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Chapter 1

Introduction

The invention of the scanning tunneling microscope (STM) by Binnig and Rohrer
in 1982 [1] who were awarded the Noble prize in 1986, allows scientists to explore
hidden science on the nanometer scale. It has been possible to manipulate atoms
on a surface, thereby forming artificial nanostructures, and subsequently investigate
their physical properties. Moreover, it allows scientists not only to investigate nano-
objects on surfaces, but also hidden nanostructures buried several nanometers below
a surface.

Although there are a number of experimental observations in the field of using
the STM for the manipulation of atoms and molecules on surfaces, little has been
discussed about manipulation of embedded atoms. No theoretical model describing
the mechanism of embedded atoms manipulation, as well as no experimental proof
to demonstrate effect of the STM velocity on the manipulation of embedded atoms is
currently available. In this thesis we will treat these effects both experimentally and
theoretically.

Moreover, quantum well (QW) and related electron interference phenomena in
semiconductor systems have had considerable interest with respect to fundamental
aspects as well as for their technological applications. In contrast, there are relatively
few experimental observations that show such phenomena in metals. These phenom-
ena can be observed rather easy in metals by generating nano-scaled buried objects
that can act as an electron reflector. In this thesis we will use the STM and scan-
ning tunneling spectroscopy (STS) to detect nano-scaled objects buried in a metallic
system and study their physical properties.

Systems of reduced dimensions such as nanometer-sized particles have attracted
considerable attention e.g. due to their potential impact on high-density magnetic
data storage. A promising system could be represented by nanoparticles exhibiting
perpendicular magnetic anisotropy and high coercivity. Recently it has become pos-
sible using spin polarized STM to switch the magnetic state of Co nano-particles with
magnetic field. It would be interesting to selectively tune the magnetic properties of
the system particle by particle. In the field of thin magnetic films, when the magnetic
domain structure depends strongly on surface anisotropy, it has been shown possi-
ble to use surface chemisorption to rotate the magnetic easy axis of thin films [2],
or to obtain dead magnetic layers [3]. These modifications are often reversible since
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2 CHAPTER 1. INTRODUCTION

thermal annealing allows for total desorption of the adsorbate. In this thesis we will
show how we can tune electronic properties of individual magnetic nano-particles by
adsorption and additionally demonstrate desorption induced by tunneling electrons.

This thesis will contribute to several of the above mentioned topics. Three projects
have been described in the thesis, and in the following sections we will show the goal
of each project. First, we will address the manipulation of embedded atoms. We
will show how to manipulate Co atoms embedded in the first layer of Cu(001), and
then discuss a microscopic mechanism for STM tip induced movement. Secondly, we
will discuss the detection of Ar cavities by STM, and the investigation of the induced
quantum wells (QW) interferences due to presence of these Ar cavities. Finally, we will
discuss the detection and manipulation of adsorbates (which is likely to be hydrogen)
on Co islands supported on a Cu(111) substrate, and show how to manipulate the
electronic properties of the Co islands when removing the adsorbates.

In the following three sections we will give a short introduction to each of the
above subject. At the end of each section we will give an outline of the experimental
results that were obtained.

1.1 Manipulation of embedded atoms

The first project that we focused on is dealing with the manipulation of magnetic Co
atoms embedded in a Cu(001) crystal. In this section we will present an overview on
the research of manipulation of adsorbed magnetic atoms in order to form magnetic
nanostructures. An explanation about the importance of the magnetic anisotropy
energy of a single magnetic particle is discussed. Finally, we discuss the challenge
to individually manipulate embedded magnetic atoms within a surface rather than
adsorbed atoms on top of it.

Recently, a number of experiments have been reported on the manipulation of
adsorbed magnetic atoms on metal surfaces, aiming to form small and stable nanos-
tructures, of potential technological relevance for future devices. These investigations
have opened up unprecedented opportunities for atomic engineering of new magnetic
materials [4]. For example Gambardella et al. studied the development of the magne-
tization and the magnetic anisotropy energy (MAE) in Co nanoparticles on Pt(111) by
increasing the Co cluster size atom-by-atom [4]. The authors have reported a MAE of
9 meV for single Co adatoms, which is about 200 times larger than that of Co atoms in
a bulk crystal. Using the atomic manipulation of Cr adatoms on Au(111), Jamneala
et al. have created a triangular island consisting of three atoms. The authors found
that Cr trimers can be reversibly switched between two distinct electronic states,
and they explained this phenomenon by a Kondo effect [5]. The above-mentioned
experiments require operation at cryogenic temperatures. If the temperature is in-
creased adatoms and small clusters become unstable due to the thermally enhanced
surface diffusion. Therefore, the ordering will be destroyed and interfacial intermixing
(atomic exchange) may take place.

The atomic exchange processes for single adatoms has been reported in several
experiments and calculations even for metals immiscible in the bulk [6, 7, 8]. In very
recent scanning tunneling spectroscopy (STS) studies of Quaas et al. using coevapo-
ration of small amounts of Co and a thin Cu film on Cu(111), a Kondo resonance was
revealed on single Co embedded atoms [9]. The Kondo temperature was reported to
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Figure 1.1: STM images at room temperature, showing two successive scans of the same
area (a) and (b). The embedded atoms that have been lost in the first scan can be moved
during the second scan; the corresponding atoms are marked with numbers (10 nm× 10 nm,
Ut = −73 mV, It = 2.5 nA). (c) and (d) are two successive scans taken on the same area
(10 nm× 10 nm). During the first scan (c) the displacement of the atoms was stopped by
suddenly lowering the bias voltage from -240 mV to -20 mV, thus creating a mono-atomic
chain made of thirteen embedded Co atoms. The second scan (d) presents the end situation
(Ut = −20 mV, It = 3.5 nA) (images taken from ref. [11]).

be about 400 K which is significantly higher than for Co adatoms (see ref. [10]). The
above experimental results will undoubtedly stimulate more experimental studies on
building small clusters embedded in the subsurface layers.

Results on the manipulation of Co embedded in a Cu(001) surface in order to form
embedded nanostructures by Kurnosikov et al. are shown in Fig. 1.1. It was shown
that it is possible to use the interaction with an STM tip to move embedded Co
atoms through such a surface [11]. Using this approach, the authors demonstrate the
possibility of building elementary nanostructures. Kurnosikov et al. found that only
by enhancing the applied bias voltage above a certain threshold the displacement of
Co atoms across the surface is made possible, while still keeping the embedded atoms
in contact with the surface during the displacement. From their observations it was
concluded that the state of the tip is very important in the displacement of embedded
atoms.

In order to unambiguously demonstrate that ‘traces’ found in their STM scans
corresponded to individual atoms, Kurnosikov et al. considered two successive scans
of the same area such as, e.g., displayed in Fig. 1.1(a) and (b). Embedded atoms that
move in the first scan in (a) and are lost by the tip, have continued moving in the next
scan in (b). For example, an atom that is numbered by 1 was not moving in (a), but
this atom has shown a trace in (b). Moreover, an artificial nanostructure was formed
from embedded Co atoms. In Fig. 1.1(c) and (d) the creation of a single straight line
of embedded Co atoms is demonstrated. In this work the authors did not see any
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difference in embedded atoms motion when using different scan speeds in the range
between 120 and 330 nm/s. Therefore, it was concluded that the main effect on the
embedded Co atoms displacement is the tip-atom interaction. However, in chapter 4
we will show that both the interaction and the scan speed are very important in the
motion of embedded atoms.

In this project we are inspired by the above observations, and aim for a better
control of the manipulation process, as well as an improved understanding of the
underlying physics. In chapter 3 we describe the procedure for manipulation of Co
atoms embedded in Cu(001). We determined experimentally a threshold temperature
below which there is no movement of embedded atoms. Finally we proposed that the
motion of the embedded atoms is assisted by vacancy mediated diffusion. More details
about this mechanism, proposed before in literature, will be explained. Chapter 4
discusses a microscopic model that has been developed to describe the influence of
tip-atom interaction and tip velocity on the manipulation of embedded atoms. It
has been found that the velocity at which the STM tip moves is a crucial parameter
determining the distance over which the atom can follow the tip (i.e. the length of the
traces). The simple understanding of this effect is that the slower the tip speed, the
smaller the risk of losing an atom, and the longer the atomic trace. First successful
experiments, demonstrating the tip velocity dependence of traces of moved atoms, is
shown for Co atoms embedded in a Cu(001) surface.

1.2 Detection of subsurface impurities by STM

Besides the possibility of using the STM in the manipulation of atoms or in a con-
ventional fashion to investigate the structural, electronic, and magnetic properties of
nanostructures on surfaces or incorporated in the first layer, nowadays STM can be
used to investigate structures buried several nanometers below the surface of metals
or semiconductors through the scattering of electrons from these objects. Although
there is a large amount of STM studies concerning electron scattering of the surface
state electrons, only little experimental work has been reported on the scattering of
bulk states. Such effects were demonstrated by Schmid et al. who observed bulk state
interference patterns due to the presence of Ar-filled cavities in the bulk of Al and
Cu [12]. Sprunger et al. investigated scattering of electrons from defects in Be(0001)
by means of variable temperature STM [13]. The authors extracted short wavelength
oscillations from constant current topographic images and interpreted them as con-
tributions of bulk states to the screening of surface defects. More recently, Weismann
et al. investigated using the STM at 8 K Co atoms buried in the Cu(111) surface [14].
The topographic images taken above the impurity atoms show two different charge
density oscillations; one is related to scattering of surface state electrons and the other
is related to the bulk electron scattering at a single point defect [14].

Motivated by the work of Schmid et al., our goal in this project is to further
explore and understand the scattering of electrons at a subsurface object. In future
this behavior might be exploited in understanding the scattering of electrons at inter-
faces other than with Ar, e.g. to study buried magnetic nanostructures or to study
scattering at nanostructures when they are buried in non spherical Fermi surfaces.

In chapter 5 we explain how the Ar cavities are formed in Cu(001) crystals and
how we detect them using STM and scanning tunneling spectroscopy (STS). We
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show results demonstrating the formation of a localized quantum well (QW) at the
surface of Cu(001) due to the presence of the Ar nanocavity in the bulk. Differential
conductivity (dI/dV ) spectra obtained at the surface above the nanocavities have
confirmed the existence of oscillations in the local density of states. A simple model
that takes into account injection, propagation and reflection of electrons is developed
and used to generate the spatial distribution of the surface differential conductance.
These calculations will be compared with the experiments to extract the location and
geometry of the nano-objects.

1.3 Manipulation of adsorbates on magnetic nano-
structures

The growth of continuous films of Co on Cu(111) has been studied extensively because
the system exhibits perpendicular magnetic anisotropy and high coercivity [15, 16].
Recently, there is considerable interest for very small amounts of Co deposited on
Cu(111), where Co forms triangular islands consisting of two monolayers with lateral
sizes of 10-30 nm, see Fig. 1.2(c-d) [17]. Using STM and STS, researchers have
studied the structure as well as the electronic properties of these islands [18, 19]. The
topographic images show that Co islands have two orientations, which correspond
to different stacking sequences, fcc and hcp, see Fig. 1.2(c-d). The main electronic
feature seen for the Co islands is the presence of a peak at an energy of −0.3 eV, which
is assigned to a d-like surface state of minority spin character, see Fig. 1.2(a) [19, 17].

More recently, the magnetic properties of the Co islands have been studied by
Pietzsch et al. using spin polarized STM/STS. Since it was demonstrated that the
electronic properties of the two islands orientation are different [19], this property has
been used by Pietzsch et al. to extract the orientation of the magnetization of each
island. They used a Cr coated tip which is sensitive to the perpendicular component of
the sample magnetization. In Fig. 1.2(a) the authors observed two distinct curves for
each island type (solid and dotted curves). The existence of two curves for one island
orientation (e.g., fcc islands) is related to the magnetic state of the islands which are
magnetized either parallel (solid) or antiparallel (dotted) to the tip magnetization.
Using dI/dV maps it is possible to observe different contrast for the same island
orientation at specific energies as shown in Fig. 1.2(c-f).

The above experiments by Pietzsch et al. require a well-defined magnetization of
the tip as well as clean Co islands. In our preliminary studies on Co islands deposited
on Cu(111) surfaces, we have observed that the well known d-like surface states of
Co islands, which is located at −0.3 eV as shown by Diekhöner et al [19], is shifted
to a lower energy. The location of the surface states is found to be at −0.5 eV. The
shift of the surface states in our investigations to a lower energy is probably related
to adsorption on the surface of Co islands, which we further identified and explored
in the experiments shown in this thesis.

There is a huge interest for adsorption and desorption studied by STM. More than
a decade ago the first experiment on manipulation of matter atom by atom has been
performed, where the STM is used to desorb atoms from a metallic substrate [20, 21].
Following these similar experiments there are a number of investigations using the
STM tip for the desorption of atoms or molecules from surfaces, such as desorption
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Figure 1.2: (a) Spin-resolved tunneling spectra. Arrows ↑↑ (↓↓) refer to parallel (antipar-
allel) magnetization alignment of sample and tip. (b) Asymmetries arising from different
stacking [upper panel; grey (black) spin averaged (spin polarized)], and from opposite mag-
netization (lower panel). (c)-(f) dI/dV maps at bias voltages as indicated. Maps (c)-(d)
allow a direct comparison to the spin-averaged case in Figs. 6.2(b) and (c). As exemplified
by maps (e)-(f), the spin-dependent contribution is clearly dominant in most parts of the
energy range. Stabilization parameters: I = 1 nA, V = +0.6 V (results taken from Ref.[17]).

of hydrogen atoms from Si(100)-(2 × 1) surface [22].
Using the influence of the STM tip, there are two different methods that can be

used to desorb adsorbates from surfaces. The first is by using field emitted electrons,
where STM is operated at high bias voltages usually above the work function of
the material. This method has been used by Becker et al. who demonstrated the
desorption of H adsorbed on a Si(111) surface [23]. The area on the Si surface from
which the H desorb depends on the distance between the tip and the sample as well
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as on the geometry of the tip. The second approach is desorbing the adsorbates with
the STM still in the tunneling regime; in this case the desorption is controlled on
the atomic-scale [24, 25, 27, 26, 28]. The STM can be used for desorption since it
is known that it can provide an extremely high current density in comparison with
the conventional electron source that is used in surface investigations. This high
current density can provide multiple-vibrational excitation through inelastic electron
tunneling leading to desorbing species from surfaces.

In this thesis we will use the above mentioned advantage to induce desorption of
atoms or molecules from a local area at a nanometer scale to modify an individual
nanostructure (island) without perturbing the neighboring islands. More specifically,
in chapter 6 we will show that adsorbates on individual Co islands are able to sig-
nificantly affect the electronic properties of these nano-objects. We will demonstrate
that the well known d-like surface state of the Co island located at an energy of about
−0.3 eV will be shifted to a lower energy after the adsorbates occupy the surface of
the Co islands. Finally, we will show that the tunneling current from the tip is able
to desorb the adsorbates which leads to a recovery of the surface state at its initial
energy position. A follow-up experiment in our research group shows that by deliber-
ately introducing hydrogen to the chamber, similar behavior has been observed with
respect to the adsorption of hydrogen on the islands and successive desorption by the
tunneling current [29].
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Chapter 2

Experimental setup and
techniques

2.1 Introduction

This chapter is devoted to explain briefly the experimental setup used to generate
experiments in this thesis. The setup as a whole is commercially available, from Omi-
cron Nano Technology GmbH. The setup consists of three chambers: a preparation
chamber, a deposition chamber (for molecular beam epitaxy (MBE)) and an STM
chamber. Furthermore, a small fast entry chamber is attached. The main characteri-
zation tool, the STM, is located in the STM chamber. In order to perform STM in a
controlled way, it is important to have clean tips. Therefore, a tip annealing tool has
been developed and mounted in the preparation chamber. This tool is used to clean
the tips and remove all kinds of contaminations.

In this chapter we will first describe the setup, followed by a brief discussion on
various modes of operation of the STM, and finally a brief introduction to the tip
annealing tool used to clean some of our tips.

2.2 The UHV system

2.2.1 General description and procedures

The UHV setup consists of a load lock chamber, a preparation chamber, an MBE
chamber and an STM chamber, see Fig. 2.1. All chambers can be separated from each
other by valves. The load lock, preparation and MBE chambers are pumped by 3
turbo molecular pumps. The STM chamber, preparation chamber and MBE chamber
are pumped also by both ion getter pumps and titanium sublimation pumps.

The UHV is achieved after baking the whole setup for 60 hours at a temperature
of 150 ◦C, that is done usually after venting the setup. Normally we vent by N2 to
avoid exposure of the setup components to the air. After baking, all components of
the setup in UHV are degassed while the turbo molecular pumps are still in operation,
until the pressure is below 5 × 10−10 mbar. Then the turbo pumps are switched off,

9
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Figure 2.1: A view showing part of the experimental setup. (1) STM chamber, (2) MBE
chamber, (3) preparation chamber, (4) loadlock chamber, (5) evaporators, (6) LEED, (7)
hemispherical analyzer for XPS, (8) two manipulators, (9) three transfer rods, (10) electronics
for the whole setup.

where the system is pumping only by the ion pumps and the titanium sublimation
pumps, which will reduce the pressure down to about 5 × 10−11 mbar.

2.2.2 The preparation chamber

The preparation chamber is designed for cleaning the samples and the tips. The
chamber is connected with two chambers. From one side it is connected to the load
lock, where the samples can be introduced to the preparation chamber after pumping
the load lock without breaking the vacuum. The other side is connected to the MBE
chamber. The samples and tips are transferred between the chambers via transfer
rods (magnetostick), see number 9 in Fig. 2.1.

The main component in the preparation chamber is the manipulator, where the
samples/tips can be transferred from the transfer rod to the manipulator or vice versa.
After transferring a sample to the manipulator, it is possible to heat the sample by
dc heating and measure its temperature with a thermocouple. Using the manipulator
we can move the sample stage to be closer to a leak valve system, which is used for
the inlet of an amount of pure gases in a controlled way, such as Ar to sputter the
samples. For cleaning, the samples are exposed to several cycles sputtering by Ar+

with an ion sputtering gun, using a 2 kV Ar+ ion beam and a sputtering current in
the range of 10-30 μA. Note that the setup allows us to heat the samples at different
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temperatures while sputtering.
We have modified the preparation chamber by adding a gate valve between the

ion getter pump and the rest of the chamber. Once the chamber is at UHV pressure
and we need to sputter a sample or clean a tip, we can close this valve while keeping
the ion pump standby (in operation). At this moment the rest of the chamber is
pumped with only a turbo molecular pump. Once the sample or the tip is cleaned,
we wait until the pressure is reduced sufficiently by the turbo pump, before we open
this valve.

2.2.3 Molecular beam epitaxy chamber

All depositions are taking place in the MBE chamber. The samples or tips are trans-
ferred from the preparation chamber via the transfer rod to the MBE chamber, see
the number 2 in Fig. 2.1. The chamber consists of a manipulator (numbered 8) with
a sample stage that can be rotated with different degrees of freedom. Similar as the
manipulator in the preparation chamber, it is possible to heat the sample and measure
the temperature as well as the possibility of cooling the sample with liquid nitrogen
down to approximately 150 K (by passing nitrogen air through liquid nitrogen). For
surface and chemical characterization, low energy electron diffraction (LEED) and
X-ray photoelectron spectroscopy (XPS) are available.

The most important part of the MBE chamber is evaporation cells, a number of
fully automated Omicron (EMF3), see the number 5 in Fig. 2.1. The samples can
be rotated by the manipulator to face the evaporation cells for the evaporation of
different materials, like Co, Au, Mn and Cr.

The principle operation of the evaporator is rather simple. By electron bombard-
ment it is possible to evaporate the material from the rod or the crucible. Close to
the rod or the crucible there is a W filament. The electrons emitted from the filament
are accelerated towards the rod by a high voltage. An ion collector is used as a flux
monitor at the beam exit. At different electron emission current and e-beam voltage,
the flux of evaporated atoms is directly proportional to the ion flux.

2.2.4 Low temperature STM chamber

The STM chamber is connected to the MBE chamber and separated by a gate valve,
see the number 1 in Fig. 2.1. The samples and tips are transferred from the MBE
chamber to the STM chamber via a transfer rod, where the samples or tip holders can
be placed in one of two carrousels, one of which can be cooled with liquid nitrogen
prior to introducing the samples to the cryostat and the other at room temperature.
The STM head itself is mounted in the cryostat. The vibration isolation of the STM
is provided by a spring suspension integrated with an eddy current damping system.
In addition, the whole setup is suspended by pneumatic legs.

The cryostat consists of an inner tank that is filled with liquid helium and an
outer tank is filled with liquid nitrogen. The outer tank serves as a radiation shield
that decreases the helium consumption. The temperature in the cryostat is measured
with a Si-diode (Lake Shore).
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Figure 2.2: Principle operation of the STM.

2.3 Scanning tunneling microscopy

The STM uses the quantum-mechanical tunnel effect to perform the microscopy. The
basic principle of the STM operation is as follows: A sharp metallic tip is positioned
to about 1 nm above a surface and a voltage of up to a few volts is applied to this
junction, see Fig. 2.2. The electronic wave functions of the tip and the surface are
exponentially decaying into the vacuum gap and due to the close distance between
the tip and the surface their wave functions overlap with each other. This gives rise
to a tunneling current IT that depends exponentially on the distance d between the
tip and the surface that can be expressed as follows:

IT ∝ exp (−2d k) , (2.1)

with a wave vector k =
√

2m(U − E)/�2, where E, U , m and � are electron energy,
energy barrier, mass of electron and Planck’s constant [34]. The typical current is
in the nA-pA range. For recording an STM image, the tip is laterally scanned over
the surface with the help of piezoelectric elements. There are two modes to image a
surface, constant current mode and constant height mode. In the constant current
mode the tip scans in the two lateral directions (x, y), while the height between the
tip and the surface is adjusted by a feedback loop in order to maintain a constant
tunneling current. In contrast, in the constant height mode the tip scans the surface
by keeping the height constant, while measuring the tunneling current. In this thesis,
we will show results using the constant current mode.

Before STM measurements, the tip is moved by a coarse approach until we see
the reflection of the tip on the sample by a CCD camera. Then an auto-approach
procedure is started to bring the tip into the tunneling regime, which is controlled
by software. The tip moves towards the sample by applying a linear voltage ramp
to the z-piezo. The moment a tunneling current is detected, the auto-approach stops
automatically, and then it is possible to scan the surface by moving the piezo scanner
in x- and y- directions. Using the STM electronics control and the Omicron SCALA
software, both forward and backward scans are recorded. Thereby, four STM images
are recorded simultaneously; two topographic images (one forward and one backward)



2.4. TIP PREPARATION AND TOOLS 13

and two tunneling current images.

2.3.1 Spectroscopic mode

As was mentioned the STM is capable of imaging surfaces at the atomic scale. It
can characterize the topography of samples by scanning its surface while keeping
the tunneling current constant. STM is also used in the spectroscopic mode to get
direct information about the electronic properties at a localized region. This is called
scanning tunneling spectroscopy (STS). There are two ways to obtain the STS by
recording the current as a function of bias voltages I(V ) or by using the lock-in
technique to directly record differential conductance dI/dV . The latter can be done in
two ways, either by taking I(V ) spectra on one point, or by recording the conductivity
at a certain voltage over a predefined area in the xy plane, the so-called differential
conductance maps. All the above methods can be recorded simultaneously during
one scan.

An I(V ) measurement is taken by stopping the tip at a certain position followed
by switching off the feedback loop. Then the current is recorded as a function of
the tunneling voltage, typically between −1.0 V to +1.0 V. The measurement at this
point can be repeated several times, and by numerically differentiating the current
with respect to the voltage the tunneling conductance dI/dV is obtained. The dI/dV
is proportional to the local density of states (LDOS) as introduced in various text-
books and articles [33, 34, 35]. With the help of a lock-in amplifier it is possible
to simultaneously record this differential tunneling conductance dI/dV directly. The
dI/dV signal is measured by adding a small ac-bias voltage to the dc-bias at a fre-
quency (typically 4.180 KHz) well above the feedback loop that keeps the tunneling
current constant.

