe-Be islands with a spin-sensitive STM tip

in SP-STM experiments. If this is the case, antiferromagnetic Cr tips with a
reliable magnetic sensitivity may be required. For Cr tips with an arbitrary and
a priori unknown orientation of the magnetic moment at the tip apex, charac-
terization on a reference system and a subsequent transfer of the same microtip
to the Fe/Be(0001) sample is important. Cr tips were for example successfully
applied in hysteresis measurements of the in-plane ferromagnetically ordered
single layer of GdAu2 on Au(111) [176].

The Cr tips employed in this work were etched from polycrystalline material.
The etching process will in general occur with different rates for different crys-
tallographic directions. With respect to the grains in polycrystalline material,
this will lead to a granularity of the tip. A Cr tip etched from a single crystal
may be of advantage in this respect, due to an expected uniform etching of the
apex culminating in a sharp tip. The sharpness brings two important advan-
tages. First, it is the prerequisite to reproducibly land the same microtip on
a reference sample and subsequently on the actual sample under investigation.
And second, a blunt Cr tip has a lower chance of yielding spin contrast, as
antiferromagnetically coupled Cr layers of opposite spin direction may add to
zero net magnetization at the apex [2].

Summary of SP-STM investigations on Fe/Be(0001)

In summary, an STM tip with out-of-plane magnetic sensitivity was prepared
and its performance was demonstrated on the reference sample Fe/Ir(111). This
tip was applied to Fe-Be islands grown on Be(0001). STS in an out-of-plane
external magnetic field did not resolve the question if magnetic order exists in
these islands. In order to demonstrate robust evidence of magnetic order in
these structures and to map their characteristics, such as domain structure and
coercivity, SP-STM experiments with more resilient probe tips will be necessary.
In particular, the differential tunneling conductance between Fe/Be(0001) films
and a tip of proven magnetic sensitivity has to be measured on different length
scales from extended terraces down to their (2 × 2)-ordered atomic structure,
over a wide bias range, and for varying flux density of the external magnetic
field ranging from some mT to several T.
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9 Conclusion and perspective
In this thesis, the Be(0001) surface was cleaned and characterized regarding its
electronic properties. The growth of Fe on this surface was studied with regard to
the feasibility of stabilizing pseudomorphical Fe overlayers that are compressed
compared to U-Fe and may allow insight into the physical properties of iron’s
n-phase.

First, a cleaning procedure that prepares the Be(0001) surface for investi-
gations with the STM and for growth of Fe adlayers was developed in this
work. Previous preparation procedures for STM investigations of Be(0001) and
Be(1010) relied on a limited annealing temperature after sputtering of 450 °C
and 630 °C, respectively, in order to limit the surface segregation of bulk im-
purities [37, 84]. Such a preparation procedure is unfeasible to investigate the
growth of Fe adlayers, as a growth study requires annealing of the deposited film.
Furthermore, a higher annealing temperature was found to entail better ordered
and larger extended substrate terraces. The cleaning procedure developed in this
work consists of two steps. In an initial step, oxide layers are removed from
the surface by Ar+-sputtering, followed by annealing of the sample surface at
high temperatures up to 800 °C. In a subsequent step, the sputter ion energy
and sample temperature have to be harmonized in order to preferentially sputter
impurities and create a depletion zone at the Be(0001) surface.

The band structure of Be(0001) was probed by scanning tunneling spectros-
copy. A surface state with parabolic dispersion was identified inside the partial
bulk band gap. Standing waves seen in STM on Be(0001) were identified as
Friedel oscillations of this surface state, in agreement with the picture of a
two-dimensional electron gas. Strong inelastic contributions to the measured
tunneling conductance in STM were unveiled and assigned to phonon excita-
tions.

This work was motivated by the vision of realizing a highly compressed
hcp-Fe film by pseudomorphic growth on Be(0001). The growth of Fe on
Be(0001) was studied in dependence of the deposited Fe amount and of the
deposition temperature. Bare Be was found to be favored over the formation of
a wetting layer on the surface, and clustering of Fe atoms over pseudomorphic
growth. At room temperature, Fe islands of a few nanometers in diameter grow
in a three-dimensional fashion. These islands roughen with further annealing of
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9 Conclusion and perspective

the sample and areas of Be(0001) emerge between these islands with increasing
temperature. When Fe is deposited onto samples held at elevated temperatures,
a metastable phase ensues, and ordered, extended films with a hexagonal surface
unit cell of 20Be form. Auger electron spectroscopy indicates that an intermixing
of Fe and Be accompanies the formation of this ordered phase. Based on their
microscopic surface structure, these films are identified as an alloy, reflecting the
order of FeBe2 in the hexagonal C14 Laves phase. The alloyed films disintegrate
with prolonged heating.

In the bulk phase, FeBe2 is ferromagnetic with an easy axis perpendicular to
its basal plane [170, 172]. Scanning tunneling spectroscopy with a spin-sensitive
tip on intermixed Fe-Be films inside an external out-of-plane magnetic field did
not reveal conclusive evidence for ferromagnetic order in the film.

Perspectively, SP-STM tips with a proven spin-sensitivity can be employed
to study the magnetic configuration of Fe-Be films. On the (2 × 2)-ordered
alloyed films, low temperature tunneling spectroscopy could for example have the
potential to resolve local magnetic moments at Fe sites. Further, deposition of Fe
onto Be(0001) at cryogenic temperatures may enable pseudomorphically grown
overlayers. This would be the case if a regime of temperature and coverage can
be found, where the mobility of Fe adatoms is high enough to move away from
their landing sites but too low to overcome the energy barrier for intermixing
with the substrate, observed here to occur at least for ) ≥ 215 °C, and for
forming three-dimensional clusters, which occurs already at room temperature.

With the established cleaning procedure for Be(0001) and its thorough char-
acterization by scanning tunneling spectroscopy, this surface is now available as
a substrate material with peculiar electronic properties. By deposition of metals
onto this substrate at elevated temperatures, the alloying of Be and other metals
can be studied on the atomic scale using STM.
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