Besides measuring the STS at a single point, it is possible also to map the spatial
variation of the differential conductance. Again using a lock-in technique, this time
by a small ac voltage superimposed on a fixed average bias voltage, it is possible to
record the conductance pixel by pixel over a predefined area, by which a conductance
map is obtained.

2.4 Tip preparation and tools

All STM tips used in this thesis are electrochemically etched from polycrystalline
tungsten (W) wire. The standard procedure of making tips starts with using chemicals
such as sodium hydroxide (NaOH) thin films for electrochemically etching the W wire.
Then the cleaning process is taking place after introducing the tip into the vacuum.
A tip annealing tool is installed in the preparation chamber.1 The tip stage is placed
in the manipulator, where it is possible to move the whole stage close to the tip
annealing tool. Cleaning the tips require two processes: annealing and short flashing
using electron bombardment.

The tips are heated by electron bombardment by applying a bias voltage to the
W filament that was brought close to the tip, see Fig. 2.3(a). The first test was
done to a W tip mounted in a stainless steel holder from Omicron. By applying a

1The tip annealing tool is designed by Oleg Kurnosikov.
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Figure 2.3: (a) Diagram shows the setup for heating the tips by electron bombardment.
(b) SEM image for a tip before the annealing process, while (c) to (e) are photographic
pictures showing that the tip holder has been melted during the annealing procedure.

power of about 30 W, the tip holder was melted as seen in the photographic pictures
in Fig. 2.3(c-e). Therefore, in order to heat the tip to higher temperatures, the tip
holder has been modified by removing the steel fixation and use instead Ta clamps.

Figure 2.4: (a) A typical Omicron holder, the Cu sample is mounted on it. (b) The
Omicron tip stage, a tip is fixed in a tip holder.

In order to estimate the radius of the W tip, field emission current is used. Note
that for the experimental data that will be shown in this thesis, we sometimes used tips
that were not cleaned by electron bombardment. In that case, we usually crash the
tip with the surface several times to remove the oxides and contaminations from the
tip apex, whereafter we move the tip to a different area to conduct our experiments.

In Fig. 2.4(left-side) we show a typical sample holder of Omicron on top of which
a Cu crystal is mounted. In the right-side we show the tip stage with the tip holder.



Chapter 3

STM-tip induced movement
of embedded Co atoms

Scanning tunneling microscopy (STM) is used to study the STM-tip-induced move-
ment of Co atoms in a diluted Co/Cu(001) surface alloy. By varying the sample
temperature from 4 K up to room temperature, we measured the threshold tempera-
ture at which an incorporated Co atom can be moved, which is approximately 150 K.
We propose that a vacancy-mediated mechanism is responsible for the observed move-
ment, in which vacancies under the tip area exchange with an embedded Co atom.
Finally, we present for the first time a selective movement of single Co embedded
atoms through a Cu(001) surface.

3.1 Introduction

The interaction between a scanning tunneling microscopy (STM) tip and a surface
provides the possibility to modify the surface on an atomic scale. This was already
employed to build up artificial surface nanostructures from adsorbed atoms [20, 81].
Because of the very weak bonding of the adsorbed atoms with the surface, such ma-
nipulation is usually only possible at very low temperatures when the ordering of
adsorbed atoms is not destroyed by thermally activated diffusion [31, 32]. Only in
very specific cases, this can be achieved at room temperature when using, for exam-
ple, atoms or molecules with a strong interaction with a surface. As an example,
Fishlock et al. investigated the tunnel-current-density induced motion of bromine
atoms adsorbed on a Cu(001) surface at room temperature [36]. The authors were
able to demonstrate a precise positioning of Br atoms on a Cu(001) surface at room
temperature. The Br atoms are pushed (repelled) by the tip along the easiest avail-
able [110] direction. As was already reported, this direction has the lowest energy
barrier for the motion. Beside this, they found that the tip structure has generally
no significant influence on the Br motion.

A particularly attractive alternative to build structures at room temperature is
by using embedded atoms. When foreign atoms are embedded into a surface they
should show much more stability in a broader range of temperatures. However, so

15
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far, this has not been well studied, except for the self-diffusion of embedded atoms
in Cu(001) that was studied for several systems at room temperature, such as, for
example, diffusion of Mn incorporated in Cu(001) [38]. It was shown that the mobility
of Mn can only be explained by a diffusion mechanism that incorporates an exchange
with diffusing vacancies.

Vacancy-mediated diffusion processes have been reported for Pb and In in Cu(001)
as well [39, 41, 42]. Vacancies are always present on a surface due to thermal acti-
vation, and they can move across the surface via an exchange mechanism. At room
temperature, as shown by van Gastel et al. [41, 42], the probability of finding a single
vacancy at each site of Cu atoms is 10−9 per atom. However, at this temperature the
vacancies are intensively moving across the surface, by which it is impossible to detect
the diffusion of a single vacancy with the STM by a direct imaging process. There-
fore, using foreign impurity atoms incorporated in a surface (such as In in a Cu(001)
surface), it is possible by a vacancy exchange mechanism to detect the diffusion of
surface vacancies at laboratory time scales (seconds or minutes). On the other hand,
at low temperature both the concentration of vacancies and their mobility decrease
markedly, hindering any self-diffusion. However, it has been suggested that due to the
local interaction of an STM tip with the surface, the physical properties at the surface
can be modified in the local area under the tip. In this particular area, the presence
of vacancies should be much more probable, leading to an enhanced exchange with
impurity atoms and an enhanced mobility of impurity atoms.

Indeed, it was recently demonstrated that embedded atoms can also be displaced
by the STM tip [11, 43]. It was shown possible to manipulate simultaneously an
ensemble of separated atoms of Co embedded in a Cu(001) surface at room tem-
perature, and to create a single straight line of embedded atoms in a controlled way.
However, the physical processes behind this observation as well as the exact procedure
for reliable manipulation with embedded atoms remain unclear.

In order to understand the physical processes in the manipulation of embedded
atoms, such as the role of the STM tip in providing the surface vacancies, which give
rise to a higher chance for the motion of the embedded atoms, we need to make the
experiments for embedded atoms manipulation at a temperature lower than room
temperature. In this way, we can investigate the effect of thermal activation in re-
ducing or increasing the density of surface vacancies under the STM tip. This will
definitely allow us to understand more about the mechanism of the manipulation of
the embedded atoms. In this chapter, we describe such an experimental study. We
have determined a threshold temperature below which there is no movement of Co
atoms. Selective manipulation of Co atoms incorporated in a Cu(001) surface and
building an atomic line from incorporated Co atoms are demonstrated. Furthermore,
we investigated some conditions that are required for selective movement, such as
the dependence on bias voltage and tunneling current. Finally, the mechanism to ex-
plain the displacement of embedded atoms will be briefly discussed. A more detailed
discussion and modeling of embedded atom displacement is postponed for chapter 4.

3.2 Experimental

The experiments were carried out in a multichamber ultrahigh vacuum system with
a base pressure below 5×10−11 mbar that provides the following facilities: molecular
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Figure 3.1: (a) An STM topographic image of a clean surface of Cu(001) at 77 K, shows
two terraces separated by a monoatomic step. (b) Zooming in the middle of the large terrace,
an STM current image shows atomic structure of a clean Cu surface.

beam epitaxy (MBE), surface analysis by low-energy electron diffraction (LEED) and
low-temperature STM. A Cu(001) single-crystal surface was cleaned using several Ar+

ion bombardments at 2 kV for 15 min, followed by annealing at 900 K (for 5 min)
several times, until a sharp p (1×1) LEED pattern was achieved, and no contaminants
on/in the terraces were observed in the STM images. Approximately 0.01 ML of Co
was evaporated in the MBE chamber using an electron beam evaporator onto the
clean Cu(001) crystal. For particular cases, the samples were annealed at 600 K after
Co evaporation at room temperature, to form a diluted Co-Cu surface alloy. All the
experiments were performed at temperatures between 4 and 300 K, using tips from
a W wire, which were electrochemically etched and subsequently annealed in situ by
e-beam bombardment at approximately 2000 K. We have modified the state of our
tips by applying voltage pulses while still under a tunneling condition, resulting, e.g.,
in an improvement in the resolution observed on our Cu(001) crystal surfaces.

3.3 Properties of Co atoms in Cu(001) surfaces

3.3.1 Structural properties

After cleaning a Cu(001) surface, an STM image of a well ordered surface is obtained,
see Fig. 3.1(a), containing two terraces separated by a monoatomic step. Fig. 3.1(b) is
an image with atomic resolution taken at the center of the large terrace, where the two
crystallographic directions are indicated by arrows in the image. From this result and
others, we clearly confirmed that before the Co deposition, with employing different
cleaning methods, we can achieve well ordered and very clean Cu(001) surfaces.
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Figure 3.2: STM topographic images of alloyed Co/Cu(001) at 77 K after submonolayer
Co deposition. (a) the surface contains Co ad-islands (bright-features) and incorporated Co
atoms in a form of single, dimers etc. atoms. Zooming to an area with incorporated Co
atoms is presented in (b).

Atomic exchange processes in Co/Cu(001) systems

Intermixing between Co and copper was observed by Fassbender et al. by using
STM [7]. The authors showed that after deposition of Co on Cu(001), there are two
types of regions seen in the top layer of the substrate: Co-rich regions and copper-rich
regions. The two regions were identified by using high or low bias voltages in the STM
images [7]. Following those results, Nouvertné et al. have combined experimental and
theoretical studies to resolve single Co atoms incorporated in a Cu(001) surface (using
STM) and to give a quantative picture of the microscopic processes during the initial
stages of Co growth (using DFT), respectively [47].

Sub-monolayer deposition of Co on a Cu(001) surface shows the formation of a
surface alloy. Figure 3.2 show STM images after Co deposition of about 0.5 ML. The
surface contains a number of features. In Fig. 3.2(a), the bright features are mostly
Co ad-islands of one monolayer that have a height about (0.22± 0.02) nm. However,
sometimes islands consisting of two monolayers are observed as well at the same
coverage. Beside this, small features with an apparent height of about 0.05 nm are
seen on the surface, see again Fig. 3.2(a), which can be associated with incorporated
Co atoms. Those Co embedded atoms have been found as single atoms, dimers,
trimers, and also as embedded islands consisting of several atoms. Figure 3.2(b)
shows a small area that contains embedded Co islands from 2 up to 9 atoms. After
having successfully observed intermixing between Co and Cu at a coverage of 0.5 ML,
we used deposition of much less Co (typically 0.01 ML) for our atom-manipulation
experiments. In the latter case, no islands or embedded clusters were found, but only
single embedded atoms.

After alloying, the embedded Co atoms can be imaged as a protrusion or sup-
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Figure 3.3: (a) The incorporation of Co atoms in a Cu(001) surface is shown in the
two STM topographic images (a) and (b), where Co atoms are imaged as protrusion and
suppression; a bias voltage Ut = +110 mV, −9 mV, and a tunneling current It = 2.7 nA,
9.5 nA for (a) and (b), respectively. A line profile along a Co atom as indicated in (a) and
(b) are shown in (c) and (d); roughly the apparent height of a Co atom is in the range of 20
to 80 pm.

pression with the STM, as was already shown by Kurnosikov et al. [11]. We have
observed a similar behavior that is shown in the image of Fig. 3.3. Depending on the
tip state, Co atoms were imaged as a protrusion as in Fig. 3.3(a) or as a suppression
as in Fig. 3.3(b). The apparent height of the Co is in the range (0.020–0.060) nm in
both cases as shown in Figs. 3.3(c) and 3.3(d).

Upon Co deposition at room temperature, the Co atoms immediately alloyed
with the Cu surface. This is consistent with an earlier observation of a diluted Co-
Cu surface alloy formation [47]. We have found that the lateral dimension of a Co
atom in the topographic images is significantly larger than that of Cu atoms in the
crystalline surface as shown in Fig. 3.3(a), (b). A similar result has been reported by
others, for example for Pb atoms embedded in a Cu(001) surface [39]. This lateral
extension can be explained by an extended local modification of the electron density
of states.

3.3.2 Electronic properties

The electronic properties of a single Co atom embedded in a Cu(001) surface were
studied by performing STS measurements with a tip positioned above the single atom.
In Fig. 3.4(a) we show the differential conductance dI/dV spectra as a function of
the applied bias voltage taken on single Co embedded atoms (squares) as well as
on the copper bare substrate (circles). These data are averaged over a number of
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Figure 3.4: (a) Differential conductance spectra averaged over number of points taken at
77 K at single Co embedded atoms (square) and at the Cu substrate (circle). The single
curves are spectra at single points at Co atoms, where the average of all points is shown
by the squares. (b) Topographic STM image, showing positions of the spectrocopy for Co
atoms indicated by “1”, while for the Cu substrate the final result is averaged over a number
of points within the open rectangle indicated by “2”.

points, for example for different Co atoms the spectra at different points are shown as
thin curves, where the average of those points is shown by the square-shaped symbols.
Figure 3.4(b) is a topographic STM image showing the area at which the spectroscopy
was conducted. For Co atoms, the spectroscopy is averaged over 4 atoms that are
numbered by 1, while for the Cu substrate the spectroscopy is averaged over a number
of points within the area shown by an open rectangle and is numbered by 2.

It is realized from this experiment that close to the Fermi level EF the conduc-
tivity of the embedded Co atom and the Cu substrate are qualitatively similar. This
similarity is probably due to a partial coupling of the electronic states of the em-
bedded Co atom and the metal substrate. However, a significant difference in the
conductance is observed at positive bias voltages, which can possibly be attributed
to the formation of a minority-spin virtual bound state (VBS), localized close to the
Fermi-level [40].

In the following sections we will focus on detailed studies on how to manipulate
Co atoms embedded in a Cu(001) surface aiming at the formation of nanostructures.
The conditions that are required for the manipulation such as temperature of the
sample, tunneling current, and the tunneling voltage are investigated. The mechanism
required to understand the manipulation is briefly discussed, and will be treated in
more detail in the following chapter.

3.4 Effect of temperature on the manipulation of
Co embedded atoms

3.4.1 Threshold temperature

In order to study the effect of substrate temperature on the manipulation of embedded
atoms, we conducted a series of experiments at different temperatures. We observed
that scanning the surface after Co incorporations at cryogenic (4 K) temperature
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Figure 3.5: STM current image showing traces (white lines) of movement of incorporated
Co atoms at 150 K sample temperature. The scan area is 20.0 nm× 20.0 nm, bias voltage
Ut = −9 mV, and tunneling current It = 9.5 nA.

shows no movement of Co atoms at all. This can be understood since the motion
of embedded atoms is carried by the help of surface vacancies, which are extremely
small in number or immobile at low temperatures.1 We have conducted a series of
experiments at increasingly larger sample temperatures. At 77 K, or slightly higher,
no displacement of Co atoms at various tunneling conditions is observed either. Co
atoms initially start to move at a sample temperature of approximately 150 K (see
Fig. 3.5). We found that for a particular tip state the movement of Co atoms can
be observed, while keeping Co still embedded in the Cu surface during the motion.
This is performed by simply reducing bias voltage, implying an increasing interaction
between the tip and the surface during this process, while maintaining a constant
tunneling current.

During a line scan, Co atoms can jump to neighboring positions in the crystalline
lattice, and the image of the atom can extend in the next line scan. Several sequential
jumps result in the appearance of individual traces of the atom displacement, seen as
bright lines in the image in Fig. 3.5. Caused by interaction between both the tip and
the crystalline lattice, the atomic displacement prefers some specific directions. The
atoms tend to follow the [110] direction, while they can also jump to neighboring sites
in the [-110] or [1-10] directions as shown in Fig. 3.5. Such behavior has already been
indicated by Kurnosikov et al. [11, 43]. Most of the Co atoms move to the top end
of the scan area. However, some atoms are lost during this motion. Those atoms can
show up as traces starting approximately from the same area in the second successive
scan (results will be shown in the following chapter). The reason for an atom being
lost during the motion is because either the probability of finding a vacancy close to
the atom is very small or the atom drifted away too far and thereby lost contact with
the tip.

1More detail about the mechanism of vacancy-induced diffusion will be presented in chapter 4.
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Figure 3.6: An STM current image is divided into two parts; as indicated, the first part is
imaged with 3.0 nA tunneling current and the rest of the image is taken with 9.5 nA current.
The applied bias voltage for the whole image is 9 mV. The circles in the lower-part showing
the Co atoms which are immobile at tunneling current of 3.0 nA.

3.5 Threshold current and voltage

After we showed the effect of the sample temperature on the manipulation of embed-
ded Co atoms, in this part we will show how the magnitude of the tunneling current
and the bias voltage (and thereby also tip-sample height) determine the motion of the
embedded atoms. Note that the movement of Co atoms does not only depend on bias
voltage, but also crucially on the particular tip state. For various tip states we found
a threshold voltage above which there is no movement. This voltage varies between
9 mV and 200 mV at a 150 K sample temperature, although in a few cases voltages
lower than 9 mV have been used for the intentional manipulation. We have also found
that the motion of embedded atoms depends on the tunneling current. Using an ap-
plied bias voltage in the range of 9 mV - 100 mV, the movement is observed frequently
at a tunneling current of approximately 9 nA. Reducing the tunneling current below
this value leads to a suppression of all the traces of the movement. This might reflect
that interaction between the tip and the embedded atoms, which depends strongly
on both bias voltage and tunneling current, in combination with the specific state of
the tip, are crucial in the motion of surface embedded atoms.

Figure 3.6 is an STM current image of Co atoms in a Cu(001) surface. It shows
the effect of the tunneling current on the manipulation. The first part of the image
was conducted with a tunneling current of 3.0 nA, and bias voltage of 9.0 mV, while
the second part of the image has been taken with a tunneling current of 9.5 nA. In the
first part the Co atoms are immobile with this set of tunneling parameters, as shown
by circles around the atoms. However, by increasing the tunneling current to 9.5 nA
in the second part of the image leads to a finite displacement of several Co atoms.
This result means that increasing tip-surface interaction by reducing the tip-surface
distance has a profound influence on the motion of the embedded atoms.
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Figure 3.7: The diagram in (a) shows selective manipulation of an embedded Co atom. The
STM current image (8.0 nm × 8.8 nm) is taken at 150 K of Co atoms, before (b) and after
manipulation (c). The initial position of the displaced atom is encircled. The tunneling
current It = 9.5 nA, bias voltage for the scan Ut = −185 mV, and for the manipulation
Ut = −3 mV. Arrows in (b) and (c) indicate a reference point, scan velocity for both images
is vscan = 45 nm/s.

3.6 Single-atom manipulation

We will now demonstrate the possibility of manipulating single atoms, as well as a
few atoms to form embedded nanostructures. As it was already shown, the control
of the bias voltage and the tunneling current are very critical for the manipulation
of embedded atoms. Figure 3.7(a) shows a schematic diagram of the initial and final
states of the surface after displacement of one Co atom. First, the tip is placed at
a certain position above the surface, where the interaction of the embedded atom
with the tip is sufficiently weak to leave the embedded atom essentially unperturbed
during the imaging process as sketched by a in Fig. 3.7(a). Increasing the tip-atom
interaction is achieved by lowering the tip towards the embedded atom by decreasing
the bias voltage, as shown by b. Then, an embedded atom can be dragged to position
d through c, followed by reducing the tip-atom interaction as shown by f. The typical
2D scan velocity used along the horizontal direction is about vscan ∼ 50 nm/s, while
the velocity of the tip to drive the atom from b to d (‘driving’ velocity) is typically
v ∼ 5 nm/s.

In Fig. 3.7(b) a typical experimental result using the procedure described above
is shown. We start scanning an area of 8.0 nm × 8.8 nm with a tip velocity of
vscan = 45 nm/s, a −185 mV bias voltage, and a tunneling current of 9.5 nA. The
surface shows six embedded Co atoms apart from a fixed reference point as shown
by an arrow in the lower part of Figs. 3.7(b) and 3.7(c). There are three atoms
observed in the middle area of the image, two are close to each other. We localize the
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Figure 3.8: STM topographic images of (4.3 nm× 4.3 nm) taken at T = 150 K show
an intentional manipulation of single Co embedded atoms to form a group of atoms; bias
voltage Ut = −151 mV, and current It = 9.5 nA. Image (a) is taken before any action to
locate position of the atoms. Image (b) is taken after atom 1 and 2 were tried to move with
the tip along the direction shown by the arrows in (a). A similar attempt was repeated in
(c) and the result of the motion is shown in (d). The scan velocity is vscan = 34 nm/s.

atom position that we intend to move with the above tunneling conditions, see the
circle in Fig. 3.7(b). During the following second scan, Fig. 3.7(c), we stop the scan
around the embedded atom region, and place the tip directly above the atom to be
moved. Subsequently, the tip is moved towards the atom by reducing the bias voltage
to −3 mV while keeping the current constant. We then moved the tip under a closed
feedback loop across the surface to the desired destination, dragging the Co atom
with it. In this case the tip is moving along a straight, diagonal line at a ‘driving’
velocity v = 4.5 nm/s. This process has been repeated several times to insure that
the atom has moved. Restoring the initial parameters reduces the interaction and
allows us to obtain a normal STM scan to monitor the result of the displacement.
Figure 3.7(c) shows the result of the single-atom displacement. The Co atom has
been moved over about 2.5 nm corresponding to approximately 10 lattice spacings,
and now is close to an existing group of atoms. After Fig. 3.7(c) was obtained, we
reduced the bias voltage to increase tip-atom interaction. In such a case, all atoms
that are located within the scan area show traces of movement until they are at the
top edge of the scan area (result not shown, but a similar behavior will be shown in
the following section).

The ability of displacing several atoms instead of a single atom inside one scan
frame is demonstrated in Fig. 3.8. An area of 4.3 nm× 4.3 nm was scanned with a
high bias voltage that leads to a low interaction between tip and Co atom in order to
locate the position of embedded atoms. The semi-rectangular white spot in Fig. 3.8,
probably a Co island, is taken as a reference point; the black circles are embedded Co
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atoms. The apparent size of the Co atoms in the image is considerably larger than the
size of the Cu atom, as was explained earlier. Depending on the tip state, sometimes
rings around the embedded atoms are observed, as shown in Fig. 3.8. Probably, those
rings can be assigned to charge density oscillations, which are induced by screening
of the local potential of perturbed charges in the host lattice. After having located
the Co atoms, two of them were selectively moved in this frame by about seven
lattice spacings (atom numbered 1) and slightly moved (atom numbered 2) along the
directions shown by arrows in Fig. 3.8(a). The results of this attempt is shown in
Fig. 3.8(b); apparently only atom 1 is clearly affected. A second attempt to move
the atom numbered with 2 is shown in Fig. 3.8(c), where the final result of motion of
atom 2 is shown in Fig. 3.8(d).

3.7 Formation of embedded nanostructures

In this paragraph we will show first results demonstrating the formation of nanostruc-
tures by manipulating embedded atoms. Figure 3.9 illustrates two processes. Firstly,
the formation of a line of embedded atoms by intentional manipulation, and secondly
the displacement of the embedded atoms in the line after increasing the tip-surface
interaction. In Fig. 3.9(a), (b) we show an intentional manipulation of a single atom;
the initial and final position of the Co atom are marked by circles. Similar succesful
attempts were done to some other embedded atoms, which are marked by circles too
in Fig. 3.9(c), (d) and (e), (f). The line structure of the embedded atoms that was
formed at 150 K showed to be stable for a long time, i.e., a few hours.

Finally, after checking the stability of the embedded structures in time, it could
be intentionally destroyed by increasing the tip-surface interaction. This is shown
in Fig. 3.10(a)-(c), where the line of embedded atoms that was previously formed
Fig. 3.9(f) gives rise to traces of displaced atoms in successive scans as shown in
Fig. 3.10(a) and (b) . The final situation of the surface is shown in (c), after the
movement of a group of atoms at once with the tip.

These results, and earlier results shown in the previous sections, demonstrate the
possibility of building embedded nanostructures atom-by-atom by using the STM-tip,
as well as the possibility of subsequent destruction of these structures.

3.8 Mechanisms for manipulation
of embedded atoms

There are many differences if we compare our system of embedded atoms with systems
of adsorbed atoms that were studied in the last decade. The main difference concerns
the tip-atom interaction, i.e., the tip-atom height. In the case of adsorbed atoms, the
distance between the tip and the adatom is different from the distance between the
tip and substrate atom, which provides a stronger interaction with the adsorbed atom
than with an atom in the first layer. This preferential interaction with the adsorbed
atom was studied extensively, revealing pulling, pushing and sliding regimes for the
induced displacement of adatoms [48]. However, in our case, the distance between the
tip and the Co or Cu atoms in the first layer does not differ very much, and therefore
we cannot expect a selective interaction preferably with only Co atoms. Moreover, in
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Figure 3.9: STM topographic images show the process of formation of a line from embed-
ded atoms;(a), (b) show an intentional manipulation of a single atom, where the initial and
final position of the atom is marked by a circle. Similar motion for other atoms was done in
images (c),(d) and (e), (f).

Figure 3.10: Images (a)-(c) were taken to monitor the tip induced dragging of atoms.
The images were taken after image (f) in Fig. 3.9. The results show a number of traces in
(b), and the final situation is in (c) where most of the atoms earlier presented (a) are driven
away from the scan area.
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Figure 3.11: Schematic diagram showing a possible mechanism for embedded atom move-
ment. The atoms are displaced by an enhanced vacancy density due to a temporary defor-
mation of the surface in the tip region.

the absence of vacancies, the activation energy to move the embedded atoms would
be very large. Hence, the most probable mechanism to displace an embedded atom
is the presence of a surface vacancy combined with a strong tip-surface interaction;
see Kurnosikov et al. [11, 43].

Thus, we believe that the essential requirements for the manipulation of Co em-
bedded atoms are the existence of a strong tip-surface interaction (e.g., the electric
field) and the presence of a surface vacancy laterally close to the tip position. The
most important point to understand about the mechanism of selective manipulation
of an embedded atom is how the vacancy is formed. Our scenario of the mechanism is
as follows: it is well known that at certain regimes the interaction between the STM
tip and surface can be sufficiently strong to induce a non-reversible surface modifi-
cation. However, a less intense interaction between the tip and the surface can also
induce a local elastic deformation of the surface– a type of reversible modification
of the surface properties induced by the interaction with the tip [45, 46]. The local
elastic deformation favors a generation or accumulation of vacancies because the inter-
atomic interaction is modified in the near-tip region. The accumulation of vacancies
close to the tip provides a higher chance for the Co atoms to jump towards the tip.
This approach is schematically explained in Fig. 3.11. Finally, we have to stress that
vacancy generation or accumulation is, of course, temperature-dependent. Below the
experimentally observed threshold temperature of 150 K, there is no movement due
to the strongly reduced vacancy creation and accumulation near the tip-end. More
details on the modeling of these processes will be presented in the next chapter [49].

3.9 Conclusions

We demonstrated for the first time a controlled positioning of single embedded Co
atoms in a Cu(001) surface. We have shown that in this system the movement of
these atoms with an STM tip takes place only for temperatures roughly higher than
150 K. The mechanism of incorporated atoms diffusion is related to the presence of
surface vacancies that is controlled by the tip-surface interaction. Apparently, at a
low temperature (below 150 K) the density of vacancies is too low to mobilize the
Co atoms. Also, we have created stable elementary clusters from these incorporated
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atoms, which can be considered as a first experimental step towards the fabrication
of embedded nanostructures.



Chapter 4

Microscopic mechanisms for
STM-tip induced movement
of embedded atoms

In this chapter, we present and analyze a microscopic model that successfully describes
STM-tip induced motion of surface embedded atoms. The system studied is found
to display a particularly rich behavior as a function of tip-sample interaction and the
velocity at which the tip drags atoms along. Separate regions in parameter space with
pulling and pushing character can be discerned, each of them displaying a different
velocity dependence. First experimental results showing the velocity dependence of
the trace-lengths achieved for Co atoms embedded in a Cu(001) surface are interpreted
using this model, giving evidence for a combined pulling-pushing mode.

4.1 Introduction

Overview of adatom diffusion and manipulation

The field of surface diffusion has been growing in the past decades [53, 54, 55]. It has
been long recognized that the diffusion of adparticles is the key controlling rate in most
dynamical processes occurring on surfaces, such as growth of islands and epitaxial
layers [50]. Indeed, the knowledge of the diffusive properties of single adatoms and
of clusters on crystal surfaces is a fundamental step in surface nanostructuring [51],
which has become of increasing technological importance in recent years.

It has been known that the interaction of the STM-tip with a surface often mod-
ifies the surface, which can be considered as a destructive process. However, this
interaction process can also be considered as an advantage, since the STM-tip can be
used to manipulate atoms and molecules adsorbed on surfaces [20]. Such interactions
allow one to precisely manipulate atoms and molecules with a finite control and po-
sition them in a desired location. Atoms and molecules have been manipulated by
two different ways: vertical manipulation, or lateral manipulation. In vertical ma-
nipulation atoms or molecules are transferred to the tip by increasing the tip-particle

29
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interaction, positioning the tip in a different location, and then releasing the parti-
cle [52]. In lateral manipulation, the atoms or molecules are manipulated along the
surface while still having contact with the surface [48].

By using the force between STM-tip and atoms/molecules it is possible to laterally
manipulate atoms/molecules via three different modes: pulling, pushing, or sliding.
In pulling mode, the atom/molecule is always behind the tip and is attracted to it. In
sliding mode, due to attractive interactions, the atom/molecule is directly under the
tip and follows the tip [52]. Finally, in pushing mode, the atom/molecule is located in
front of the tip, and a repulsive interaction pushes the atom away from the tip. Those
modes can be induced by choosing appropriate manipulation parameters [52]. Meyer
et al. have used the tunneling resistance between STM-tip and atoms/molecules to
qualitatively distinguish between different modes of motion [52].

Overview of embedded atoms diffusion and manipulation

The situation is different, however, when atoms are not adsorbed on the surface but
rather embedded within the first surface layer. Diffusion of surface embedded atoms
has been well studied for different atoms such as Mn, In, Pd, and Pb [38, 39, 42, 60]
embedded in Cu(001) surfaces. Flores et al. have studied the atomic mechanism of
Mn incorporation by STM [37], and proposed a mechanism responsible for the self-
diffusion of incorporated Mn atoms [38]. The authors explained that the mobility of
embedded Mn is assisted by a diffusion of vacancies in the outermost surface layer.
Vacancies are always present on a surface due to thermal activation, and they can
move across the surface via an exchange mechanism [42]. Similarly, measuring the
position of indium embedded in Cu(001) by STM, van Gastel et al. have shown that
the diffusion of the indium atoms is assisted by vacancies [56, 57]. The frequent
occurrence of jumps of more than a single lattice spacing was shown to be consistent
with surface vacancies diffusing across the surface at random [42], mediating the
movement of embedded atoms. Thereby the increased mobility of the embedded atoms
is a result of exchange processes with a neighboring vacancy. Comparing experimental
results with Monte-Carlo-like simulations and continuum approaches supported this
interpretation [42, 58]. Similar studies were done for Pd and Pb in Cu(001) [39, 60],
confirming this vacancy-mediated diffusion mechanism for embedded atoms.

Although the vacancy exchange-mechanism increases the mobility of embedded
atoms, the induced movement is completely random. It would be challenging to
control the presence and motion of vacancies, to achieve a tool to move embedded
atoms at will. A tool that would allow such movement would pave the way towards the
creation of artificial nanostructures consisting of embedded atoms and that would be
stable even at room temperature, in sharp contrast to atom manipulation of individual
atoms on top of a surface, which is restricted to low temperatures.

More recently, it has been shown possible to drag atoms embedded within the
surface layer [11], potentially leading to stable structures at room temperature. This
option was extensively discussed in chapter 3. Using STM-tip interaction Kurnosikov
et al. found that it is possible to manipulate Co atoms embedded in Cu(001) surface
at room temperature. They conjectured that the STM-tip could modify the surface
underneath [44], and acts as a local source or trap for defects, such as vacancies [45].
Moving a cloud of enhanced vacancy density across the surface, could then lead to
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a directed motion of the embedded atoms. In order to study the role of surface
vacancies in the manipulation of embedded atoms, the temperature dependence of
the manipulation was discussed in chapter 3. It was shown that when T � 150 K,
displacement of embedded Co atoms cannot be achieved, however, at T � 150 K
manipulation of embedded atoms was observed [59]. The reason for the inability to
manipulate atoms at low temperature is related to the reduction of the density of
surface vacancies that assist the atom’s diffusion [56].

It was assumed that vacancies were created due to the local tip-sample interac-
tion [11]. In this particular area under the tip, the presence of vacancies is expected to
be much more probable, leading to an enhanced exchange with impurity atoms [11].
However, there is no real proof for the underlying scenario, nor a microscopic model
for such a controlled vacancy-induced movement has been reported. In this chapter,
we will present such a fully microscopic description. It will turn out that the velocity
at which the STM tip moves is a crucial parameter determining the distance over
which the atom can follow the tip. Intuitively, the slower the speed, the smaller the
risk of ‘loosing’ an atom, and the longer the atom trace. We demonstrate that in
reality the situation is more complex, and a particularly rich behavior emerges.

In the following sections, we will introduce a microscopic model, discuss its generic
behavior and compare with experiments. Both self-diffusion and STM-tip induced dif-
fusion will be discussed within this model. The microscopic model has been studied
by two approaches. First we use a Monte-Carlo simulation, where motion of a single
embedded atom is simulated as a function of tip velocity and tip-sample interaction.
Secondly, we use the solution of the rate equation, where the dynamics of a density
of embedded atoms is being described. From both approaches, we show an interest-
ing behavior as a function of tip-sample interaction and tip-velocity. We will discuss
separately the pushing and pulling of embedded atoms. Finally, we show first ex-
perimental results confirming the STM-tip velocity dependence of the trace-lengths
achieved for Co atoms embedded in a Cu(001) surface.

4.2 Theoretical model

4.2.1 Scan configuration and definition of trace lengths

In order to understand the effect of tip velocity on how far embedded atoms can
be displaced, first we explain how the trace-length of a displaced atom is calculated
from the STM images. In our experiments, STM images are obtained by moving the
STM-tip back and forth horizontally with a tip velocity vscan (typically between 30
to 200 nm/s). The tip is gradually sweeped in the vertical S-direction with a step of
Δs after each horizontal scan as indicated by horizontal arrows in Fig. 4.1(a). The
schematic diagram in Fig. 4.1(a) represents a surface of (001) orientation, where we
define the x-axis to be parallel to the [110] crystallographic direction, which is tilted
by an angle θ with respect to the vertical S-direction. If an embedded atom is placed
in this cell at position x0, and then the surface is scanned, this leads to a motion
of the embedded atom towards the neighboring lattice sites along the [110] direction
i.e., along the x-axis. This results in the appearance of traces of individual Co atoms
in the images as discussed in chapter 3. The white dotted circles in Fig. 4.1(a) show
the traces left after movement of the embedded atom. An embedded atom can also
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Figure 4.1: (a) Schematic diagram showing how the STM-tip scans the surface and how
the trace length is defined. To image a surface the start is from bottom left to right, and
then moves one step Δs along the S-direction. The movement of an embedded atom with
the tip is along the [110] direction (x-axis) started from position x0 and ended at the position
xf . The trace length of a moved embedded atom (L) can be determined by calculating the
distance between x0 and xf . In some cases an atom can jump to the right or left; possible
movements are indicated by yr or yl. The tip-velocity along the scan line is described by
vscan, and the ‘driving’ velocity by v. (b) An experimental STM image showing a number
of traces, corresponding to atoms moved along by the tip, as measured at a temperature of
150 K, and a tip velocity of 30 nm/s. For one of the traces, the trace length L is indicated
in the image.

jump to the neighboring sites along [-110] or [1-10] directions, to the position yr or
yl. However, due to influence of the tip on movement of the embedded atom, most of
the traces seen in the experiments with Co atoms embedded into the Cu(001) surface
show movement along one preffered direction (see e.g. Fig. 4.1(b)). Therefore, in our
first approximation we consider that movement of Co atoms is along one direction,
thereby ignoring that Co atom can move to the right or left.

The sweeping rate along the S-direction can be varied by choosing a different
scan speed vscan of the STM-tip along the horizontal direction. Since the atom is
moving along the x-axis as shown schematically in Fig. 4.1(a), and if we assume
the influence of the tip is restricted to an area of atomic dimension a, then we can
introduce a one-dimensional ‘driving’ velocity v that is related to the scan velocity
vscan by v = vscan · Δs/(a cosθ), where we used a time step in a one dimension
Δt = Δs/v. Note that v corresponds to the velocity of the tip in the x-direction in
case its scan range along the horizontal direction were restricted to the distance a
over which it is in near contact with the embedded atom. This way, the STM-tip can
move an embedded atom, e.g., from position x0 up to position xf (see Fig. 4.1(a)).
The difference between x0 and xf is the total displacement of the embedded atom or
the so-called trace length L. In all the STM images throughout this chapter, the angle
θ between the vertical S-direction of motion of the tip and the crystallographic [110]
direction in Cu surface is chosen to be small. Figure 4.1(b) is an STM image which
shows the motion of Co atoms embedded within a Cu(001) surface using a vscan of
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Figure 4.2: (a) A ball model shows the one-dimensional lattice, contains atoms A, em-
bedded atoms B, and surface vacancies A. The curved, arrow indicates an exchange process
between a B atom and a vacancy A. (b) The schematic diagram shows the periodic potential
for self-diffusion with a barrier height of Φ0 for an atom to jump from position xi to position
xi+1.

30 nm/s. The image clearly shows traces of atoms moved by the tip (white lines). As
an example, the arrow between points x0 and xf corresponds to the trace length (L)
for one of the atoms being moved during the specific scan represented in Fig. 4.1(b).
The value of Δs is calculated by knowing the scan size and the number of vertical
lines in the grid along the S-direction. For example in Fig. 4.1(b) the area of the scan
is 13 nm× 13 nm, and the total number of lines in the grid is 400, therefore the value
of Δs = 0.03 nm, and, using a0 ≈ 0.255 nm and θ ≈ 30◦, the 1D ‘driving’ velocity
v ≈ 4 nm/s.

4.2.2 Assumptions of the model

First we discuss the assumptions of our microscopic model that describes the tip-
induced movement of embedded atoms, and which will be used to study the effect of
tip velocity and tip-surface interaction on trace lengths. The fundamental assumption
is that the STM-tip controls the generation and/or accumulation of surface vacancies.
A similar idea was mentioned by Hansen et al., namely, that the STM-tip acts as a
trap for defects, such as vacancies [45]. It has been known that tip-surface interaction
can be sufficiently strong to induce a non-reversible surface modification [45, 46].
However, an elastic surface deformation can take place at relatively small tip-surface
interaction strength. This local elastic deformation causes a generation and/or accu-
mulation of vacancies close to the STM-tip. Therefore, embedded atoms can diffuse
via exchange with those vacancies. In the above subsection we explained that during
a scan, embedded Co atoms mostly move along one direction, therefore, we restrict
ourselves to a one-dimensional model for the movement of embedded atoms along the
x-axis, parallel to the [110] orientation as shown for the movement of an embedded
atom in Fig. 4.1(a), and we introduced a ‘driving’ velocity v in the one-dimensional
model related to the scan velocity vscan by v = vscanΔs/(a cosθ).

Next, we work out details for the generic case of a crystal of material ‘A’. In
the absence of an STM tip, we assume a periodic lattice of atoms ‘A’ with a lattice
parameter a0, which is equal to the interatomic distance of a close-packed surface, see
Fig. 4.2(a). The one dimensional lattice consists of N atoms, where the position of the
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Figure 4.3: Schematic diagram showing the movement of embedded atoms B in a surface of
material ‘A’, where a vacancy is situated under the STM-tip. An exchange process between
an embedded atom and a vacancy is indicated by the red arrows.

ith atom on the lattice is given by xi. Then, we introduce a potential energy function
V (x) for a foreign embedded atom ‘B’ located at the interval xi...xi+1, provided that
the position i and i + 1 are occupied by one B-atom and one vacancy, denoted by A,
as being shown in Fig. 4.2(a) and (b). The activation energy for the exchange of B
and A is then equal to the barrier height Φ0 = V (xi +a0/2)−V (xi) (see Fig. 4.2(b)).
Finally, the function V (x) is periodically extended over the whole x-axis, bearing in
mind that for each position it resembles the situation that locally at neighboring sites
one B atom and one A vacancy are available, as shown in Fig. 4.2(a).

4.2.3 Self-diffusion of embedded atoms

The diffusion process of embedded atoms is controlled by the probability to find a
surface vacancy next to an embedded atom, which is temperature dependent, and the
potential barrier an embedded atom has to overcome, as shown in the schematic of
Fig. 4.2. Using the potential energy function V (x) defined in section 4.2.2, where x
lies between xi < x < xi±1 as shown in Fig. 4.2(b), the rate at which an embedded
atom can diffuse up or down, for an atom located at position xi is:

ri→i±1 = f0 A (xi±1) exp
(
−Φ0

kT

)
, (4.1)

where Φ0 is the diffusion energy barrier, which is given by Φ0 = V (xi+a0/2)−V (xi),
f0 is the attempt frequency, typically 1012 s−1 [56], and A(xi±1) the probability of
finding a surface vacancy at the nearest neighbor position to the embedded atom
(i ± 1). Note that A is strongly temperature dependent for self-diffusion. Moreover,
in equilibrium and in the absence of a tip, A(xi) is independent of i for the ensemble
average. Since in the analysis so far, the effect of an STM-tip is not yet taken into
account, the probability of finding surface vacancies is still uncontrolled. The potential
energy V (x) describing the diffusion process is symmetric around xi as shown in
Fig. 4.2 (b); i.e., the barrier height to jump from xi to either xi+1 or xi−1 is the same.
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Figure 4.4: Schematic representation of an attractive potential for surface vacancies in-
duced by the STM-tip, with an amplitude of UA and a width of 2Γ. The vertical line indicates
the tip position, xtip.

4.2.4 Distribution of surface vacancies

In Figure 4.2 we show a one-dimensional system representing a lattice of ‘A’ atoms
containing an embedded atom B and a vacancy A. It was speculated by Kurnosikov
et al. that surface vacancies are created and/or accumulated under the tip. This
speculation is supported by knowing that in certain regimes the interaction between
the STM tip and a surface can induce a local elastic deformation of the surface [45, 46].
This local elastic deformation favors a generation and/or accumulation of vacancies
because the interatomic interaction is modified in the near-tip region see Fig. 4.3. We
will model this influence of the STM tip by a distribution of surface vacancies A that
depends on the position of the tip, xtip.

The local deformation of the surface by the STM-tip leads to a localized attractive
potential, which confines surface vacancies to the region under the STM-tip. Assume
this potential has an amplitude UA which traps surface vacancies (see Fig. 4.4). When
assuming a thermal distribution of vacancies, the presence of the tip introduces a
higher density of vacancies near the tip, as described by a momentary distribution
A(x) that is peaked at x = xtip. By moving the tip across the surface, the peak of
A(x) will follow the tip position

xtip = x0 + vt, (4.2)

with a certain delay. This delay represents the finite speed at which the vacancies can
respond to the displacement of the tip as schematically shown in Fig. 4.3.

In our one-dimensional microscopic model we assume the response to be instan-
taneous, in particular since most of the delay will be in the primary (horizontal) scan
direction, which will not affect the delay in the vertical (driving) direction. We will
restrict ourselves to a Gaussian distribution of surface vacancies

A(x) = C NA exp

[
−

(
x − xtip

rA

)2
]

, (4.3)

where the prefactor C is chosen such that the total number of vacancies in the distri-
bution equals NA, and rA is the half width of the distribution that has been chosen
to be of the order a0.
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Figure 4.5: A calculation of the normalized modified thermal distribution of surface
vacancies in an attractive potential with an amplitude UA (dotted) which is roughly equal to
the normalized Gaussian distribution (line) when its width is multiplied by a factor

√
UA/kT ,

as demonstrated in the right pannel. The attractive potential is shown as well (dashed). The
difference between the Guassian and the modified thermal distributions is in the tail of the
distribution. For the attractive potential we use UA/kT = 6, and Γ is equal to 1.

In order to confirm that the Gaussian distribution of surface vacancies is rea-
sonable, we show that an attractive potential under the tip with an amplitude UA

leads to a thermal distribution of surface vacancies which is approximately equal to a
Gaussian distribution. If we assume the potential energy function with the following
form

U(x) = UA

[
1 − exp

(
−

[
x − xtip

Γ

]2
)]

, (4.4)

then the thermal distribution of surface vacancies can be written as follows:

exp

(
−UA

kT

[
1 − exp

(
−

[
x − xtip

Γ

]2
)])

∝ exp

⎛
⎜⎝−

⎡
⎣ x − xtip

Γ ×
√

kT
UA

⎤
⎦

2
⎞
⎟⎠ , (4.5)

The left side of the equation is the thermal distribution of surface vacancies. By
considering small values of x near the bottom of the potential, a Taylor expansion
can be used, which gives the right side of the proportionality. Therefore, from Eq. 4.5
the thermal distribution of surface vacancies is equal to a Gaussian distribution, its
width Γtherm differing from the width of the confining potential by a factor of

√
kT
UA

:

Γtherm = Γ ×
√

kT

UA

. (4.6)

Figure 4.5 shows an example for an attractive potential with a large value of
UA/kT = 6 and Γ = 1. Using the attractive potential of Eq. 4.4, UA/kT is plotted
vs. x (dashed line) in Fig. 4.5(a-b). The thermal distribution of surface vacancies and
the Gaussian distribution are plotted in dotted and solid lines, respectively. It is clear
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from Fig. 4.5(b) that the modified thermal distribution of surface vacancies (dotted
line) for the given potential well is relatively equal to a Gaussian distribution (solid
line) when using the width predicted by Eq. 4.6. A slight difference between the two
distributions is observed in the tail, that depends on the amplitude of the potential
well UA used in the thermal distribution. Depending on the attractive potential, in
the real distribution of surface vacancies under the tip, there is a finite probability
that vacancies leave the potential well, which lead to an exchange processes with
embedded atoms.

Based on the analysis of the present sub-section, throughout this work we will de-
scribe the distribution of surface vacancies with a Gaussian distribution as in Eq. 4.3.

4.2.5 STM-tip induced diffusion

Now we introduce the influence of the STM-tip on atomic motion. The diffusion of
embedded Co atoms is modified by the STM-tip. The displacement of embedded
atoms is due to two different effects. First, the presence of the tip introduces a higher
density of vacancies near the tip, described by a distribution A(x). Moving the tip
across a surface will lead to the motion of A(x). The second possible effect caused by
the tip is from the tip-atom interaction at position x. This leads to a potential energy
function U(x), which is a function of position x and is centered at xtip. The presence
of the tip-atom interaction enhances atomic movement. The overall potential energy
of the system, VT , is given by

VT (x) = V (x) + U(x), (4.7)

where V (x) is the periodic potential energy of an atom at position x, and U(x) is
the tip-induced potential modification centered at the tip position, xtip. This tip
interaction with embedded atoms can be assumed to take a Gaussian shape potential
in the form of:

U(x) = U0 e−(x−xtip)2/r2
U , (4.8)

where prefactor U0 can be positive (repulsive) or negative (attractive), and rU is the
range of the interaction which is assumed to be of the order of a0. One may expect a
pulling behavior of embedded atoms with attractive U0, and a pushing behavior for
repulsive U0.

The addition of U(x) to the total potential modifies the activation barrier, which
differs now for an embedded atom that is moving to the positive (+) or negative (−)
direction. Now instead of having symmetric energy barriers Φ0 as in the case of self
diffusion, the barriers for moving to the left or to the right have become asymmetric.
The barrier height for motion of an embedded atom at position i to a vacancy at i+1
or i − 1, respectively, is given by:

Φi→i±1 = Φ0 + U(xi ± a0/2) − U(xi). (4.9)

The schematic diagrams in Fig. 4.6 show how the STM-tip modifies the periodic
potential V (x) by the additional effect of the tip as described by U(x) for repulsive
(a) and attractive (b) interactions. If an embedded atom is at position i, then the
embedded atom feels the change in periodic potential induced by the presence of the
tip, leading to a preference to move to the i + 1 direction in comparison with the
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Figure 4.6: Diagrams showing the tip-induced modification of the periodic potential V (x)
(dotted line) due to the tip-atom interaction that is described by U(x). This results in
an asymmetric total potential VT (x) (black line) for both repulsive (a) and attractive (b)
interactions, causing a preferred direction for diffusion away (a) and towards the tip (b).

i− 1 direction, because the activation energy for an embedded atom to overcome the
barrier Φi→i+1 is different than Φi→i−1 direction.

The rate at which an embedded atom can move in the (+) or (−)-x direction for
an atom located at position i is described by considering the tip-induced preferential
diffusion

ri→i±1 = f0 A (xi ± a0) exp
(
−Φi→i±1

kT

)
. (4.10)

By using Eq. 4.10, the time-dependence of the tip position Eq. 4.2, and employing
a Monte-Carlo scheme allows us to calculate traces of individual atoms and examine
the effect of tip velocity on the traces of embedded atoms.

4.3 Monte-Carlo-like simulation

Using a Monte-Carlo scheme we were able to calculate via Eq. 4.10 traces of individual
atoms. We give examples of single individual traces at different tip-atom interactions;
then we show how the traces of individual atoms can be affected by the tip-atom
interaction. The results show clearly the effects of tip velocities as well as tip-atom
interactions on trace lengths.

4.3.1 The Monte-Carlo scheme

A was mentioned earlier, the model is defined on a one dimensional lattice ‘A’, with
a lattice spacing a0, and embedded atoms as ‘B’. In order to move a single atom
embedded (located at position x) in the mesh using an STM-tip and its interaction
with the surface U(x), vacancies are required as a mechanism for the motion, which
was introduced by a distribution A(x). This distribution is centered at the tip position
(xtip), as discussed in the previous section. At each time t the difference between the
position of the tip (xtip) and the embedded atom x is determined. The unit of time t
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is defined by t0, which is the average time for self diffusion as obtained from the rate
equation:

t0 =
exp(Φ0/kT )

f0NA

. (4.11)

For any jump of an atom to either up or down it has to fulfill the condition at that
instant of time the adjacent site in the chosen direction is vacant. The energy required
for an atom to move up (Eq. 4.12) or down (Eq. 4.13) is depending on the relative
distance to the tip via:

U(xi+1) = U0 exp[−(xi+1 − xtip)2/r2
U ], (4.12)

U(xi−1) = U0 exp[−(xi−1 − xtip)2/r2
U ], (4.13)

where U0 can be positive, negative or zero, as already discussed in Eq. 4.8. In
order for the embedded atom to move to xi±1, the probability to move within a time
interval Δt is given by:

Pi→i±1 = ri→i±1 · Δt =
Δt

t0
exp[−(U(xi±1) − U(xi)]. (4.14)

An embedded atom can hop one step up with respect to the scan direction with a
probability Pi→i+1 or down with a probability Pi→i−1. Finally, using this scheme and
employing the rate equation (Eq. 4.10), traces of individual atoms can be calculated.

4.3.2 Individual traces

In order to illustrate some specific behavior of the model, we show examples of single
traces of individual embedded atoms simulated using the Monte-Carlo scheme. In
Fig. 4.7(a) the data represents a typical movement of an individual B atom in the
absence of tip-atom interaction (U0 = 0). At t = 0 the STM tip and an embedded
atom initially start at positions x = −5a0 and x = 0 in the vertical axis, respectively.
When the tip (surrounded by a cloud of vacancies) is close enough to the embedded
atom (at t = 70 t0) the atom jumps to the tip that is moving in a positive direction, as
represented by the diagonal line. The embedded atom makes a random walk motion
driven by the moving density of vacancies until at t = 670 t0 it is being lost at position
14a0.

As a second example, the movement of the embedded atom is examined when
the tip-atom interaction is repulsive (U0 > 0), presented by the data in Fig. 4.7(b).
For the case of upper data in (b), the atom is continuously in front of the tip and
being pushed, until it crosses the tip trajectory and is immediately lost at position
19a0. However, different behavior can be obtained when running the simulation using
exactly the same parameters, which is represented by the lower data in (b). Until
t = 500 t0 the atom is moving in pushing mode, where after the atom suddenly crosses
the trajectory of the tip and follows the large concentration of vacancies behind the
tip. The atom now moves in the pulling mode, until it is lost at t = 600 t0 at position
13a0. Thus, we find that in the case of (U0 > 0) both pushing and pulling modes are
observable. More details about the combined modes will be discussed in the coming
section.
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Figure 4.7: Simulation showing single scan traces calculated with the Monte-Carlo scheme.
The tip positions are indicated by lines with slope, the driving velocity v = 0.03 v0. (a) A
single trace in the case of no tip-surface interaction U0 = 0. (b) Two different traces at
repulsive interaction (U0 = 8kT ). In one case only a regime of pushing mode is observed
(repulsive 1, upper-trace). In the other case a transition is being observed: it starts with a
pushing mode and then, at about t = 500 t0, the pulling mode takes over before the atom is
being lost.

Figure 4.8: Results of Monte-Carlo simulations are averaged over 200 trace lengths of
individual atoms vs tip velocities for different tip-atom interactions. In (a) for U0 < 0 and
U0 = 0, and (b) for U0 > 0. Trace lengths are reduced with increasing the tip velocities for
neutral, attractive, and repulsive interactions.

4.3.3 Trace length vs. tip velocity

In order to investigate the influence of tip velocity on the trace length, we used the
same Monte-Carlo scheme as in the previous section and averaged over for example
200 traces using the same settings.1 Fig. 4.8(a) shows the average trace lengths 〈L〉
of embedded atoms as a function of tip velocity for attractive U0/kT = −3, −2, and
−1, as well as for neutral interactions U0 = 0. The general trends of the simulations
show that the trace lengths are reduced with increasing the tip velocities, and this
behavior is irrespective of the type of tip-surface interaction.

1Note that averaging over a number of traces gives a better estimation of the average trace length
such as for example 200 traces.
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Figure 4.9: Results of Monte-Carlo simulations used to calculate the average trace lengths
of individual atoms in a logarithmic scale as a function of tip-atom interaction (U0/kT )
for different tip velocities. For better understanding to this figure will be when using the
solution of the rate equations as in Fig. 4.21.

4.3.4 Trace length vs. tip interaction

In the previous section we showed that the tip-atom interaction has a significant
influence on the length of the atomic traces. In Fig. 4.9 we plot logarithmically results
of the traces using Monte-Carlo simulations as a function of tip-atom interaction
(covering both repulsive (U0 < 0) and attractive (U0 > 0) interactions) for different
tip velocities. The data show that average traces of individual atoms increases with
increasing repulsive interaction (pushing mode). Similar behavior is observed in the
attractive regime, but the traces are shorter than in repulsive regime. From Fig. 4.9
we also observe that with increasing the tip velocity v from 0.212 v0 up to 1.060 v0

the traces are becoming shorter.
From the above results we can conclude that in general increasing the tip velocity

leads to a reduction of the length of the atomic trace. Also, tip-atom interaction
has a strong influence on the trace length. More detailed analysis of those effects
will be explained in the following section by solving the rate equations instead of a
Monte-Carlo scheme.

4.4 Solving the rate equations

In the previous section we used Monte-Carlo simulation to calculate the trace length
of individual atoms. This enabled us to get a first idea on the influence of the tip
velocity and the tip-atom interaction on the embedded atoms displacement. The
disadvantage of this approach is that we are dealing with the motion of individual
atoms, and many events have to be averaged over before getting decent statistics. In
particular, limiting behavior is difficult to analyze via the Monte-Carlo simulation.
Here we introduce the density of embedded atoms B(x) as an ensemble average as
schematically introduced in Fig. 4.10. In this diagrams the density of vacancy A is
assumed to follow the tip position for both attractive as in (a) and repulsive as in (b).
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Figure 4.10: The effect of the presence of the tip on the total potential V (x) is shown
by the curved line for repulsive (a) and attractive (b) interactions, as already introduced in
Fig. 4.6. The ensemble-averaged distribution of surface vacancies and embedded B-atoms
are schematically represented by A and B, respectively. The vacancy density is assumed to
follow the tip instantaneously, while the embedded atom density is slightly lagging behind.

When the tip is moving, the distribution of embedded atoms B(x) could be slightly
lagging behind the distribution A, as in (a) and (b).

In the Monte-Carlo simulation the STM tip is moving as well as the embedded
atoms. Here we are using ensemble of lattices that is shifted relatively by a continuous
displacement, hence, B is a continuous function of the real variable x, rather than
having discrete lattice points as its domain (see Fig. 4.11). However, jumps of the
embedded atoms are still restricted to distances of exactly one lattice spacing (±a0).
Then, the complete problem reduces to solving B(x, t) from

dB(x)
dt

= f0 [A(x) B(x ± a0) e−
U(x)−U(x±a0/2)

kT

− A(x ± a0) B(x) e−
U(x±a0/2)−U(x)

kT ] e−Φ0/kT , (4.15)

for a given time dependent A(x, t) = A(x − vt, 0) and initial distribution B(x, 0) =
B0(x). Finally the average trace length is obtained from the integral

〈L〉 =
∫

x(B(x,∞) − B0(x))dx.

The development of B(x, t) will be shown in detail for different interactions and tip
velocities in the following subsections.

4.4.1 Trace lengths as a function of tip velocity

In the following section we show results of solving the rate equations, yielding contin-
uous distributions B(x) of embedded atoms. The effect of the tip-atom interaction
will be examined. Although the precise values of the width of the interaction rU and



4.4. SOLVING THE RATE EQUATIONS 43

Figure 4.11: The schematic diagram shows an ensemble of lattices being shifted continu-
ousely, where B is a continuous function of a real variable x.

width of vacancy distribution rA are of importance, we restrict ourselves to the case
rU = rA = a0.

Neutral interaction

Figure 4.12 shows B(xtip −xB , t) at different tip velocities for the neutral interaction
(U0 = 0). Figures 4.12(a-c) show at the initial time (t = 0), the distribution of
embedded atoms starting at relative position (xtip − xB = 7.5/a0) relative to the
tip. At approximately (t/t0 = 20) the embedded atoms distribution shows again a
sudden snap to the tip, similar as in the Monte-Carlo simulation shown previously
in Fig. 4.7. The horizontal dashed line along the direction of (x = 0) represents the
tip position. Slightly above this position a band of atomic density representing the
fraction of atoms that is pulled forward by the tip is seen. Moreover, the faint waver
seen in the top-right of the graphs represents atoms that lost contact with it.

We considered three different tip velocities, all for a neutral interaction, as seen
inside Figs. 4.12(a-c). The average trace lengths is found to be increasing by reducing
the tip velocity from v = 1.0 v0 to v = 0.125 v0. At a tip velocity of v = 0.016 v0

a higher density of embedded atoms follows the tip, resulting in an average trace
length of about 〈L〉 = 680 a0. The curves in Figs. 4.12(d-f) are the distribution
of embedded atoms at a fixed time t/t0 = 50 taken along the vertical dashed lines
from Figs. 4.12(a-c), respectively. This figure clearly shows that the distribution of
embedded atoms does not follow the tip at large tip velocities (> 0.5 v0) resulting in
almost vanishing trace lengths (< a0).

Attractive interactions

A similar behavior is observed in the simulation when using an attractive interaction
between the tip and atom (U0/kT = −4). Figure 4.13(a-c) show that most of the
distribution of embedded atoms follows the tip. In comparison with the neutral
interaction, a smaller number of atoms lose contact with the tip resulting in a larger
average trace lengths. The embedded atoms distribution at a fixed time in Fig. 4.13(d-
f) show a clear peak around the tip position. As in the neutral interaction, reduction
of tip velocity leads to increasing the trace lengths as shown inside Fig. 4.13(a-c).
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Figure 4.12: (a-c) Simulations of an ensemble-averaged distribution of embedded atoms
as a function of difference in position of the tip and the distribution of embedded atoms
(xtip − xB) with U0 = 0. (a-c) show that after about t = 20 t0 the distribution of the
embedded atoms snap to the tip which is at x = 0 (horizontal dashed line). A fraction of
atoms are pulled forward by the tip, the lost atoms appear as a faint waver. (d-f) show the
corresponding distribution of embedded atoms at a fixed time taken along the vertical dash
lines from (a-c), respectively. This shows that by reducing tip velocity more atoms will follow
the tip along the horizontal dashed line (along xtip = 0). Tip velocities and corresponding
values of trace lengths are indicated inside each figure.
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Figure 4.13: (a-c) Simulation of the ensemble-averaged distribution of embedded atoms as
a function of difference in position of the tip and embedded atoms (xtip −xB) for a repulsive
interaction (U0/kT = −4). Tip velocities and corresponding trace lengths are indicated
inside each figure. In (d-f) the distribution of the embedded atoms at a fixed time, which is
taken along the vertical dashed lines, shows peaks at the tip position.
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Repulsive interactions

For repulsive interactions (U0 > 0) it is expected that the distribution of embedded
atoms will be pushed in front of the tip. However, we find an interesting regime, where
a combined pushing and pulling mode is active. Figure 4.14(a-f) show simulations
of B(xtip − xB , t) for U0/kT = +10. At a relatively high tip velocities, Fig. 4.14(a)
and (b), a distribution of atoms is being pushed forward by the tip, though with
a relatively small efficiency. Reducing the tip velocity in (c) to v = 1 v0 leads to
a more stable distribution pushed in front of the tip. Atoms that cross the tip are
immediately lost, because at this velocity the pulling is too inefficient in combination
with the repulsive interaction (pushing mode). However, for even lower velocities as
in (d-f), a combination of pushing and pulling mode is observable, which means that
a distribution of embedded atoms at the negative as well as the positive side of the
tip being displaced by the enhanced distribution of vacancies A. The band of pushing
as well as pulling of embedded atoms is in agreement with the specific Monte-Carlo
trace as shown in Fig. 4.7(b) (denoted by ‘repulsive 2’).

Cross sections at fixed t corresponding to Figs. 4.14(a-f) are shown in Figs. 4.15(a-
f), results taken along the vertical white lines in Fig. 4.14. At high tip velocities
(v = 4 v0 and v = 2 v0), it can be seen that most embedded atoms were lost roughly
before t/t0 = 60. However, at v = 1 v0 a stable distribution of pulled atoms in front
of the tip is formed. Also note that very close to the tip, a dip in the density due to
repulsive interaction is formed. Finally, for even slower tip velocities, Figs. 4.15(d-f),
two peaks appear that represent a combined pushing and pulling mode. From these
peaks we can conclude that a stable distribution is in front of the tip in a pushing
mode, and when this distribution crosses the tip, it still follows the tip in the pulling
mode before being lost.

The values of those two peaks in the distribution (pulling Ppulling and pushing
Ppushing) which are taken from Figs. 4.15(d-f) are plotted in Fig. 4.16. The results
show that at very low tip velocities a combined pushing-pulling mode is active, how-
ever at relatively higher velocities, e.g. between v/v0 ≈ 0.01 up to 2, only the pushing
mode is responsible for the motion of embedded atoms. While at v/v0 higher than 2,
the distribution in front or behind the tip is very low, this can be understood since
at large tip velocities it is easy to loose the atoms.

4.4.2 Trace length versus tip-atom interaction

In the previous sections we showed that generally, lowering the tip velocities leads
to an increase of trace lengths. This holds for attractive (U0 < 0), neutral (U0 = 0)
and repulsive (U0 > 0) interactions. Before investigating trace length versus U0 in
general, here we show the effect of U0 on the distribution of embedded atoms under the
STM-tip in the repulsive regime only. Figure 4.17 displays results of the simulation
at different values in repulsive interaction (U0 > 0) using a fixed tip velocity i.e.,
v/v0 = 0.016. The results show that the traces are getting shorter with increasing the
tip-atom interaction. Figure 4.17(a-d) show that after embedded atoms jump to the
tip, they follow the distribution of vacancies along the horizontal dashed lines. Also,
it is clear that a distribution of embedded atoms is moving under the tip, the positive
side as well as the negative side of the tip. However, in Fig. 4.17(e-f), the concentration
of embedded atoms under the tip is reduced at large repulsive interaction strengths.
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Figure 4.14: (Part I) Simulation showing an ensemble-averaged distribution of embedded
atoms as a function of the difference in position of the tip and embedded atoms (xtip − xB)
taken for different values of tip velocities using a constant value of tip-surface interaction
(U0 = +10 kT). Pushing is more dominant at higher velocities, however at low velocities
a combined pushing and pulling mechanisms are observed, as shown clearly in (f). The
horizontal dashed lines corresponds to the tip position, and vertical dashed lines refers to a
position at a fixed time where the distribution of the embedded atoms is measured, which
will be shown in (Part II, Fig. 4.15).
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Figure 4.15: (Part II) Distribution of embedded atoms at a fixed time for different ve-
locities. The cross sections in (a-f) are taken along the vertical dashed lines drawn in
Fig. 4.14(a-f) , respectively. At tip velocities v = 4 a0/t0 and v = 2 a0/t0, the distribution
of embedded atoms mostly did not follow the tip, however at v = 1 a0/t0 the distribution
is mostly in front and being pushed by the tip. The two peaks in figures (d-f) represent a
combined pushing and pulling of the distribution of embedded atoms by the tip.
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Figure 4.16: Distribution of embedded atoms in front (pushed) and behind (pulled) the
STM tip taken from peaks in Fig. 4.15(a-f). At tip velocities from v/v0 = 4 up to 2, the
distribution of is mostly small close to the tip. However, below v/v0 = 2 down to ∼ 0.01,
the distribution is mostly in front and being pushed by the tip. At very low tip velocities a
combined pushing as well as pulling of the distribution takes place.

This leads to a dramatic increase of the chance of losing atoms after they cross the
tip to the pulling regime, as clearly shown by the faint waver in Fig. 4.17(f).

The cross section taken at a fixed time t along the vertical dashed lines from
Figs. 4.17(a-f) are displayed in Figs. 4.18(a-f), respectively. The cross section clearly
shows the variation of the distribution of embedded atoms. In Fig. 4.18(a) the dis-
tribution of embedded atoms is concentrated near the tip position. This allows most
of the atoms to be dragged by the enhanced distribution of vacancies under the STM
tip. By increasing the tip-atom interaction in the repulsive regime (from U0 = +2kT
to U0 = +5kT ), as shown in Fig. 4.18(b-e), two peaks arise due to reduction of the
concentration of embedded atoms under the STM tip. When U0 = +10kT as shown
in Fig. 4.18(f) the concentration of embedded atoms under the STM tip is practically
zero. The reduction of the distribution of embedded atoms under the tip at different
tip interactions is plotted in Fig. 4.19. The data points are taken from the peaks in
the distribution in Fig. 4.18. It is clear from the graph that increasing the tip interac-
tion leads to reduction of the distribution under the tip. Next we will be addressing
the trace lengths versus U0 as a whole.

4.4.3 Trace-lengths versus both v and U0/kT

Here we study the trace length deduced from the model as a function of both v and
U0/kT statistically. The outcome of the simulations as a function of both v and
U0/kT is displayed in Fig. 4.20(a). The general trend is that lowering the scanning
velocity v leads to an increase in the trace length, similar to the results when using a
Monte-Carlo scheme. To investigate the v-dependence in more detail, we will mention
first the situation when using large v’s, and then we will pay attention to the lower
velocities. As a first general observation, for short traces 〈L〉 � a0 (i.e., large v) an
exact inverse-quadratic scaling behavior, 〈L〉 ∝ 1/v2, is found. To identify that the
1/v2 dependence holds for all large velocities, the slope (n) of log[〈L〉] versus log[v] is
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Figure 4.17: (Part I) Simulations of ensemble-averaged distributions of embedded atoms
as a function the of difference in tip position and the position of embedded atoms taken
for different values of repulsive interaction energy. At stronger repulsive energy the pushing
mode becomes more dominant than pulling. The tip velocity is v = 0.016 a0/t0, the U0 and
average trace lengths are indicated in the figures.
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Figure 4.18: (Part II) Distribution of embedded atoms at a fix time t which correspond to
values at repulsive interactions (indicated in each figure). The distributions are taken from
Fig. 4.17 which are represented by the vertical dashed lines.
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Figure 4.19: Reduction of embedded atoms distribution under the STM tip in repulsive
regime; the data are taken from the distribution of embedded atoms at a fix time t from
Fig. 4.18.

displayed in the (v, U0) parameter space (see Fig. 4.20 (b)). It is clear that at large
v, the dependence is 1/v2, i.e., the slope n = −2. A strong deviation from the 1/v2-
behavior is found for large positive U0 and small v (encircled region in Fig. 4.20(b)).

The general 1/v2-behavior at large v, can be understood by a rather simple ar-
gument. The time that the tip spends near atom B is proportional to 1/v, which
makes it useful to expand the result in powers of 1/v. In lowest order, neglecting
events in which a single atom B makes two jumps during a single passage of the tip,
the probability of jumping in the positive and in the negative direction are exactly
equal by symmetry, and the net displacement of order 1/v vanishes. In second order,
however, symmetry is broken. An atom that jumps backward is most definitely lost.
Thereby, the lowest order non-vanishing contribution is expected to be of order 1/v2.

In sharp contrast to the universal behavior at small trace lengths, the region where
the tip-induced movement is decently efficient, 〈L〉 > a0, displays completely different
scaling behavior which is dependent on U0. For U0 = 0, the 1/v2-behavior is found
empirically to hold for approximately all v. The trace length versus tip velocity is
plotted in a double logarithmic fashion in Fig. 4.20(c), clearly showing for U0 = 0 a
1/v2-dependence. To a lesser extent, the same applies for the attractive case (see for
example when U0/kT = −4 in Fig. 4.20(c)). However, a strong saturation is observed
in the repulsive case. One example is that for specific parameters, there is a region
where slowing down the tip causes counter-intuitive shortening of the trace length
(see arrow in Fig. 4.20(a)). The strong deviation from the 1/v2-behavior observed in
the repulsive regime at lower values of v is shown by a circle in Fig. 4.20(b). Using for
example U0/kT = −8 in a double logarithmic fashion as in Fig. 4.20(c), clearly shows
at large and very low velocities the 1/v2-behavior is still valid, however, between those
two regions, a different behavior is taking place.

A glimpse of the underlying physics in this region is obtained by plotting 〈L〉/v
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Figure 4.20: Results of simulations using the 1d model, assuming rA = rU = a0. (a)
Average trace length (〈L〉/a0) as a function of tip velocity v and interaction energy between
embedded atom and tip (U0/kT ). The arrow indicates the regime of large positive U0 and
small velocities, where surprisingly lowering tip velocity leads to shortening the traces. (b)
Using the same parameters, a plot of the power n of the log 〈L〉 versus log v dependence.
A value of −2 indicates a 1/v2 dependence. Strong deviations, even up to positive values
of n occur in the encircled region. (c) Double-logarithmic plot of trace length versus tip
velocity for three different values of U0, ranging from attractive (U0/kT = −4, open square),
via neutral (U0/kT = 0, open triangle) to repulsive (U0/kT = +10, open circle). (d)
Logarithmic plot of trace length normalized by v versus tip velocity for the repulsive (open
circle) and attractive (open square) case. The straight line through the data points at low
velocities represents a fit using 〈L〉 ∝ v exp [−v/v0].
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Figure 4.21: Logarithmic trace-lengths versus tip interaction U0/kT at different tip ve-
locities v. Results show that the minimum trace lengths at different v is not at U0/kT = 0,
but rather at a positive interaction at U0/kT = +4.

rather than 〈L〉 logarithmically as a function of v (see Fig. 4.20(d)). In the regime
where n 	 −2, a straight line is found, which is indicative of 〈L〉 ∝ v exp[−v/vd]
behavior. This seemingly anomalous behavior can be easily explained. In this regime,
a quasi-stable distribution of embedded atoms is pushed slowly forward by the STM-
tip. The slower the tip velocity, the less the distribution is pushed upwards to the
slope of the ‘driving’ energy barrier, thereby lowering its average potential energy
(Uav). Spontaneous random-walk movement of the embedded atoms allow for a finite
probability of crossing the potential well and being lost by the tip. The rate of
lost atoms per unit of time will depend exponentially on U0 − Uav. Thereby, the
average time 〈t〉, rather than the average trace length 〈L〉, is expected to scale with
exp(−v/v0). Realizing this accounts for the observed 〈t〉 = 〈L〉/v behavior. At
even lower velocities (v < 0.05 v0) the pulling behavior with its characteristic 1/v2

dependence becomes efficient enough to take over. Thereby, a divergent 1/v2 sets in
again at the lowest velocities, even for this repulsive interaction.

To investigate the effect of tip-atom interaction on trace length 〈L〉, the trace
length is plotted logarithmically versus tip-atom interaction. It is clear that the trace
lengths increase almost exponentially with increasing positive as well as the negative
tip-atom interaction U0 as shown in Fig. 4.21. Results of the simulations for v/v0

from 1 down to 0.125, shows that the trace lengths are increasing by increasing U0

in the attractive as well as the repulsive interactions. The minimum values of trace
length is actually not corresponding to U0 = 0, but rather at slightly positive values,
U0 ≈ 4kT .

4.5 Experimental results of v-dependence on trace
lengths

In order to confirm the tip velocity dependence of the trace lengths, we have carried
out first experiments on a system of Co atoms embedded in Cu(001) surfaces (A=Cu,
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B=Co). We deposited Co atoms on a Cu(001) surface at room temperature, which
were immediately incorporated in the Cu surface, as was mentioned in the previous
chapter. We have made a series of STM images on this surface within an area of
13 nm × 13 nm in order to statistically study the influence of the tip velocities on
the average trace length of displaced atoms by making STM scans at different tip
velocities (vscan). In the experiments we used a grid consisting of 400 points × 400
points, which makes the tip to move with Δs = 0.13a0 for an area of 13 nm× 13 nm.

Figure 4.22(a-c) show the results for scanning a surface at T = 150 K for different
tip velocities (vscan = 30, 70 and 150 nm/s), using a bias voltage of 9 mV and
tunneling current of 9.5 nA. In these images, individual traces of moved atoms appear
as bright lines. The individual embedded Co atoms move with the tip, until they are
lost at a random position and the trace ends. As was mentioned earlier, the motion
of Co embedded atoms is along [110] directions, and all STM images are taken with
a small angle between the [110] and the vertical sweep direction.

In order to study the trace lengths versus the tip velocity statistically, we mea-
sured for each trace i a length Li which has been defined previously in Fig. 4.1 as
the difference between x0 and xf . In this way we calculated all the trace lengths in
Fig. 4.22(a-c), and made histograms of the trace length versus the number of counts.
This is shown for a few specific measurements2 in Fig. 4.22(d-f), respectively. The
exponential decay as a function of L shows that the process of losing an atom is a
purely stochastic process. Histograms in Fig. 4.22(d-f) are fitted with an exponential
function N(L) ∝ exp(−L/Ldecay). The exponential decay behavior was used to cor-
rect average trace lengths for the case when some atomic traces reached the end of
the scan without losing the contact with the tip, as well as for the neglect of traces
shorter than 0.75 nm (see appendix A). Thus, we were able to deduce an average
trace length 〈L〉 for each velocity; this number is shown in the inset of Fig. 4.22(d-f).
Ldecay for each tip velocity is also shown in the inset. As a first conclusion, we found
that 〈L〉 decreases with increasing tip velocity, which confirms the overall behavior
found in the previously discussed theoretical model.

Finally, our goal is to extract the type of tip-surface interactions in our exper-
iments from comparison of our experimental results with the model. The average
trace-lengths 〈L〉 deduced from each vscan in Fig. 4.22(a-c) are plotted logarithmi-
cally against the tip velocity vscan in Fig. 4.23(a). The experimental trace length
is found to increase with decreasing tip velocity vscan. In order to get a clue about
the 1/v2-dependence, a double-logarithmic plot of trace lengths versus tip velocity is
plotted in Fig. 4.23(b). It is clear from the plot that the experimental data is not
consistent with a 1/v2-dependence. To learn more about the type of tip atom inter-
action and v-dependence, we plotted 〈L〉/vscan logarithmically rather than 〈L〉 versus
tip velocity (see Fig. 4.23(c)). The straight line fitted through the data of trace-
length 〈L〉/vscan versus tip velocity v is a fingerprint of an exponential dependence,
〈L〉 ∝ vscan exp[−vscan/vd] with a decay factor vd. This exponential behavior at a
certain regime was discussed theoretically in the previous section. There, it was shown
that at low tip velocities a straight line is found, which proofs a 〈L〉 ∝ v exp [−v/vd]

2Note that this type of experiments are extremely difficult to reproduce; we have made several
trials to check the dependence of tip velocity on trace length, however, only one experiment shows a
clear dependence. The reason is that a slight change of the tip state or tip height would completely
affect the experiment.
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Figure 4.22: (a-c) STM current images show traces of atoms which are displaced by the
tip. The total area of the scan was 13 nm × 13 nm, where Δs = 0.13a0; the lattice parameter
a0 = 0.255 nm for Cu(001) surface. (d-f) Histograms of counts versus trace length L at scan
speed indicated inside each histogram. Counts versus trace length shows an exponential
dependence, N(L) ∝ exp(−L/Ldecay). Fitting this data with this equation (as shown by
the line) leads to the value of Ldecay, as shown in the inset. The average trace length 〈L〉
is calculated and shown inside each histogram. From the values of 〈L〉, it is clear that a
reduction of the tip velocity leads to an increase of trace lengths.



4.6. COMPARISON OF THE MODEL WITH THE EXPERIMENTS 57

Figure 4.23: (a) Average trace-length 〈L〉 vs. tip velocity (square), and corrected average
trace lengths 〈L〉 for the occurrence of traces that ended by reaching the last scan line open
(circles). (b) Double-logarithmic plot of trace length vs tip velocity. Dashed line represent
the 1/v2 behavior. (c) Logarithmic plot of trace length normalized by Vscan vs. tip velocity.
The data was fitted by exponential function 〈L〉 ∝ v exp [−v/v0].

behavior, that has been clearly shown in the microscopic model in Fig. 4.20(d). There-
fore, this specific experimental data are consistent with the case of the repulsive inter-
action in the transition regime. In this regime a combined pushing-pulling is active.

In order to understand why a repulsive interaction between Co-atoms and the
STM-tip is quite a natural outcome, we recall that U0 is a measure of the energy for
exchange of a cobalt atom with a vacancy. The fact that for the pure copper surface
the formation of vacancies near the tip is actually a consequence of the attractive
interaction between the vacancy and the tip, which corresponds to a repulsive inter-
action for the copper atoms. Assuming that embedded cobalt atoms behave more
or less similar to copper, a repulsive interaction U0 > 0 should have been expected
indeed. Next we will compare our data of Fig. 4.23 (a) with the model in the regime
of the repulsive interaction in order to estimate the value of U0/kT .

4.6 Comparison of the model with the experiments

In previous section we showed that the motion of an embedded Co-atom is carried by
a repulsive interaction between tip and cobalt atoms. Here will quantatively deter-
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Figure 4.24: (a) Double logarithmic plot of the trace length L in units of a0 against the
‘driving’ velocity v for both experiment (open circle-left scale) and the simulation (closed
circle-right scale). This allow a direction comparison between the microscopic model in
repulsive regime with the experiment, which leads to determining tip-Co atom interaction
U0/kT = +8.5. (b) Plot of trace length normalized by tip velocity for experiment (open
circle-left scale) and the simulation (closed circle-right scale).

mine the value of U0/kT by comparing the experimental data of trace length versus
tip velocity with the results of the simulation using the repulsive interaction at the
transition regime. It was explained this regime combined both pushing and pulling
mechanisms as well. In Fig. 4.24(a) we have plotted the experimental data of the
trace length in units of (a0 = 0.255 nm) against the tip velocity in units of (a0/s) as
shown in (left scale-open circles). By comparing this plot with plots of trace lengths
versus v for different repulsive interaction strengths, finally, the best fit to the data is
found at tip interaction of U0/kT = +8.5 as shown by the closed circles (right scale).
The line is drawn through the simulated data, which show an overlap between the
experiment and the theory. Therefore, comparing the experimental results with the
microscopic model, we can extract a quantative parameter of the repulsive interaction
between Co-atom and the STM-tip, which is U0/kT = +8.5.

A logarithmic plot of the trace length normalized by v versus tip velocity using
experimental data (open circle-left scale) and simulated data (closed circle-right scale)
is shown in Fig. 4.24(b). The data is fitted by a straight line, that clearly indicates
that we are in the regime of repulsive interaction as discussed in the previous section.

By using the overlap of the experimental data with the microscopic model in
Fig. 4.24(a) we can extract some parameters, such as the probability for finding a
vacancy close to the tip NA, and the value of t0 by comparing the ‘driving’ velocity v
with vscan. The value of t0 is determined by taking a single value of tip velocity v in the
simulation such as v/v0 = 0.125, which is the first point in Fig. 4.24(a) (top scale).
Since the experimental data is overlapping with the simulation, the corresponding
value of v in units of a0/s is taken. It was found that the value of t0 is approximately
equal to 0.0081 s. We used Eq. 4.11 to determine the value of NA by assuming an
attempt frequency of f0 ∼ 1013s−1, and using the value of kT = 0.0125 eV at T = 150
K. Moreover, assuming Co atoms are behaving identically as Cu atoms in a Cu(001)
crystal, the barrier Φ0 for Co-atom diffusion is roughly equal to the barrier for self-
diffusion of Cu in Cu (Cu-vacancy exchange), which is about 0.29 eV [42]. Therefore,
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an estimate for the value of NA at T = 150 K is equal to 0.15 (at a temperature
T = 300 K, NA = 1.3 × 10−6). This analysis shows that using experimental data it
is possible to predict the probability for finding a vacancy close to the tip. Moreover,
comparing the experimental results with the model makes it possible to extract the
type and the value of tip-atom interaction.

4.7 Conclusions

In conclusion, we have demonstrated that the tip-induced vacancy model is a most
probable candidate to explain recent experiments on moving Co embedded atoms
through a Cu(001) surface. Moreover, we have sketched how measurements of trace
lengths as a function of the tip velocity can be successfully used to acquire detailed
information on the tip-sample interaction by comparing with results from model sim-
ulations. Our results may stimulate more advanced experiments, in which tip states
should be optimally controlled, and parameters such as tip-sample distance and bias
voltage should be explored in a more systematic way. Also, more advanced, two di-
mensional simulations would be of profound interest, in particular since one could
expect that the raggedness of traces is another easily measurable parameter that
depends sensitively on tip-sample interactions. Altogether, outcome of those efforts
might pave the way towards a controlled tip-induced movement of surface-embedded
atoms.
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Chapter 5

Detection of Subsurface
Ar-cavities by STM

Using a scanning tunneling microscopy/spectroscopy (STM/STS) technique we have
studied the detection of bulk nanoscaled objects buried several nanometers below
a surface. Argon-filled nanocavities embedded in a single crystal of copper near the
surface reflect electrons and induce a quantum well (QW) between the nanocavity and
the atomically flat Cu(001) surface. We focused on a spatial variation of conductance
at the surface above the nanocavity using STM/STS. Our dI/dV spectra show a quasi-
periodic oscillation of electron density versus energy in a point above the nanocavity,
from which the depth of the cavity can be estimated. More importantly, the spatial
distribution of electron density from spectroscopy data corresponds to the four-fold
symmetry of the copper crystal as well as to the shape of the nanocavity. A theoretical
model taking into account the specific shape of the nanocavity, as well as the band
structure of copper, allows us to simulate the spatial variation of the conductance.
The model demonstrates that not only the specific shape of the subsurface nanocavity
that reflect electrons is important to explain the observed pattern, but also shows the
relevance of the anisotropy of the band structure and the phenomenon of focusing of
hot electrons.

5.1 Introduction

Electron confinement in low-dimensional systems, and quantum well (QW) reso-
nances, have been subjects of intense study in metallic systems because of the rich of
fundamental information on electron interactions, and also for possible technological
applications. Moreover, defects located in the bulk below a surface in both semicon-
ductors and metals are utilized to study electron interference and QW resonances
between the surface and the impurity [61, 62, 63, 64]. Recently, STM and STS have
demonstrated the capability to detect subsurface nanoscaled inhomogeneities such as
steps at interfaces, bulk impurity atoms or bulk nanocavities, which is the topic of
the present chapter [65, 66, 67, 12, 69, 73, 74, 75].

It was shown by Altfeder et al. that with STM it is possible to resolve features
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under the surface, such as steps, which was experimentally realized by the formation
of two-dimensional Pb islands on a stepped Si(111) surface [68]. Since the top of the
island is flat, steps which are present between adjacent terraces can be imaged with
the STM, revealing electron interferences due to formation of a QW. The variation in
the thickness of the underlying Si changes the interference condition from destructive
to constructive, or vice versa. Another example is represented by single impurity
atoms embedded in the bulk of a semiconductor crystal [70]. Due to the long electron
screening length it is possible to image the impurity atoms using a cross-sectional
STM [71]. These two examples are related to the detection of defects in semiconductor
substrates, but similar studies have been carried out for pure metallic systems. Single
impurity atoms that are embedded in the bulk of a metallic substrate can also be
detected with the STM, exploiting the electrons scattered back to the surface within
a distance of the order of the mean free path of the electron [72]. The electrons
scattered back from the impurity atoms cause interference rings at the surface. By
analyzing the diameter of the rings, the location of the bulk impurity atoms can be
determined. Such an analysis would provide the opportunity to understand how the
electron waves propagate in a crystal with a specific band structure. Moreover, it is
of interest using a similar STM based approach to characterize bulk objects such as
buried nanoparticles, which will be discussed below.

The pioneering experiments by Schmid et al. are dealing with electron interference
in metals due to the presence of nanometer-sized subsurface Ar filled cavities [12,
74]. In particular, it has been shown that bombardment of aluminum can lead to
the formation of Ar cavities due to diffusion and clustering of implanted Ar inside
the substrate during annealing. The Ar-cavities are localized close to the surface
and therefore give a unique opportunity to study electrons partially confined in the
metallic layer between the surface and the upper surface of the Ar-cavity, resulting in
QW states.

We were inspired by the work of Schmid et al. who demonstrated the presence of
interference patterns using Al(111), Cu(111) and Cu(001) crystals [74]. For Al(111)
it was reported that the subsurface Ar cavities lead to a quantum well bounded by
the outer surface and the top of the cavity. Moreover, the authors showed by Z(V )
spectroscopy along a line scan – changing the tip height Z synchronously with voltage
V – that it is possible to detect the energy steps between the quantum well states,
and determined the depth of the cavity using a simple particle-in-a-box model.

Although the authors reported that interference pattern and quantum well states
are observable for Al(111), the authors claim that the feature seen in Cu(001) can not
have the same explanation as for Al(111). This is due to a short lateral “wavelength”
of the interference fringes due to the buried feature in the Cu(001) crystal as well as
an overlap of two interference fringes, which is not observed in Al [74]. From this
observation the authors concluded that the interference fringes in Cu(001) arise from
a very small object, probably just a point defect.

In this chapter we will present the results on the formation of a localized QW at
the surface of Cu(001) due to the presence of Ar nanocavities in the bulk near the sur-
face. We have chosen the Cu(001) crystal in order to investigate the influence of the
anisotropy of the electronic properties to the spatial variation of QW states. In con-
trast to the previously reported results with Al crystal [74], our results with Cu(001)
reveals a very pronounced angular variation of the conductance above the nanocav-
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ity. We focused specifically on probing the spatial distribution of electron density
at the induced QW, which shows, interestingly, a four-fold symmetry that was never
observed before. Moreover, differential conductivity (dI/dV ) spectra obtained at the
surface above the Ar cavities have confirmed the existence of the oscillations of the
local density of states. Additionally, high resolution STM images show interference
patterns confined along the 〈100〉 directions, and extending over tens of nanometer
away from the location of the nanocavity with a periodicity of about 0.3 nm. In line
with the symmetry of Cu(001), we have observed a four-fold symmetry in the spatial
distribution of differential conductance in the vicinity of the nanocavity. Also this
longer range perturbation has never been observed before in this kind of experiment.
We have found that the specific shape of the subsurface nanocavity reflecting the
electrons cannot explain all the details in the observed pattern. The band structure
of copper and the related phenomenon of focusing of hot electrons in copper, play
an important role in the observed spatial variation of the conductance [76, 77, 78].
We developed a model taking into account injection, propagation, reflection and in-
terference of electrons, as well as the anisotropy of electronic properties in Cu. From
this model, we determined the size and the shape of the (001) facet of the nanocavity
facing the surface, as well as the depth of the nanocavity underneath the surface.

The organization of this chapter is as follows. The first part discuses the detection
of Ar-cavities by STM, where we will show topographic images as well as spectroscopic
images. Different spatial interference fringes and periodic change of the conductance
with applied bias voltages will be shown. The second part covers theoretical model
to understand the features seen in the first part.

5.2 Experimental

The experiments were carried out in a multi-chamber ultrahigh vacuum system with
a base pressure below 5×10−11 mbar, which includes a low-temperature STM as was
discussed in the previous chapters. The Cu(001) single crystal surface was cleaned
by Ar+ ion bombardment at 2 kV for about 15 minutes (current of about 20-30μA),
followed by annealing at 900 K (for about 5 minutes). This process has been repeated
several times, until a sharp p(1x1) LEED pattern is achieved, and no contaminants
on the terraces are seen in the STM images except for the nanoscaled Ar cavities. We
also varied the time of bombardment as well as the duration of annealing to ensure
that the presence of the observed interference effect is directly related to the amount of
argon. The intense bombardment implants argon near surface regions, while annealing
induces the diffusion of argon atoms and their subsequent aggregation. After short
flash-annealing, the samples are quenched to intermediate temperatures (about 600 K)
before gradual cooling to room temperature.1 Quenching after short annealing time
freezes the situation when part of argon is still captured under the surface after being
formed in Ar filled cavities, whereas long annealing leads to the diffusion of all argon
to the surface. Moreover, since the surface is destroyed during the ion bombardments,
the annealing processes at an intermediate temperature would restore the crystalline
order of Cu.

1The waiting time is about 1 to 2 min at the intermediate temperature (about 600 K) before the
gradual cooling.
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Figure 5.1: STM topographic image of a Cu(001) surface, taken from almost the same
area at different positive and negative bias voltages (area of 12.5 nm× 12.5 nm). It is clear
that there is a modification of surface electron density due to the presence of an Ar cavity,
the tunneling current in all images is 4.2 nA. The center of the feature is dark at lower
positive bias voltages (first row). However, a gradual increase of the contrast to be white at
higher bias voltages.

The samples are transferred in situ to the STM chamber after Ar implantation,
where all experiments were performed at 77 K unless stated differently in the text.
Electrochemically etched W tips were cleaned in UHV by e-beam bombardment.
Differential conductivity dI/dV spectra were recorded under an open feedback loop
using a lock-in amplifier with a modulation added to the bias voltage (typically 40 mV
peak to peak). Moreover, maps of dI/dV were recorded simultaneously with constant
current imaging during surface scanning.

5.3 The detection of Ar-cavities by STM

On the STM topographic images of the surface of Cu(001) crystals we find features
with rounded shape, and in some cases square and rectangular shapes are observed.
The height of the feature is either positive or negative with respect to the background,
depending on bias voltage used. A line profile along the feature shows an alternation
from negative to positive heights of about ±20 pm or even less than that (results
not shown). The features have a lateral size of a few nanometers (see for example
Fig. 5.1(a)). Interestingly, the appearance of this feature depends strongly on the
bias voltage. Figures 5.1(a-j) are STM topographic images which have been taken on
almost the same area showing the variation of the features with applied bias voltages.
The first row in Figs. 5.1 are the resulting images of the positive tunneling voltages
between +0.035 V and +0.510 V. A clear change in the middle of the rounded feature
is visible from negative height (black) to positive (white).2 However, such a change
is not present when using negative tunneling voltages (lower row). Apart from the

2At a bias voltage of +0.510 V the feature became slightly invisible which is probably due to
tunneling in a different states.
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Figure 5.2: STM current image of a Cu(001) surface showing a modification of surface
electron density due to a subsurface Ar cavity (bias voltage -9 mV, and tunneling current
9.2 nA). The surface shows three different features; a square fringe pattern oriented along
{110} directions, beams of scattering electrons along the {100} directions, and a feature
inside the square fringe. Due to the tip state sometimes, the beams are imaged along only
two crystallographic directions, however in the inset, the scattering is along four directions.

rounded, central feature the surface contains impurities with white and dark contrast,
and are located at arbitrary locations around the feature. It is observed that the
rounded feature is not significantly affected by these impurities.

A high resolution STM image of a Cu(001) surface showing an area occupied
with an Ar-filled cavity taken at a low tunneling voltage is presented in Fig. 5.2. The
main image shows atomic resolution of copper. Three different features are seen on the
surface. Firstly, a square-shaped pattern is observed, showing a pattern of interference-
like fringes of dark and bright areas at the circumference of the square. These fringe
patterns are seen along [110] and [1-10] directions. The observed interference-like
oscillations are decaying rapidly, most of the time only about 2 to 4 oscillations are
observed. Secondly, features along [100] and [010] directions are observed, which
represent narrow beams (long-range interference pattern) that are extending laterally
away from the square pattern over more than 10 nm. Note that this feature is also
analogous to the fringe patterns seen along [110] and [1-10] directions, however with
different period of oscillations and different decay length. Due to four-fold symmetry
of the crystal it is expected to see the beams along four directions. However, the
beams are visible only along two directions in main image of Fig. 5.2; this is probably
due to the tunneling and tip conditions. The beams in the inset of Fig. 5.2, however,
are visible in four directions as expected, though with a low contrast of the signal.
Thirdly, inside the square pattern, a weak spatial variation of the contrast is visible.
It has a square-like shape and oriented according to the crystalline directions of the
substrate. However, in some other cases different shapes of the inner part are observed,
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Figure 5.3: Diagram showing two cases: (a) presence of Ar cavity and (b) presence of
near(surface) atom.

which will be shown in the following sections.
The above results suggest that we are dealing with either embedded defects such

as Ar cavity, similar to the observation of Schmid et al. [12], or with near(surface)
defects such as atoms [14, 81, 91]. The two options are presented in Fig. 5.3. The
diagram in (a) represent an area above a nanocavity. This area is divided into three
regions with respect to reflection of electrons from the cavity. Region “I” is directly
above the nanocavity, which shows interference effect caused by reflection of electron
from the upper surface of the nanocavity as discussed by Schmid et al., while region
“II” and “III” represent the interference effect at locations not directly above the
nanocavity. Diagram (b) shows the scattering due to the presence of near(surface)
defects or charge density oscillations scattered at surface defects. By comparing the
three different features seen in Fig. 5.2 with the diagram (a) we suggest that our
observation is related to the presence of Ar cavity, which means ruling out the diagram
(b) due to presence of QW states. More details and a concrete proof will be shown
next and in the coming sections as well as thorough experimental results discussing
the three regions (features).

Although Fig. 5.2 showed a better resolution of the laterally extended beams, the
inner feature was not so clear. Here we show more examples of imaging the inner
feature. Square-shaped interference fringes as discussed earlier are shown in Figs. 5.4,
which have lengths of about 10 to 12 nm. Moreover, different shapes of the inner
features are clearly observed at different scanning parameters. Four different STM
current images are shown in Fig. 5.4. If we focus only on the inner feature, in the first
image (a) fringes are seen, which have straight shapes along the 〈110〉 directions. The
second image (b) has a similar internal pattern like in (a), but with a complicated
pattern extended between the corners of the inner and outer feature of the fringe
patterns. This feature is visible in this image only along two directions, which is
possibly related to the state of the tip. Also note that the contrast in image (b) is
slightly enhanced to show inner oscillations. In the third image (c), the inner part
is showing a protrusion that has a four-fold symmetry. Finally, image (d) shows
the inner feature with fringes along the 〈110〉 directions. Note that all the observed
features of the fringe patterns are not affected by the presence of surface defects such
as atoms or step edges.
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Figure 5.4: STM current images of a Cu(001) surface showing areas containing interference
due to presence of Ar bulk cavities. Two different interference patterns are registered, a large
square shaped interference pattern, and inside that, there is a small interference pattern. The
tunneling current in three images are 9.2 nA for (a),(b), (d) and 9.5 nA for (c), while the
bias voltages are 9 mV for (a),(c), (d) and −15 mV for (b).

We will focus here on a step edge that is crossing the pattern as well as the impurity
atoms. Figure 5.5 is an STM current image that contains three terraces separated by
two steps (white lines). Most of the semi-square fringe pattern is located at the upper
terrace, although partially at the adjacent lower terrace. This observation shows that
the steps have no influence on the interference pattern. As to the beams discussed
earlier, they are barely visible in this specific image because of their low intensity.
However, careful inspection shows that also impurity atoms have neither influence on
the fringe pattern nor on the beams.

As was mentioned, the observation of the interference phenomena is related to
either charge density oscillations scattered from impurity at the surface or from sub-
surface objects. Our observations presented in Fig. 5.1– 5.5 are likely the result of
electron interference due to the presence of the subsurface Ar cavities reflecting elec-
trons traveling in the bulk of the crystal. As mentioned before, similar observations
were reported by Schmid et al. on Al crystal [12].
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Figure 5.5: STM current image of a Cu(001) surface containing three terraces separated
by two steps. The interference fringe caused by the scattering of bulk electrons is not affected
by the step. An area of 13.7 nm× 13.7 nm is scanned, with bias voltage of −85 mV and the
tunneling of 15.8 nA.

5.4 Spectroscopy

The differential conductance dI/dU map reveals much more features related to the
interference of electrons. Figures 5.6 presents images of typical examples of surfaces
after the formation of Ar-nanocvities. For probing the unoccupied states of the sample
– electrons are tunneling from the tip to the sample – we chose a bias voltage and a
tunneling current of +220 mV and 2.0 nA, respectively (image (a)), while for probing
occupied states we used −92 mV and 1.8 nA, respectively (image (b)). It is clear
from the spectroscopic mapping that the magnitude of the signal in the center of the
cavities is different from one cavity to another; in some cases it is enhanced and for
others suppressed. For example, if we focus on Fig. 5.6 (a), a cavity indicated by
“1” shows a homogenous distribution of the conductance in a circle of about 8-10 nm
laterally. A second cavity indicated by “2” reveals a stronger variation of the signal
and a slightly non-homogenous angular distribution of the differential conductance.
The fringe pattern (interference) of this cavity slightly differs from having a circular
shape. The cavity indicated by “3” has the strongest variation of the conductance
for the fringe pattern in comparison to the other two cavities. In addition, the fringe
pattern of this cavity is rectangular with rounded corners. Similar results have been
obtained when probing the occupied states of the sample, with an energy that is close
to the Fermi level. An example of this is presented in Fig. 5.6 (b). There are six
cavities in the image, with different shapes and contrasts.

In Fig. 5.3(a) and 5.2 we have shown that there are three different regions due
to the presence of the Ar cavity that is (1) the developed inner feature “I”, (2)
the square/rectangular fringe pattern “II”, and (3) the narrow beams (long-range



5.4. SPECTROSCOPY 69

Figure 5.6: Local conductivity dI/dV mapping on a Cu(001) surface above subsurface
Ar-cavities. The nanocavities either are located at different depths, that is expected from
the different conductivity signals (different color contrasts), or the sizes of the cavities are
different. (a) for unoccupied states +220 mV, and a tunneling current of 2.0 nA, where (b)
for the occupied states −92 mV, and tunneling current of 1.8 nA.

interference pattern) “III”. In the following sections, we show more details on each of
them by performing differential conductivity dI/dV mapping, both for the occupied
(negative bias) and unoccupied (positive bias) states.

5.4.1 Long-range interference patterns

For probing the beams (long-range interference patterns) using dI/dV mapping,
Fig. 5.7(a) presents the differential conductivity on Cu(001) surface for the occupied
states at a bias voltage of −280 mV and tunneling current of 1.2 nA. An atomically
resolved image is obtained, and the area contains a single nanocavity of a square-like
shape with rounded corners. If the image is compared to Fig. 5.2, similarities between
them can be extracted, such as for example the interference fringes forming beam-like
structures that are extending along 〈001〉 directions. Although the beams are likely
to occur in four directions due to the symmetry of the crystal, only three directions
are visible in this image, this has to do with a change in either the tip or cavity
conditions. Beside the beams, the square-shaped pattern oriented along the 〈001〉
directions is observed, as well as a faint inner structure (due to the weak signal not
fully visible). More details about focusing of the long-range interference patterns on
narrow beams will be discussed in the modeling section. Note that the two horizontal
lines extending along the center of the cavity are due to noise encountered during the
scanning.

In Fig. 5.7(b) we show a highly resolved differential conductance image of a beam
along the [100] direction, the image is taken on the area shown by box from image
(a). It is clear that the long-range interference pattern is focussed in a narrow width
of about (1.3–1.5) nm in this image with a periodicity in horizontal and vertical
directions of about (0.3–0.4) nm.
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Figure 5.7: (a)-(b) Local conductivity dI/dV mapping on a Cu(001) surface taken on an
area occupied with subsurface Ar-cavities. The image is taken to probe the occupied states
at a bias voltage of −280 mV. Beams along 〈001〉 directions are clearly visible in (a). A
better resolved image taken on the area of the box in (a) is shown in (b), 5.2 nm × 5.2 nm.

Besides the long-range interference patterns along 〈001〉 directions, we have ob-
served long-range interference patterns as well along 〈110〉 directions. In Fig. 5.8(a)
a differential conductance dI/dV image is shown, which contains two cavities, one in
the middle and the second in the top-left corner. The cavity in the middle shows a
rectangular-like fringe patterns, similar to the ones shown in Fig. 5.4(d). However,
outside the rectangular fringes, long-range interference patterns are observed, which
are extending along 〈001〉 directions. For clarity, the fringes are indicated by arrows,
which are formed about 5 nm far from the main rectangular-like fringe. We observed
that the two neighboring fringes which were extending along 〈110〉, overlap with each
others and converge to meet at the corners of the rectangular-like pattern. From
different cavities we observed, we concluded that the observed long-range interference
patterns along the 〈110〉 directions belong to the adjacent facet of the same cavity.

Image (b) is taken by zooming in on the box region in (a), which shows the long-
range fringe patterns. It is clear from the image that the intensity of the interference
patterns is reducing when moving away from the cavity. We conjecture that the
appearance of the long range interference fringes is connected to the shape of the cavity
of which different facets scatter (and focus) the electrons along specific directions.

After having discussed the rectangular fringes, we will focus on the “inner struc-
ture” region “I”. In Fig. 5.8 an inner feature is observed that has a higher conductance
at four points. More details about such inner features will be discussed in the following
section.

5.4.2 Periodic change of the conductance for the inner feature

If the observed features are the results of electron interference, which is determined
by the wavelengths of electrons, we should expect a periodic change in the observed
pattern at different energies of injected electrons. As we will be shown below, differ-
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Figure 5.8: Local conductivity dI/dV mapping on a Cu(001) surface taken on an area
occupied with subsurface Ar-cavities. The images are showing an additional feature, which
is large interference fringes along the 〈110〉 directions,starting after the square/rectangular
fringe pattern. Bias voltage in (a) and (b) is 70 mV, and tunneling current is 1.7 nA. The
area of (a) 30.0 nm× 28.0 nm, and of (b) 20.5 nm× 23.0 nm. The arrows shown in the
images are labels to the three bright fringes.

Figure 5.9: Local conductivity dI/dV maps on a Cu(001) surface taken from the same area
20 nm× 20 nm, showing oscillations of the local density of states at the center of the cavity
due to the interference between the surface of the cavity and Cu surface. White contrast
corresponds to a high intensity; high local density of states (tunneling current 1.2 nA).

ential conductance maps taken above the Fermi energy to image unoccupied states
above the cavity exhibit strong voltage-dependence in the features.

A direct proof is obtained by monitoring the differential conductance dI/dV at
variable bias voltages. Figure 5.9 shows a series of dI/dV maps above a subsurface
cavity at different bias voltages on an area of 20 nm× 20 nm. Interference patterns are
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Figure 5.10: Local conductivity map and differential conductance dI/dV spectra taken
on a Cu(001) surface on an area occupied with a subsurface Ar cavity. The curve is average
over several points at the center of the cavity (open-circle), and the Cu bare substrate (open-
square). The spectroscopy in the middle of the cavity shows oscillations in the density of
states with periodicity of about 0.3 V. This results are taken from the same cavity of Fig. 5.9.
The two STM images are the differential conductance mapping with energies of +0.3 V (1),
and −0.3 V (2). In some cases it is possible to take an STS map below the Fermi level,
which will be the extension of the periodicity on the occupied states.

imaged for various tunneling voltages. The inner part of the surface pattern reveals
a strong and periodic variation with the applied bias voltage. Also, the characteristic
four-fold symmetry – corresponding to the Cu crystalline lattice orientation – is clearly
visible in the inner part. The sequence of the images shows the variation of the pattern
with a period of about 0.3 V in this particular experiment.

For a better understanding of the interference phenomenon and the formation
of a localized QW, we refer to the section 5.5, where we will try to simulate the
conductance as shown in Fig. 5.9.

5.4.3 Differential conductivity dI/dV spectra

To further examine the existence of the interference between the incoming electrons
and the electrons reflected from the buried cavity, a differential conductance dI/dV
spectrum is taken at the center of the square-like shaped feature (see Fig. 5.10). The
spectrum is taken at the center of the feature represented in Fig. 5.9. For comparison,
spectra at different points on a clean Cu surface are averaged and the result is shown
by the square symbols in Fig. 5.10. The spectra at the center of the cavity taken
at different points are averaged and the result is shown by circular symbols. The
oscillation period is estimated to be roughly about 0.3 V. In order to make a simple
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Figure 5.11: Local conductivity map and differential conductance dI/dV spectra taken on
a Cu(001) surface. The curve is average over several points in the center from an area of 15
nm × 15 nm, The spectroscopy in the middle of the cavity shows oscillations in the density
of states with periodicity of about 0.5 V (circles). While the (squares) is the spectroscopy
at the Cu bare substrate.

qualitative comparison of the results of the differential conductance spectra and maps,
we have taken two differential conductance images at +0.3 V (1) and −0.3 V (2). A
white contrast is observed at the center, which is indicating a high conductance signal.
Comparing this with the main graph (spectra), we can see a peak at a bias voltage of
+0.3 V and a small peak in intensity at an energy lower than −0.3 V. Note that usually
we observe the periodicity in the conductance for positive bias voltages (probing the
unoccupied states of the sample) and rarely for the negative biases (occupied states of
the sample). This is because the measured conductance is usually an overlap between
the density of state of the tip and the sample, and, when imaging with positive biases,
the resulting density of state can be related predominantly to the sample. However,
at the negative bias voltages it is mostly related to the tip density of states.

Figure 5.11 shows another example of differential conductivity dI/dV spectra
taken for a cavity probably implanted at a different depth than in the previous figure.
The inset of Fig. 5.11 shows a local conductivity map of the cavity region (15 nm×
15 nm). Similar as the previous figure, the averaged spectra of different points at a
clean Cu surface is plotted (squares), together with the averaged spectra at the center
of the cavity (circles). The oscillations period is estimated to be 0.5 V.

In this plot also local maxima (small peaks in intensity) have been observed at
around bias voltages of +0.7 and +1.2 V, with a similar periodicity as the main max-
ima (large peaks in intensity). These local maxima are not observed in all experiments
and we will not go into further details.

The observations in Fig. 5.10 and Fig. 5.11 show that not only the specific spatial
variation of the dI/dV map characterizes each spot individually, but also the peri-
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odicity of the dI/dV signal versus the electron energy is a parameter that probably
directly relates to the depth of the sub-surface reflector of electrons due to electron
interference between the surface and the top of the cavity. More details on the rela-
tion between the depth of the cavity and the observed periodicity will be discussed
in the following sections. Also we will further analyze our data using a model that
captures the basic mechanism behind these interference effects.

5.5 Theoretical model

In order to better understand the detailed interference patterns observed in the ex-
periments, we developed a model describing the processes of electron interference.
This provides a simulation of spatial distributions of surface conductivity similar to
the ones obtained experimentally with the STM. First we will explain a simple model
considering a quasi-free electron approximation, followed by an advanced model tak-
ing into account the band structure and electron focussing effect [79].

5.5.1 Introduction and assumptions

Before presenting our model in detail, we first consider the basic physical processes
taking place in our system and the basic assumptions of the model.

We explained in section 5.2 the processes of the formation of the Ar-nanocavity.
Then, the surface of the nanocavity separating the conductive (copper) and non-
conductive (argon) medium serves as an effective reflector of hot electrons injected by
the STM tip at the surface. The injected hot electrons at the copper surface propagate
in the bulk without scattering up to a distance of tens of nanometers [82, 83]. To
illustrate the processes of injection, propagation and reflection of electrons, a simple
cartoon is presented in Fig. 5.12. We assume the electrons are injected in a point of
the surface just under the tip position −→rs , thereby neglecting all the effects originating
from the shape of the tip or its electronic properties. For the reflection of electrons
from the nanocavity, on each point −→ri of the nanocavity’s interface hot electrons
are reflected in different directions. Thereby, the electrons are reflected back to the
point of the injection and interfere with the incoming electron wave at the surface.
Multiple reflections of the electrons between the surface and the interface provide an
ideal condition of QW formation. However, in a quasi-open system the efficiency of
the multiple reflections is low, and we will consider only a single reflection from the
interface.

5.5.2 Free electron model

Here we will describe a simple model that considers the three main processes, viz.
injection, propagation and reflection of electrons. In the simple model we assume
the reflection is taking place only from an upper (100) facet of the 3D cavity, with
the additional assumption that the upper facet has a completely square shape with a
length l, see Fig. 5.12. In a later section we will consider the effect of a more realistic
shape of the cavity.



5.5. THEORETICAL MODEL 75

Figure 5.12: A schematic diagram showing the processes of injection, propagation, and
reflection from the only the upper (100) facet of the Ar-cavity.

Next we show how to determine the depth of the cavity using the wave vector k:

k =

√
2me(eV + EF )

�2
, (5.1)

where me, eV , EF and � are the mass of a free electron, the energy of injected
electrons with respect to Fermi level, the Fermi energy with respect to bottom of
conduction band of copper and Planck’s constant, respectively.

Depth of the nanocavity using the simple particle in a box model

In order to model the conductance and compare it with our experiments, we need
first to determine the depth of the nanocavity. The depth can be determined indi-
rectly using the differential spectrum experiments. When we assume that the motion
of the electrons is perpendicular to the surface, the system can be considered as a
one-dimensional quantum well. For simplicity we assume infinite barrier heights (a
particle-in-a-box). We can use the quantum mechanical solution of the Schrödinger
equation in one dimension in order to estimate the depth of the cavity. From the
experiments, it is possible to use the oscillations of the conductance assuming that
constructive interference of electron waves takes place when the measured conductiv-
ity is at a maximum. For example, we can use the oscillation period of the cavity in
Fig. 5.9, which is ΔE = 0.3 V, and using Schrödinger equation in a one dimension
for an infinite barrier

− �
2

2m

d2ψ

dx2
= Eψ, (5.2)

the solution of the equation can be used for a qualitative estimate of the depth of the
cavity. The depth d can be related to the wavelength of the electron λ at different
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quantum numbers n in the following relation

n · λ = 2d, (5.3)

where λ = 2π/k. Therefore, by implementing λ and using Eq. 5.1, the depth d of the
nanocavity can be written as

d = 2π
1

ΔE

√
�2

2me
(eV + EF ). (5.4)

By considering the bottom of the valence band of Cu(001) is at 7.05 eV relative to
Fermi level [83, 86], the periodicity ΔE = 0.3 eV taken from Fig. 5.9 and using
the quasi-free mass of the electron, the depth of the cavity is estimated to be ap-
proximately equal to 10 nm. In a similar way, the cavity discussed in Fig. 5.11 has
a periodicity ΔE = 0.5 eV is estimated to be at a depth of about 6 nm. In the
following, more advanced model we will show that the estimated value of the depth
d ≈ 10 nm for Fig. 5.9 can be slightly different when calculating the spatial differential
conductance and compare it to the experiment.

The model

In the model we describe injection, propagation and reflection of electrons via corre-
sponding functions G(−→rs − −→ri ), P (−→rs − −→ri , E), and R(−→rs − −→ri ), respectively, where−→rs is the coordinate of the injection point at the surface, −→ri is the coordinate of the
considered point at the interface with the nanocavity, E is the energy of injected
electrons. Next we will explain separately the processes of injection, propagation and
reflection of electrons in order calculate the total intensity of electrons at the surface
after they reflected from the surface of the cavity.

In the case of injection, injected electrons after tunneling from the tip to the sample
have a certain energy and angular distribution. We assume the angular distribution
of injected electrons is a Gaussian function

G(−→rs ,−→ri ) ∝ exp
[
(θ/θeff )2

2

]
, (5.5)

where θ = [(−→rs −−→ri ) · n̂] and θeff is the opening angle of the injection cone. If the
value of the angle θeff >> 1, it corresponds to scattering of injected electrons in
different directions at the surface, while θeff << 1, effectively limits the injection to
one dimension.

For the case of propagation, the electron waves injected in a single point decay
with the inverse square of the distance between the injected and reflection point.
Within our simplified approach we write it as a product of an amplitude A(−→rs −−→ri ) =
1/ | −→rs −−→ri | and a phase factor exp[2i

−→
k · (−→rs −−→ri )]:

P (−→rs ,−→ri , eV ) = A(−→rs −−→ri ) exp[2i
−→
k · (−→rs −−→ri )], (5.6)

where
−→
k is wave vector of the electron determined using Eq. 5.1.

In the case of reflection, the propagated electron reflect back from the nanocavity.
We assume, as discussed earlier, the electrons reflect only from the upper facet, and
we assume the reflection is completely diffusive scattering R(−→rs −−→ri ) = 1.
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Figure 5.13: Simulated distribution of the differential conductance of the nanocavity at
different energy of injected electrons. The simulated area is 10 nm × 10 nm, l = 2.8 nm,
d = 9.2 nm, and Θeff ≈ 600. To some extent we can say that there is similarity of the
periodicity compared to the experimental data of Fig. 5.9 (when focusing only at the center
of each image). However, the spatial distribution of the conductance is different from the
experiment.

Considering the above three processes, the resulting total transmission T (−→rs) of
the electron waves in each point −→rs of the surface is proportional to the absolute value
of the sum of all the complex amplitudes of incoming and reflected waves using the
following simplified functions:

T (−→rs) ∼
∣∣∣∣1 +

∫ ∫
−→ri ,E

G(−→rs −−→ri ) P (−→rs −−→ri , E) R(−→rs −−→ri ) d−→ri dE

∣∣∣∣
2

, (5.7)

where the integration is over all points −→ri located at the interface of the cavity with
the Cu matrix. The variation of conductance, which is assumed to be proportional
to the dI/dV signal, is determined by this transmission function T (−→rs).

The results

The outcome of the model for a specific set of parameters is shown in Fig. 5.13. Two
parameters are optimized in order to achieve data that can be compared with the
experiment represented by Fig. 5.9: the depth d and the size of the cavity represented
by the parameter l (the area of upper square facet is l2). Although the depth was
estimated earlier to be about 10 nm using the 1D model, we found that using a value
d = 9.2 nm would generate conductance maps that have a periodicity close to the
observed experiment in Fig. 5.9. Using for example a slightly different depth of the
nanocavity would generate spatial distribution of the conductance that has a different
phase, for example when d = 9.1 nm as in Fig. 5.14.

In this calculation, an optimum size of the upper (001) facet that gives a spatial
periodicity which can be compared to Fig. 5.9 is determined by using l = 2.8 nm; by
changing the value of the l different distribution of the conductances is observed which
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Figure 5.14: Simulated distribution of the differential conductance of the nanocavity at
different energy of injected electrons. The simulated area is 10 nm × 10 nm, l = 2.8 nm,
d = 9.1 nm, and Θeff ≈ 600.

is far from being comparable to the specific experiment in Fig. 5.9. Different values
for the effective angle of electrons injection θeff can be used, but in this calculation
we used θeff ≈ 600. Due to the huge simplification in the model, its hard to to get a
full agreement between the experimental data and the free electron model results. In
order to achieve a better correspondence, the inclusion of the band structure and the
anisotropy of the electron propagation as well as more realistic shapes of the cavity
should be investigated. Next, we will show the effect of these modifications, yielding
an improved agreement with our data.

5.5.3 Band structures and focusing effects

In the previous model we used the approximation that the electron waves propagate
isotropically from the point of the injection at the surface. However, more realistically
we take into consideration that the electron waves injected into a copper result in
non spherical waves due to the non-spherical Fermi surface of Cu. For example, in
copper, there are no available electronic states for the k -vector in the [111] direction
at energies close to the Fermi level as was discussed earlier [74]. The anisotropy not
only leads to the dependence of electron wavelength on the direction of propagation,
but also to a variation in decay of the amplitude in the direction of propagation. As a
result, the electron wave may strongly decay and does not propagate in this direction.
Alternatively, in some cases the differences in the vectors of phase and group velocities
lead to so-called focussing effects, when the electron wave concentrates along some
specific directions when propagating over large distances [77, 78]. Additionally, we
have taken into account that the tunneling already provides a non-uniform initial
distribution of electron waves at the injection point. The propagation of the electronic
waves is schematically presented in Fig. 5.15(b). In this figure the wave vectors

−→
k1

and
−→
k2 correspond to the directions with high and low decay factors, respectively.
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Figure 5.15: Schematic diagrams of the processes considered in the model. (a) The
injection, propagation, and reflection of electrons in copper. (b) The propagation of the
electronic wave in the anisotropic medium. The electrons are injected at the surface in a
conic form -a non-spherical wave front- with a decay factor depends on the direction of the
propagation. In some directions, corresponding to k1, the propagation is forbidden; the wave
decays very fast. In others, for example corresponding to k2, the wave concentrates due to
the focusing effect.

Due to the difference in decay, a strongly anisotropic profile of the resulted angular
distribution of amplitudes of the propagating wave is formed, and profoundly affects
the resulting interference when the electron waves are reflected back to the injection
point. Moreover, we assumed in the simple model that the electrons reflect only from
the upper facet of the cavity as shown in Fig. 5.12, but here we allow electrons to
reflect from different facets of the cavity as shown in Fig. 5.15(a). Next we describe
the complete model and also focus on the differences with respect to the simple model.

5.5.4 The complete model

In Eq. 5.7 we described the injection by the function G(−→rs −−→ri ), the propagation by
P (−→rs − −→ri , E), and the reflection by R(−→rs − −→ri ). Here we will modify the reflection
function to include the reflection from all other facets which is described by Rn(−→rs −−→ri ), where n is the index selecting a specific facet. Next we will explain separately
the processes of injection, propagation and reflection of electrons in order to calculate
the total intensity of electrons at the surface after they reflected from the surface of
the cavity.

The most crucial function is the propagation function, see Eq. 5.6. In the propa-
gation, the constant energy surface is represented by spheres, where the direction of
group velocity of the electrons coincides with the direction of the k vector. There-
fore, the electron waves injected in a single point decay with the inverse square of the
distance between the injected point and the point at the reflector. The amplitude
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A(−→rs −−→ri ) here is obtained by modifying the amplitude factor defined in Eq. 5.6 by
adding a Gaussian function to define an injection angle θ and a focusing angle ϕ as
follows:

A (−→rs −−→ri ) =
1 +

∑
m

Bmexp
[
− (θ−θm)2

2θ2
0m

− (ϕ−ϕm)2

2ϕ2
0m

]
| −→rs −−→ri | , (5.8)

where θ0m and ϕ0m are half widths of the two distributions. Bm is an amplitude of
the distribution. θm and ϕm are angles describing the propagation of electrons on the
flat regions on the Fermi surface (focusing effect).

In this model the values of the wave vectors
−→
k of the electron are determined by

the band structure of copper E(
−→
k ). Moreover, the focusing effect that was discussed

earlier is included in the amplitude A(−→rs − −→ri ). To determine the amplitude factor
we take into consideration the shape of the iso-energetic surface in k-space, which is
also determined by the band structure E(

−→
k ).

In the case of reflection, the propagated electron reflects back from the nanocav-
ity. The reflections of electrons are collected mostly from all facets of the nanocav-
ity, see Fig. 5.15. We consider the reflection with a cosine function Rn(−→rs − −→ri ) =
[cos(∠(−→rs −−→ri , n̂))]t, where n̂ is the normal vector to each facet and t determine the
shape of the reflecting wave (t = 0 −→ isotropic case, t −→ ∞ delta function).

Besides the three functions discussed earlier (injection, propagation and reflec-
tion), we introduce a function w(E) describing the energy window which should be
taken into account due to the measurement technique when using a lock-in ampli-
fier and the ac excitation added to the dc bias voltage. Considering the above three
processes, the resulting total transmission T (−→rs) of the electron waves in each point−→rs of the surface is proportional to the absolute value of the sum of all the complex
amplitudes of incoming and reflected waves from all directions using the following
simplified functions:

T (−→rs) ∼
∣∣∣∣1 +

∫ ∫
−→ri ,E

G(−→rs −−→ri ) P (−→rs −−→ri , E) Rn(−→rs −−→ri ) w(E) d−→ri dE

∣∣∣∣
2

. (5.9)

The variation of conductance, which is assumed to be proportional to the dI/dV
signal, is determined by this transmission function T (−→rs). In spite of the simplifi-
cation we made to build the expression for T (−→rs), we obtain a model which can be
straightforwardly used for a direct comparison with our data.

Shape and depth of the nanocavity

Here we describe the shape of the nanocavity used as a surface reflector of hot elec-
trons. As we explained in section 5.2, the nanocavities are formed by sub-surface
segregation of argon atoms implanted into the Cu(001) crystal due to the anneal-
ing processes. This results in a 3D object that is buried in the crystal, which has
differently oriented interfaces with the copper. The cavity takes a specific shape to
minimize the surface energy while keeping the volume constant, the latter related to
the amount of trapped Ar-gas. The anisotropy of the interface free energy leads to
a complicated specific shape of the formed nanocavity, similar to a Wulff construc-
tion, which can be well determined for a large object [84, 85]. However, in the case
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Figure 5.16: Specific shape of the nanocavity in a single crystalline copper. One of
the possible shapes is similar to the Wulff construction as in (a). The closest facet of the
nanocavity to the surface is (001) shown in (b). The shape of the facets and the nanocavity
are determined by the parameters l, δ, and γ.

of a nanocavity the actual shape can vary with the volume of the cavity and/or in-
volve deviations from the high-symmetrical shapes, as already suggested earlier in the
analysis of Fig. 5.6. Nevertheless, for the sake of simplicity, we will consider only a
symmetric shape of the nanocavity with three kinds of facets corresponding to (001),
(110), (111) planes, and planes which are equivalent to them, see Fig. 5.16(a).

This simple approach requires only three parameters to completely determine the
shape of the buried nanocavity. The size and the shape of the upper facet (001) is
determined by two parameters: the width l of the facet along the [110] direction, and
a ratio δ = 2a/l, where 2a is the reduction in the length of a rib due to the truncated
corner by the (110) facet, see Fig. 5.16(b). The third parameter is γ = c/l, where
c is the length of the (110) facet, which determines not only its shape but also the
asymmetry of the (111) facet.

The depth of the nanocavity d plays an important role in the formation of the
interference pattern at the surface, which is defined as the distance from the top of
the cavity up to the upper surface of the bulk metal. In our analysis of the data later
on, we will determine d by using the oscillation period of the differential conductivity
with the energy of the injected electrons similar to the approach mentioned in Eq. 5.4.
In this case, the depth of the nanocavity can be determined using:

d = π
1

ΔE

∂E

∂k
, (5.10)

where ΔE is the period of the oscillations; ∂E
∂k is numerically derived from the band

structure of copper (E(k) along the [001] direction) taken from ref. [76].

Results of the model

Since none of the parameters defining the nanocavity l, δ, γ, and d, are known before-
hand, we should carefully address how each parameter affects the surface differential
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Figure 5.17: Simulated patterns showing the dependence on the size of the upper facet
(001) of the nanocavity, by varying the value of l. It is clear that the intensity of the signal
is changing. The extra modulation points seen around the big spot in (a) are artifacts of the
calculation due to the low intensity of the signal. The field of view is 15 nm × 15 nm. For
all these cases, the upper facet of the nanocavity is placed d = 9 nm below the surface.

conductance. First, our calculation shows that the dimension and shape of the (001)
upper facet described by the parameters l and δ strongly affect the spatial distribu-
tion of the differential conductance. Secondly, the size and shape of (110) and (111)
facets described by γ does not lead to significant changes that could justify a reliable
and precise extraction of γ from our experimental data. Nevertheless, this parameter
is very important to form the long-range lateral beams of interference fringes at low
bias voltages, as will be shown in the later on discussion of the model.

In the following sections we will present the spatial distribution of surface conduc-
tance obtained with different parameters l, δ, with fixed γ, and with the same depth d
as determined by Eq. 5.10. For the following calculations, we will use the experimen-
tal data shown in Fig. 5.9 to illustrate the typical features covered by our calculations,
as well as to show how to find quantitative numbers for the system parameters. Note
that the parameters we will find below do specifically relate to a particular object. If
we would have chosen another cavity, other parameters would be found accordingly.

Shape and size of the nanocavity

The set of data in Fig. 5.9 shows ΔE = 0.3 V, the depth d of the nanocavity is
found to be 9.1 nm using Eq. 5.10, which will be fixed in the following calculations.
Figure 5.17 illustrates how the size of the upper facet represented by l determines
the spatial distribution of the differential conductivity. A ring-like pattern is induced
in a nanocavity with l = 0.5 nm with a faint residual point-like fine structure as
shown in Fig. 5.17(a). Furthermore, by increasing the value of the upper facet to
l = 10 nm, a homogeneous distribution of the differential conductance is observed,
see Fig. 5.17(c). The case of l = 3.0 nm presented in Fig. 5.17(b), is qualitatively
close to the experimental observation shown in Fig. 5.9(a). All these calculated data
were taken using a fixed bias voltage.

A similar calculation has been done when varying the parameter δ that describes
the upper facet truncation. Two extreme cases are presented, using δ = 0 and δ = 1
as shown in Fig. 5.18(a) and (b), respectively. The case of δ = 0 corresponds to
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Figure 5.18: Simulated patterns for two different shapes of the nanocavity: (a) the case
of δ = 0 with maximal (111) facets and completely shrunk (110) facets, and (b) δ = 1 with
maximal (110) facets and minimal (111) facets. The schematic shape of the nanocavity for
each case is shown in the insert. Field of view of view is 15 nm × 15 nm. For both cases
l = 3 nm, d = 9 nm.

the situation when the (110) facet is completely shrunk, see Fig. 5.18(a). The other
extreme case of δ = 1 corresponds to the smallest possible (111) facet, see Fig. 5.18(b).
If we compare the two extreme cases with Fig. 5.9(a), it is clear we are in between
them, and may be a little bit closer to case (a).

In order to obtain quantitative values of l and δ, we have made several calculations
using different values of l’s and δ’s. Finally, we were able to find a match with our
experimental result when l = 2.8 nm, δ = 0.4, and d = 9.1 nm. As mentioned before
the parameter γ has been chosen to be around 1 since it can not be determined
precisely. Results obtained with these parameters will be presented below.

A series of simulated images using different energies of the injected electrons is
presented in Fig. 5.19. To some extent, a similarity with the set of the experimental
data in Fig. 5.9 is established. The simulated images contain some features observed
in the experiments, such as the specific shape, and to some extent, the symmetry as
well as the periodicity. However, due to the simplifications in the model, we can not
expect to get an exact similarity between the experiments and the model.

Apart from reproducing qualitatively the spatial distribution of the conductance at
different energies, the model also reproduces the long range interference patterns (the
beams). In Fig. 5.20 we obtain a slightly similar long-range patterns as in Fig. 5.2.
This image was obtained under the assumption of a high coherence of the electron
wave injected at low bias voltages and the enhanced influence of the focusing effect.

This long radial beams are originating from the interference of the electrons re-
flected from (110) facets, therefore, the propagation of electrons depend on the Fermi
surface of the substrate. For example, electrons concentrate in the flat regions of the
Fermi surface resulting in focusing of electrons in narrow beams, which extend from
the nanocavity. It is known that the [110] direction corresponds to the direction with
low decay of electron waves, corresponding to the direction of focusing of electron
waves in Cu. Only because of this focusing, the interference pattern is formed over a
long distance from the nanocavity.
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Figure 5.19: Simulated distribution of the differential conductance of the nanocavity with
an optimized shape at different energy of injected electrons. The simulated area is 15 nm
× 15 nm, l = 3 nm, δ = 0.4, and d = 9 nm. The periodicity and the appearing shape are
similar to the experimental data of Fig. 5.9.

Figure 5.20: Simulation showing that the interference effects can be detected over a long
range similar to the experimental results presented in Fig. 5.2. The simulation scan area is
40 nm × 40 nm.

5.5.5 Discussions and further improvements of the model

Obviously, our model has the potential to be improved. Based on the simplifications
discussed above the model is very efficient in terms of calculation time. It allows us to
perform a variation of parameters to find the size, shape and depth of the nanocavity.
The main simplification is the implementation of effective functions G(−→rs−−→ri ), P (−→rs−
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Figure 5.21: Conductance maps above a nanocavity measured at different bias voltages
showing a different symmetry than experimental data in Fig. 5.9 (scan area 10 nm × 10 nm,
tunneling current 1.8 nA). Note that the first image contains noise at the beginning of the
image, this experiment was done at 5 K.

−→ri , E) and Rn(−→rs − −→ri ). Within an improved approach the exact description of the
wave propagation should be done by solving a differential wave equation that allows
for anisotropic propagation. Similarly, describing the injection, instead of the effective
function G(−→rs−−→ri ) to represent the angular distribution of electrons, a more advanced
approach can be done by which certainly a better correspondence of calculated and
experimental results is expected. Although the behavior of the electrons in the bulk
is determined by the band structure of the crystalline material, we are not free to
vary many parameters. Nevertheless, the effective angle of the injection described
by G(−→rs − −→ri ) can be estimated, and satisfactory results were obtained when the
effective angle of the injection was between 300 and 800. In the present model, it
is not possible to provide a precise value of the injection angle. As to the shape of
the nanocavities, we assumed a fully symmetric shape that is determined with only
three parameters. As an example, in our experiments we have found that the shape
of a nanocavity can strongly deviate from the assumed symmetry, as shown by the
elongated feature seen in Fig. 5.6(a). In other experimental cases, the conductance
displays a symmetry different “region I” from the observations shown earlier, which
might be induced by a rather deviating shape of the cavity such as for the example
in Fig. 5.21. For more examples we refer to appendix B. The implementation of a
more realistic cavity shape should be done in the framework of a more basic approach
describing nucleation and segregation of defects and inclusions in solids.

5.6 Conclusions

We have shown that the nano-inclusions buried close to a surface can be detected
by STM due to the modifications in surface conductance caused by the near-surface
localized QW. The spatial distribution of the perturbed conductance is largely deter-
mined by the shape of the (001) upper facet of the buried nanocavity as well as by
the anisotropy of the band structure of the crystal, in our case Cu. However, the de-
tectable variation of the conductance far away from the cavity in particular directions
shows the role of differently oriented facets.

We developed a simple electron interference model that is able to describe all the
experimental details reasonably well, including the possibility to extract a rough esti-
mation of the relevant parameters that govern the shape and location of the nanocav-
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ity. The rich details in our observations and the simplicity of our calculations could
open up new opportunities for a more detailed and systematic analysis of buried
nano-objects. Specific objects and metal combinations could be used to tailor elec-
tron propagation and interferences over even longer distances with tunable symmetry.
In the case of magnetic nano-inclusions, one could even envision the observation of
spin-resolved interference effects when combining proper matrix materials with dedi-
cated tips coated with (anti)ferromagnetic material.



Chapter 6

Dynamics of adsorbates on
triangular Co nanoislands

In this chapter we will present how to use the STM to manipulate electronic properties
of triangular Co nanoislands on Cu(111) after adsorption of adsorbates. On clean Co
islands two surface state energies corresponding to two orientations of the islands are
observed which are similar to the observation by Pietzsch et al. [17]. When adsorbates
are present on the surface of the islands, the surface states are shifted in energy
by approximately 200 meV. Using current provided via the STM tip, electrons can
stimulate the desorption of the adsorbates from the Co island, which can be clearly
recorded by STS by looking at the shift of the surface state towards its original energy
value. Recorded differential conductance maps shows the surface of the islands before
and after removing the adsorbates. Resolving the structure of the adsorbates is shown
as well, which forms a 2×2 reconstruction. A similar behavior is demonstrated in our
research group by intentionally introducing H2 to the system, by which the surface
state is shifted to a lower energy. Furthermore, the removal of the hydrogen from the
islands is done by the STM tip leading to a full recovery of the surface state of the
Co islands [29].

6.1 Introduction

Magnetic nanostructures grown on non-magnetic metal surfaces have attracted much
attention due to their potential use in magnetic storage technology. Cobalt nanos-
tructures on Cu(111) are model systems for electronic and magnetic investigations. In
the sub-monolayer coverage regime, triangular Co nanoislands in a form of a double
layers on Cu(111) have been studied by several research groups. A few studies have
focussed on the electronic properties of the triangular Co islands, where a surface
state has been observed, identified to be due to a minority d-like resonant surface
state [17, 19, 92]. Other studies focussed on the magnetic properties of these islands
by exploiting spin polarized STM (SPSTM) [17]. In both studies the surface state
of the islands are observed at an energy of about −0.3 eV with respect to the Fermi
level.

87
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Figure 6.1: (a) An STM image of a clean Cu(111) surface (100 nm× 100 nm), inset is
atomic resolution image of Cu. (b) After 0.6 ML of cobalt is deposited at room temperature
(150 nm× 150 nm). The surface shows two types of bilayer-high (0.42 nm) triangular islands.
The islands are marked with “u” (unfaulted) and “f” (faulted) depending on the stacking
sequence. (c) Model proposed for the two types of islands shown in image (b). The islands
consist of three layers with one layer within the copper surface. The unfaulted (u) islands
follow the fcc stacking sequence, while the faulted (f) islands present a stacking fault (results
taken from ref.[18]).

However, in our system of triangular Co islands on Cu(111) we did not initially
observe the surface state at −0.3 eV, but we observed a broader peak at an energy of
about −0.5 eV. Since it is well known that adsorbates on surfaces modify the electronic
states, our observations are apparently related to the presence of adsorbates on the Co
islands. In the experiments shown in this chapter, we are able to manipulate (without
knowing the type of the adsorbates) and tune the conductance of the Co islands by
the interaction with the STM tip, by which we can even recover the surface state at
the energy of −0.3 eV. A follow-up work in our group in the same direction focuses
on molecular hydrogen adsorbates intentionally introduced, and, consistent with the
present results, the presence of the adsorbate is capable of shifting the surface state
to a lower energy. Also in that work, the tunneling current can be used to tune the
conductance of the islands by desorbing the adsorbates [29].

In the following sections we present STS results on the manipulation of the elec-
tronic properties of triangular Co nanoislands. We demonstrate the shift of the d-like
surface state of the Co islands during the gradual removal of the adsorbates and show
that adsorbates can be imaged directly or indirectly. Moreover, we show the ability
to selectively remove the adsorbates by injection of tunneling current, by which it is
possible to tune the electronic properties of individual islands.

Before discussing the adsorption and desorption of adsorbates from Co islands
deposited on Cu(111), we will first give an introduction about the structural and the
electronic properties of Co islands supported on Cu(111).

6.1.1 Structure of triangular Co nanoislands

It has been shown by de la Figuera et al. that Co grow on Cu(111) in a form of a double
layer islands that takes the shape of a triangle with two different orientations which
are related to the stacking sequences of the Co layers [87]. A follow-up investigation
by Pedersen et al. claimed that the triangular Co islands in fact are consisting of three
layers instead of only two that are visible on the STM images [88]. This third layer
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is an incorporated layer in Cu as shown in the schematic diagrams in Fig. 6.1(c) [18].
The structural properties of the two types of Co islands have been imaged with STM
by de la Figuera et al. [87]. The difference in the electronic properties between the
two islands was studied first by Vázquez de Parga et al., and later by Diekhöner et
al. [18, 19].

Prior to Co deposition a clean Cu(111) surface must be achieved in these kind of
experiments. Figure 6.1(a) shows a clean Cu surface. After 0.4 ML Co deposition
as shown in (b) two types of Co islands are observed; faulted (f) and unfaulted (u)
islands [18]. The islands are three layers high with one layer incorporated within
the Cu surface. The unfaulted islands follow the fcc stacking sequence of the Cu
substrate, while the faulted ones follow hcp stacking. The density of the fcc islands is
usually higher than the faulted ones, which means that a majority of islands continue
the substrate’s fcc stacking. A quantative LEED study by Rath et al. for a complete
bilayer yields that 15 % of the Co layer presents a stacking fault, while the remaining
of the bilayer follows the fcc stacking sequence of the substrate [89]. Pietzsch et
al. confirmed qualitatively the earlier conclusion by evaluating 1020 islands in a (1
μm)2 area and found a ratio of 3.5:1 between unfaulted and faulted islands [17]. The
formation of a well defined structure of Co nanoislands on Cu(111) relies on how fast
the samples are transferred to the cryogenic champer after Co deposition at room
temperature. In this way a clean surface of Co islands can be achieved and a large
intermixing between Co and Cu can be avoided to some extent.

6.1.2 Electronic states of the islands

The two island orientations are similar when they are imaged in a topographic mode
as shown in Fig. 6.1(b). However, there is a clear difference in the electronic properties
between them, which can be detected when measuring STS spectra as demonstrated
by Vázquez de Parga et al. at room temperature and later by Pietzsch et al. at 14 K
(see Fig. 6.2) [18, 17]. Pietzsch et al. showed by laterally resolving STS a significant
change in electronic structure of the Co islands with stacking faults. Moreover, a
strong contrast is observed by performing dI/dV mapping [17].

The difference between the electronic structure of faulted and unfaulted islands
is shown in Fig.6.2(a), by numerically differentiating the I(V ) curves, which were
averaged over an area as indicated in the boxes in (b) [17]. In (a) three curves are
taken. The Co fcc island shows a peak centered at −0.35 eV. However, the peak
of the faulted island is found at −0.28 eV. The spectra on a clean Cu is shown in
gray, where the surface state is observed at −0.46 eV which is similar to the earlier
observation by Crommie et al. [91].

More evidence for the difference in the electronic properties between the two types
of Co islands were detected using dI/dV mapping as shown in images (b) and (c).
By choosing bias voltages indicated in each image, a maximum contrast between the
two orientations is achieved [17]. This observation gives evidence for the difference in
electronic structures of the fcc and hcp Co bilayer islands, which can be distinguished
for example by the shift of the peak position of the surface state [17].



90 CHAPTER 6. DYNAMICS ON TRIANGULAR CO NANOISLANDS

Figure 6.2: (a) Tunneling spectra, (b)-(c) dI/dV maps at voltages as indicated. The curves
in (a) were averaged in the colored boxes in (b), the island types are labeled u (unfaulted)
and f (faulted) similar as in Fig. 6.1. Spectra of the two types differ in peak energetic
positions and intensities. At the voltages of maps (b)-(c), the contrasts are maximal. Inset
in (a): Topographic image (results taken from Ref.[17]).

6.2 Sample preparation

Our experiments were carried out in a multichamber ultrahigh vacuum system with
a base pressure below 5×10−11 mbar that provides the following facilities: molecular
beam epitaxy (MBE), and low-temperature STM. A Cu(111) single-crystal surface
was cleaned using several Ar+ ion bombardments at 2 kV for 15 min, followed by
annealing at 900 K (for 5 min) several times, until a clean surface is achieved and
the density of contaminants on the terraces are very low in the STM images. Co
was deposited on clean Cu(111) surface at room temperature with an electron beam
evaporator. During Co deposition, the pressure in the chamber is about 5.0 × 10−11

mbar. After deposition, the samples were immediately transferred (∼5 min) to the
STM chamber in order to avoid intermixing to take place, where the temperature
in the cryostat is either 5 K or 77 K. We used STM tips from W which have been
processed in situ as discussed in chapter 2. For spectroscopy dI/dV spectra taken
in this chapter, we stabilize the tip at a bias voltage of −0.850 V, and a tunneling
current of 1.7 nA. When the feedback loop is open the bias voltage is ramped from
−1.0 V to +1.0 V. The spectra have been taken on the Cu bare substrate as well as
on the center of the Co islands.
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6.3 Co nanoislands on Cu(111)

Figure 6.3(a) shows an STM topographic image of the Cu(111) surface after evap-
oration of a sub-monolayer of cobalt at room temperature and immediately trans-
fering the sample to the cryogenic chamber. A bilayer of Co islands of a height of
(0.40 ± 0.02) nm is formed (results on the height profiles not shown), which have
triangular shapes with two different orientations. One island orientation follows the
hcp stacking (faulted) and the other an fcc stacking (unfaulted) as was discussed
earlier [18]. As mentioned before, it was shown by Pietzsch et al. that the majority
of the islands follow the substrate fcc stacking, while a minority are growing as a
stacking fault [17]. Although the STM topographic image does not show any differ-
ence between the two types of islands, the differential conductance dI/dV spectra
taken on top of the islands show a clear difference. Note that the hexagonal shaped
dark-colored structure in (a) is a vacancy island in the Cu surface of a monoatomic
height.

The spectra on the islands show a sharp peak that is attributed to the d-like
surface state of minority spin character as shown in Fig. 6.3(b). This result is similar
to the observation by Pietzsch et al. as shown in Fig. 6.2 [17, 90]. Figure 6.3(b)
shows averaged STS spectra that are taken on the Cu bare substrate (triangles),
see Ref. [91] for more details. For the faulted island number 1 (circles) the surface
state peak is located at about −0.290 meV, while for the unfaulted island number 2
(squares) the surface state is located at about −0.350 meV. The shift in the peak is
related to the difference in stacking of the two islands as explained earlier. In order to
confirm that the change in the energy between the two types of islands (faulted and
unfaulted) is related to different stacking rather than a change in the tip property, we
have measured the spectra on the Cu bare substrate twice; once before performing the
spectra on a first island (e.g., a faulted one) and a secondly after taking the spectra
on the same island. In this way we confirm that the electronic structure of the tip did
not change during the measurements of these spectra on the island. Note that spectra
on the Cu surface indicated with triangles in Fig. 6.3(b) shows a broad surface state
peak at about −0.4 V which is similar to Pietzsch et al. (see Fig. 6.2(a)) and earlier
observations by others [91, 18, 17].

In a large number of experiments on Co islands we have observed that the sharp
peaks at around −0.3 V are no longer visible and instead a broad maximum appears
at −0.5 V. A first clear indication for this can be seen in Fig. 6.3(b). The island
number 3 and 4 are unfaulted islands but they show a broader surface state peak
located at energy of about −0.5 meV (upper triangles) instead of −0.350 meV similar
to island 1. We conjecture that this difference is probably attributed to adsorption
of adsorbates on the surface of island 3 and 4 which makes the surface state to shift
to lower energy. More details will be presented in the following sections along with
additional evidence for the presence of adsorbates.

The observation of the shift in the surface state peak to lower energy, which we
attributed to the adsorbates, is probably related to residual background gases in our
UHV system that are able to condense on our reactive substrates or metallic layers.
When performing differential spectra on a single contaminated island for several times,
a gradual shift of the surface state peak is observed towards the clean surface state
energies of Co. This that indicates the removal of the adsorbates from the surface
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Figure 6.3: (a) STM topographic image of Co nanoislands on Cu(111) surface showing
the two types island, faulted and unfaulted, taken at 77 K. (b) dI/dV spectra taken on clean
Cu (triangles), a faulted island 1 (circle), an unfaulted island 2 (squares), and an unfaulted
island 3 (lower triangles).

of the island. In the following sections we will explain in detail the detection of
adsorbates on the Co nanoislands and the subsequent desorption.

6.4 Adsorption on Co islands

In this section we will discuss how we can indirectly detect the adsorbates when they
occupy the surface of the island. As we explained earlier, after Co deposition the
samples are immediately transferred to the cryogenic chamber, where it will be cooled
to either 5 or 77 K. Here we will show an example of performing a long experiment
at 77 K on the same scan area, see Fig. 6.4.

In Fig. 6.4 we show results of three experiments on the same area, each row repre-
sents a separate experiment. The time difference between each identical experiment
is about 10 hours. Except for the fact that we took these data at large time intervals,
we refilled our cryostats between the data sets. The left column represents differenti-
ated topographic images taken at −50 mV while the right column shows dI/dV maps
taken at −200 mV. There are different methods to observe whether the island is occu-
pied with the adsorbates, via performing dI/dV maps, dI/dV spectra or topographic
images. Although maximum signal in dI/dV map is expected at −300 mV where the
surface state energy lies (Fig. 6.3(b)), using a bias voltage of −200 mV in dI/dV maps
could still show a clear difference when the island is clean and when it is occupied
with adsorbates. In image (a) and (d) the surface of the islands is clean, since there
is no sign of adsorbates. However, in the second experiment (second row), image (b)
and (e) show that the contrast of the top-right island is changed. The change is very
clear in image (e) and in the differentiated topographic image (b) we see noise-like
features that probably indicates an instability of the tunneling current due to the
presence of the adsorbates. In the third experiment we see that the contrast on all
the three islands is changed, see image (c) and (f). This change is particularly clear
if we compare the initial dI/dV map (d) with (f).
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Figure 6.4: Adsorbates on the surface of Co islands is detected at 77 K. (a)-(c) Differ-
entiated STM topographic images along the horizontal axis, while (d)-(f) is dI/dV maps.
Each row represents a separate experiment. The surface of the islands is probably clean
(first row). Adsorbates occupy the surface of the top-right island in the second experiment
(second row). The third experiment shows the contrast has changed in all islands (third
row).
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Figure 6.5: (a) An STM topographic image shows the surface of a Co nanoisland before
performing the spectroscopy dI/dV spectra taken at 77 K. Resolving the structure of adsor-
bates on the island, with unit cell of about 0.5 nm. Bias voltage +250 mV, current is 1.7 nA,
area of scan 5.0 nm× 6.7 nm. (b) A line profile along the adsorbates on Co a island (dashed
line in (a)) is shown. Resolving the structure of the adsorbates on the island has shown that
the distance between the adjacent adsorbates along the close packed is about 0.5 nm.

In the above experiments we showed the presence of the adsorbates in an indirect
way. Here we will show a direct observation of the adsorbates. In Fig. 6.5 we show an
STM topographic image of a Cu(111) surface that contains an unfaulted Co island.
The surface of the large island shows clearly the existence of a periodic structures.
These structures have a spacing of about 0.5 nm, which is significantly larger than a
nearest neighbor spacing of Co atoms (0.25 nm).

Figure 6.5(b) shows a line profile taken along the dashed line in (a), where clearly
we see the periodicity is about 0.5 nm. The height of the features is found to be about
0.1 nm which, however, depends strongly on different parameters such as the applied
bias voltage and the tip-surface distance. The adsorbates form 2×2 structures on Co
islands.

Figure 6.6(a) is an STM topographic image resolving the adsorbates on the Co
island at bias voltage of +350 mV (slightly higher than in Fig. 6.5). The 2 × 2
construction is better visible by zooming in on the island that is shown in (b). In order
to better understand the 2× 2 reconstruction, we show in the schematic presented in
(c) and (d) two possible adsorption sites, either hcp or fcc hollow sites. A ball model
is used in order to show the possible reconstruction of the adsorbates on a Co island.
In Fig. 6.6(c),(d) we show the Cu(111) substrate in a (black) square, while the two
layers of Co islands are shown in (red and yellow) circles, and finally the adsorbates
are shown by (white) circles. On top of the Co island there will be two hollow sites,
fcc and hcp. It was discussed earlier that the orientation of the Co island is related
the stacking sequence on the Cu(111) surface [18]. We suggest two stacking sequences
of the adsorbates, both leading to a 2 × 2 reconstruction.
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Figure 6.6: (a), (b) STM topographic images of Co islands showing the formation of 2× 2
reconstruction from adsorbates (voltage +350 mV, current 1.7 nA). The area in (a) and
(b) are 5.0 nm× 7.0 nm and 2.5 nm× 2.5 nm, respectively. (c), (d) showing the possible
reconstructions of the adsorbates on the Co island. The adsorbates reconstruct in 2× 2 that
can be situated in the hcp hollow site as in (c) or in the fcc site as in (d).
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Figure 6.7: (a),(b) The evolution of the surface states of unfaulted Co islands at different
temperatures as indicated in each figure. Differential conductance dI/dV spectra curves
(vertically shifted for clarity) on island with up orientation showing the appearance of the
surface state that is located at about −0.350 V after performing several spectra on the center
of the islands. In (b) the more spectra was taken on the island in order to be sure that the
surface state is not shifting further anymore.

6.5 Removal of the adsorbates from Co islands

We showed in Sec. 6.4 that the adsorption of the adsorbates on Co islands modifies
the Co electronic properties indicated by the change in the contrast of the images.
Here we will show the possibility of using the STM tip to remove the adsorbates from
the surface of Co islands. We will show results of dI/dV spectra on a single island
that are taken for two different experiments at different temperatures showing both a
significant change of the surface state peak position due to adsorption of adsorbates
on the surface of the island, see Fig. 6.7.

In this experiment the electronic properties of the Co island is changing by the
tunneling current from the tip. The experiments in Fig. 6.7(a) and (b) were performed
for an unfaulted Co island, by plotting the conductance dI/dV against the bias voltage
in the range between −1.0 V to +1.0 V. By repeating the STS measurements on the
same island, strong modifications of the electronic properties are observed. In (a) we
show successive recording of the spectra taken at the center of the island, where data
set 1 represents the first measurement and 5 the last data set for a specific island. The
main feature of the differential conductance is a pronounced peak about −0.45 V. By
repeating the measurements, a gradual shift in energy of the peak in position as well
as in intensity is observed. After performing the spectra 5 times, the surface state of
the unfaulted island is observed which is located at an energy of about −0.350 eV,
which is similar to island 2 in Fig. 6.3(b) and the data presented by Sicot et al. [29].
With respect to Fig. 6.7(b) we also see that the surface state peak is not changing
after the first 4-5 spectra taken. After the recovery of the surface state we observe
that repeating the experiment several times will still show the surface state at the
same energy position. Although the temperature is very important parameter in the
adsorption as well as in the subsequent desorption, it has not been investigated in
details.

The above experiment is a demonstration of the possibility to manipulate the
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electronic properties of the Co islands by desorbing the adsorbates using the STS
experiment. Moreover, the presence of the adsorbates on the Co surface leads to an
energy shift of the d-like surface state down to about −0.5 meV due to interaction
between Co and the adsorbates that modifies the surface potential. The energy shift
is probably related to the amount of the adsorbates on the surface. We like to mention
that in a follow-up experiment we observed the surface state at about −700 meV, and
by performing STS the surface state energy position shift continuously until reaches
the position corresponding to clean Co (results not shown). The number of spectra
that must be performed in order to get a clean island is different, which is often related
to the size of the island and may also heavily depend on the amount of adsorption.
A similar behavior is observed for the faulted islands as well.

In order to show more evidence that the electronic properties of a triangular Co
island is changing when adsorbates, located on top of the island, are removed, we
have registered several differential conductance dI/dV maps on Co islands before and
after performing the differential spectrum. In Fig. 6.8 we show a sequence of selective
desorption of adsorbates from six islands. In (a) the dI/dV map was recorded after
adsorption of the adsorbates on the islands. All the islands exhibit low contrast
indicating low differential conductance due to the presence of the adsorbates. This is
similar to the observation in Fig. 6.4. After taking image (a), the tip was positioned
at the center of the island number 1, then the differential spectrum is performed by
ramping the bias voltage from −1.0 V to +1.0 V. A similar procedure is followed for
island 2. After this, we recorded the conductivity map image (b) to see the effect
of the differential spectra on island 1 and 2. It is clear that the contrast of the two
islands in (b) is different (high conductance) from the contrast of the same islands in
(a). Note that the tunneling current and the bias voltage of all images are the same,
6.0 nA and −300 mV, respectively. The change in the contrast of the island is an
indication that the adsorbates have been indirectly removed from the Co surface by
the tunneling electrons from the STM tip. The above action affects only the islands
that were subjected to the dI/dV measurements, while the rest of the islands are still
showing low conductance in (b). This observation indicates that using the STM tip
we can selectively tune the electronic properties of a specific island.

Similar attempts were done for islands 3 and 4; in image (b) the two islands have
a low conductance, however in (c) the conductance is strongly enhanced. Finally, we
have taken spectra on island 5 and 6 with a similar result. Comparing image (a) and
(d) shows the effectiveness of our procedure in modifying the electronic properties of
Co nanoislands individually.

6.6 Summary and outlook

In a follow-up work in the our group Sicot et al. investigated the desorption mecha-
nisms by first introducing molecular hydrogen to the system and then using desorption
by tunneling electron from the STM tip [29]. The authors investigated how the des-
orption depends on the tunneling current and bias voltage, by positioning the tip
on an island that contains hydrogen, and then keeping the bias voltage constant,
while changing the tunneling current. It has been found that hydrogen desorbs from
the Co surface when the tunneling current is larger than 18 nA and the electrons
have energy larger than 0.5 eV. From this observation it has been suggested that the
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Figure 6.8: Differential conductance images of Co nanoislands on Cu(111) surface taken
at 5 K showing the change of an island electronic properties upon performing the differential
spectra on it at several points. (a) Before taking any action, all islands have a low contrast.
(b) After performing the spectra on island 1 and 2, a clear change in the contrast is seen
when comparing island 1 and 2 in (b) with the same islands in (a). Similar spectra were
made on island 3 and 4 where the change is shown in (c). Finally in (d) island 5 and 6 were
also changed. The bias voltage of all images is −300 mV, and the tunneling current is 6.0
nA. The change in the electronic properties of the island is an indication of the removal of
the adsorbates from the island’s surface.

desorption of hydrogen from Co islands proceeds via a vibrational excitation mech-
anism [94, 95, 96, 97]. The desorption mechanism via a direct electron excitation is
ruled out because the desorption occurs for an energy greater that 2.6 eV [98, 99],
which is far higher than what has been observed for the case of the desorption of
hydrogen from Co islands.

In conclusion, we presented the presence of adsorbates on triangular Co nanois-
lands and how the adsorbates can be removed with tunneling electrons from the STM
tip. We found that the presence of the adsorbates strongly affects the d-like surface
state of the Co island. The spectroscopic mapping of islands before and after adsorp-
tion of the adsorbates was shown, as well as the selective desorption of the adsorbates
from individual islands. In some cases and depending on the tunneling conditions,
the adsorbates are 2×2 reconstructed on the Co islands.



Appendix A

Correction for truncated
trace lengths

In this appendix we describe the procedure that is used to correct for the fact that
some atomic traces are truncated due to the limited scan size. This correction was
used on the experimental data shown in Sec. 4.5.

A.1 Calculated traces from measured traces

Due to the limited scan area chosen while taking the STM images, there is a chance
during atomic manipulation that some atoms reach the end of the scan without being
lost by the STM-tip. These atoms might have shown even longer traces during ma-
nipulation if they were not limited by the scan area. For these truncated traces, an
analytical model to correct the trace length is made. A schematic diagram showing a
frame of the scan area (square) is shown in Fig. A.1. The area contains traces of three
atoms (solid lines inside the square frame), represented by L1, L2, and L3. We define
the maximum possible length of the traces inside the scan frame (dotted arrows) by
d1, d2, and d3. Traces such as L1 and L2 have started and ended inside the frame of
the scan, because the atoms are lost by the tip. However, the trace L3 has ended due
to the limited scan area. In case it would not have been truncated by the scan size,
it might have had a trace as shown by the dotted line L�

3 > L3. The “continuation”
of the trace is shown by the dotted line. Next we will explain how we determine the
average trace length L (defined for infinite scan size) when only data for finite scan
size is available.

A.2 Analysis of traces

In order to determine the real average trace length L, we first consider the case where
all atoms initially start on a row with equal distance d from the top of the scan area.
By using the fact that the process of losing the atoms is a purely stochastic process,
as qualitatively shown in Fig. 4.22, we can write down an equation that relates the
experimentally measured trace length Lmeas and the maximum possible trace length
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Figure A.1: Schematic diagram showing the scan area (square) and three possible traces
L1, L2, and L3 with the corresponding maximum possible length of the traces described by
d1, d2, and d3 as limited by the scan size. It is expected that some traces could have shown
longer traces if the scan size is larger than anticipated, such as L3, therefore the expected
trace length is described by L�

3.

d with the real length L of the trace as follows:

Lmeas =
1
L

∫ d

0

x exp [−x/L] dx+
1
L

∫ ∞

d

d exp [−x/L] dx. (A.1)

The integral is divided into two parts, the first part takes into account the distribution
of trace lengths within the frame of the scan, while the second part describes the
distribution from d to infinity. By integrating Eq. A.1, the averaged measured trace
length Lmeas is related to both the averaged real trace length L and the maximum
possible trace length d as follows:

Lmeas = L [1 − exp (−d/L)] . (A.2)

In Fig. A.2 we show a graph representing the solution of Eq. A.2 that describes
the relation between Lmeas and d both normalized by L. We see that for d 	 L, the
measured trace length Lmeas is equal to the real trace L (dashed line in Fig. A.2).
Moreover, when d � L, the measured trace Lmeas is approximately equal to d (dotted
line in Fig. A.2). In order to determine the value of L with a known d and Lmeas

Eq. A.2 has to be solved numerically.
So far Eq. A.2 has been used for a special case (all atoms start from a row with

equal distance d). Releasing the constraint of having all atoms starting at distance d,
next we will consider a more generalized case which can fit to our experiment. In the
generalize case we assume that not all the atoms start at a distance d, but rather at
different distances di (see e.g., diagram in Fig. A.1). Then the average trace length
L based on N measured traces can be derived by solving the generalized case:
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Figure A.2: Plot of the measured trace length Lmeas versus the maximum possible length
d can be achieved within the frame of the scan both normalized by L.

Lmeas =
∑N

i=1

[
L − exp

(−di

L

)
L
]

N
. (A.3)

From the experimental data we have, it is difficult to determine properly the length
of short traces, or even to determine whether they are traces at all, due to noise in the
images. Therefore, it is useful to base our analysis on traces with a certain minimal
length. We introduce a weighing factor that includes only traces with a length larger
than a certain value L0, and thereafter, reduce the weight of those traces by a factor

(
1 − exp

[
−x − L0

w

])
, (A.4)

where w is an ad-hoc factor that takes care of a smooth transition between x < L0

and x � L0 + w.
In the analytical approximation of our data in Sec. 4.5, we excluded all traces

shorter than 0.75 nm (L0 < 0.75 nm) and used w = 0.25 nm. The relation between
the real average trace length L with the corresponding analytically calculated trace
length Lanal is given by:

Lanal,i =

∫ di

L0
x
(
1 − exp

[−x−L0
w

]) exp(−x
L )

L dx +
∫ ∞

di
di

(
1 − exp

[−di−L0
w

]) exp(−x
L )

L dx∫ ∞
L0

(
1 − exp

[−x−L0
w

]) exp(−x
L )

L dx
.

(A.5)
The average trace length for N atomic traces Lmeas can be written (selecting only
traces i with Li > L0):

Lmeas =
∑N

i=1

(
1 − exp

[−Li−L0
w

])
Li∑N

i=1

(
1 − exp

[−Li−L0
w

]) . (A.6)
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Figure A.3: STM current image taken with scan velocity vscan = 70 nm/s showing 18
numbered traces. The values of Li and the corresponding di are tabulated in table A.1.

Therefore, the general equation for analyzing N atomic traces and considering only
longer traces is given by:

Lmeas =
∑N

i=1

(
1 − exp

[−Li−L0
w

])
Lanal,i∑N

i=1

(
1 − exp

[−Li−L0
w

]) . (A.7)

The average real trace L is calculated by setting Eq. A.6 and Eq. A.7 equal and
solving the resulting equation numerically.1

For better understanding the way we measure Li and di, and how we derive
L from it, we refer the reader to the experimental data of traces in Fig. A.3 and
the corresponding analysis in table A.1. In this specific case the average of the 18
measured traces is (2.1 ± 0.6) nm. Based on Eq. A.3 we would obtain an average
trace length (L = 2.7± 0.6) nm. However, it is difficult to unambiguously distinguish
short traces (such as i = 15) from noisy spots in the image. Therefore, we chose to
disregard traces shorter than 0.75 nm (i = 1, 7, 8, 15, 18) and reduce the weight of
others according to Eq. A.4 (see last column of Table A.1). Thus using Eq. A.6 and
Eq. A.7 we obtain an average trace length (L = 3.2 ± 0.8) nm, as used in the final
analysis of chapter 4.

1In chapter 4, notation for the average trace length is 〈L〉 which is similar as L used in this
appendix.
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Table A.1: Data of trace lengths Li and maximum possible length of traces inside the
frame of the scan di for different atoms taken from Fig. A.3.

i Li (nm) di (nm) weight
1 0.7 4.3 0
2 0.8 8.6 0.3
3 2.5 14.6 1
4 10.5 10.5 1
5 5.5 11.5 1
6 1.7 4.4 1
7 0.7 2.3 0
8 0.6 0.6 0
9 2.5 8.0 1
10 0.8 7.7 0.3
11 1.2 5.0 0.9
12 3.0 3.0 1
13 1.4 2.7 0.9
14 2.6 4.7 1
15 0.4 1.2 0
16 1.5 2.4 1
17 1.6 1.6 1
18 0.5 2.2 0
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Appendix B

Detection of different shapes
of Ar cavities

Figure B.1 and B.2 show oscillations of the local density of states at the center of
the cavity due to interference between the surface of the cavity and Cu surface, see
Sec. 5.4.

Figure B.1: STM images show dI/dV mapping above a cavity. Area of scan is 12.5 nm×
12.5 nm, and the tunneling current is 1.7 nA.
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Figure B.2: STM images of dI/dV maps taken above a cavity. Area of scan is 12.5 nm×
12.5 nm, and the tunneling current is 1.7 nA.
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[88] M. Ø. Pedersen, I. A. Bönicke, E. Lægsgaard, I. Stensgaard, A. Ruban,
J. K. Nørskov, and F. Besenbacher: Growth of Co on Cu(111): subsur-
face growth of trilayer Co islands, Surf. Sci. 387(1-3):86-101, (1997).

[89] Ch. Rath, J. E. Prieto, S. Müller, R. Miranda, and K. Heinz: hcp-to-fcc
stacking switch in thin cobalt films induced by Cu capping, Phys. Rev.
B. 55(16):10791-10799, (1997).

[90] O. Pietzsch, S. Okatov, A. Kubetzka, M. Bode, S. Heinze, A. Licht-
enstein, and R. Wiesendanger: Spin-resolved electronic structure of
nanoscale cobalt islands on Cu(111), Phys. Rev. Lett. 96(23):237203-
237206, (2006).



114 BIBLIOGRAPHY

[91] M. F. Crommie, C. P. Lutz, and D. M. Eigler: Imaging standing waves
in a two-dimensional electron gas, Nature 363(6529):524-527, (1993).

[92] M. A. Barral, M. Weissmann, and A. M. Llois: Characterization of
the surface states of Co(0001), Co(111), and ultrathin films of Co on
Cu(111), Phys. Rev. B. 72(12):125433-124538, (2005).

[93] In-Whan Lyo, and Ph. Avouris: Negative Differential Resistance on
the Atomic Scale: Implications for Atomic Scale Devices, Science
245(4924):1369-1371, (1989).

[94] R. E. Walkup, D. M. Newns, and Ph. Avouris: Role of multiple inelastic
transitions in atom-transfer with the scanning tunneling microscope,
Phys. Rev. B. 48(3):1858-1861, (1993).

[95] B. C. Stipe, M. A. Rezaei, W. Ho, S. Gao, M. Persson, and B. I.
Lundqvist: Single-molecule dissociation by tunneling electrons, Phys.
Rev. Lett. 78(23):4410-4413, (1997).

[96] B. N. J. Persson and Ph. Avouris: Local bond breaking via STM-induced
excitations: the role of temperature, Surf. Sci. 390(1-3):45-54, (1997).

[97] L. Bartels, M. Wolf, T. Klamroth, P. Saalfranck, A. Kühnle, G. Meyer,
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Summary

Detection and Manipulation of Metallic and Mag-
netic Nanostrustures
an STM study on (sub)surface atoms, cavities and islands

In the field of metallic and magnetic nanostructures, scanning tunneling microscopy
(STM) is nowadays a powerful technique to detect and manipulate nano-objects that
are located at or close to the surface of metallic systems. In this research area, we
have used STM and scanning tunneling spectroscopy (STS) in order to: (1) manipu-
late Co atoms incorporated in a Cu(001) surface, potentially leading to formation of
stable nanostructures “chapter 3”, (2) investigate the mechanism of motion of surface-
embedded atoms, as well as the effect of tip-surface interaction and tip-velocity on the
motion of embedded atoms, including experimental demonstrations “chapter 4”, (3)
study the possibility to detect subsurface argon-filled cavities buried several nanome-
ters in a metallic substrate, including the effect of anisotropic propagation of electrons
“chapter 5”, and (4) measure and manipulate the conductance properties of triangu-
lar Co nano-islands deposited on Cu(111) “chapter 6”. Below we will give a further
explanation, including a brief overview of the obtained results.

Chapter 3 covers the use of STM to study the tip-induced movement of Co atoms
in a diluted Co/Cu(001) surface alloy. By varying the sample temperature from
4K up to room temperature, we measured that the threshold temperature at which
an incorporated Co atom can be moved is approximately 150K. We propose that a
vacancy-mediated mechanism is responsible for the observed movement, in which va-
cancies in the tip area exchange with an embedded Co atom. Finally we demonstrated
for the first time a controlled positioning of single embedded Co atoms in a Cu(001)
surface.

Related to this in chapter 4, we introduced a microscopic model that successfully
describes STM-tip induced motion of surface embedded atoms. Using these calcu-
lations, we have investigated the behavior of the system as a function of tip-sample
interaction and velocity at which the tip drags atoms along. From the velocity depen-
dence of trace-lengths achieved for Co atoms embedded in a Cu(001)surface, evidence
is given for a combined pulling-pushing mode when comparing the calculations with
experimental data. We have demonstrated that the tip-induced vacancy model is
a most probable candidate to explain recent experiments on moving Co embedded
atoms through a Cu(001) surface.

To detect nanoscaled objects buried several nanometers below the surface in
chapter 5, we used argon-filled nanocavities embedded in a Cu(001) crystal. These
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nanocavities are capable of reflecting electrons and to induce a localized quantum well
between the nanocavity and the atomically flat Cu(001) surface. We have focused on
mapping the spatial variation of conductance at the surface above the nanocavity
using STM/STS. Our dI/dV spectra showed a quasi-periodic oscillation of electron
density versus energy in a point above the nanocavity, from which the depth of the
nanocavity can be estimated. We developed a simple electron interference model that
is able to describe reasonably all the experimental details, including the possibility
to extract a rough estimation of the relevant parameters that govern the shape and
depth of the nanocavity. Due to rich details in our observations and the simplicity
of our model, this work could open up new opportunities for a more detailed and
systematic analysis of buried nano-objects.

In chapter 6, we demonstrated the manipulation of electronic properties of tri-
angular Co islands on a Cu(111) surface upon adsorption as well as desorption of
adsorbates. When adsorbates are present on the surface of the islands, the surface
states were shifted in energy by approximately 200 meV. Using current provided via
the STM tip, electrons can stimulate the desorption of the adsorbates from the Co is-
land, which can be clearly recorded by STS by looking at the shift of the surface state
towards its original energy value. The recorded differential conductance maps showed
the surface of the islands before and after removing the adsorbates. The structure of
the adsorbates was resolved as well, which formed a 2×2 reconstruction. A similar
behavior is demonstrated in our research group by intentionally introducing H2 to
the system, by which the surface state is shifted to a lower energy. Furthermore, the
removal of the hydrogen from the islands is done by the STM tip leading to a full
recovery of the surface state of the Co islands.
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