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Abstract

This thesis is concerned with fundamental re-
search into electronic and magnetic interaction Keywords: Ultra high vacuum,
on the nanoscale. From small metallic and mag- Scanning tunneling microscopy,
netic islands and layers to single atoms. The Metallic heterostructures, Moiré
research revolves around magnetic interaction pattern, Split Kondo resonance,
probed through the spectroscopic capabilities of Gold-coated tip, Freely position-
the scanning tunneling microscope (STM). Espe- able Kondo system, Two-impurity
cially at low temperatures the Kondo resonance Kondo system, Crossover, Anti-
is used to probe magnetic interaction with ferro- ferromagnetic coupling
magnetic islands and between two atoms. The
latter showing a crossover between Kondo screened atoms and antiferromagnetically
coupled atoms close to the quantum critical point. This is related to research in
correlated electron materials such as studies of phase transitions in heavy fermion
compounds and magnetic interaction in spintronic research.

The capping of cobalt islands on Cu(111) with silver is investigated with STM
and photoemission spectroscopy. It is shown that at low coverage the silver prefer-
ably nucleates on top of the bilayer high cobalt islands compared to directly on the
Cu(111) substrate. Furthermore, the silver forms a combination of a reconstruction
and a Moiré pattern which is investigated with low-energy electron diffraction and
spectroscopic STM mapping at 6. The heterostructure is found to have very inter-
esting electronic properties. The d-related state from the now buried cobalt island is
visible through the silver capping layer, but the silver Moiré pattern modulates the
spin-polarized cobalt d-related state in amplitude, energy position and width. This
is related to the d-band model for catalytic reactions. The largest change is in the
amplitude of the state, however the "reversed” structure of cobalt on Ag(111) show
similar properties, but with a large shift in energy instead of amplitude.

The Kondo effect is used to probe magnetic interaction between the aforemen-
tioned silver-capped cobalt islands (and additionally gold-capped cobalt islands) and
single cobalt atoms positioned on the Moiré pattern. A split Kondo resonance due to
the exchange interaction between the island and the atom is observed.

In a more technical section of the thesis, it is shown how a gold-coated STM
tip will make the tip apex susceptible to a single cobalt atom. The tip is indented
either directly in a Au(111) surface or gold flakes are picked up from cobalt islands
on Cu(111). A change in the local barrier height (work function) of the tip-sample
junction indicates that the apex is gold-coated and a single cobalt atom can be pickup
up. The cobalt atom attached to the tip displays a Kondo resonance formed between
the atom and the tip similar to the resonance displayed when the atom is on the
surface with a clean tip.

Here, this is used to show how a two-impurity Kondo system consisting of two
cobalt atoms, one on the tip and one on the Au(111) sample, is undergoing a contin-
uous crossover from Kondo screened atoms to antiferromagnetically coupled atoms
when the atoms are moved from non-interacting to strongly interacting. In the Kondo
screened regime, the Kondo temperature is believed to be constant, but the Fano line
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shape changes continuously from a dip to a peak. In the antiferromagnetic regime,
inelastic spin-flip excitations reveal a splitting with a continuous increase in energy
levels when pushing the atoms further together. This is supported by numerical
renormalization group calculations. The crossover between the two regimes is fur-
thermore interesting because it occurs in an area of the phase diagram close to the
elusive quantum critical point, where the phase transition line meets absolute zero
temperature.

This freely positionable Kondo system on the tip represents a novel way to probe
magnetic interaction with the possibility to continuously change the position of the
probing Kondo system. The experiment is believed to be one of many applications
possible and the method opens up for a new field within STM. We expect that our
work has direct impact in other research areas, such as for heavy fermion materi-
als, a class of materials whose properties are governed by the competition between
Kondo screening and local moment antiferromagnetism or for quantum information
processing.



Preface

This thesis entitled ”Probing Nanoscale Electronic and Magnetic Interaction with
Scanning Tunneling Spectroscopy” summarizes my work done partly at the Depart-
ment of Physics and Nanotechnology at Aalborg University, Denmark, and partly at
the Nanoscale Science Department (Dept. Klaus Kern) at the Max Planck Institute
for Solid State Research (MPI-FKF - Festkorperforschung) in Stuttgart, Germany.
The PhD work started in October 2006 ending in February 2010 with 18 month spent
in Aalborg and 23 month in Stuttgart. The work was funded by a grant from the
Danish Agency for Science, Technology and Innovation (Forsknings- og Innovation-
sstyrelsen) for international PhD work to increase collaboration between Danish and
foreign research institutes or universities. The PhD student should spend approxi-
mately half the time at the Danish institute and half the time at the foreign institute.

The work has been mainly experimental, but including collaboration with theo-
reticians from the Laboratoire de Physique des Solides, Université Paris-Sud, Paris-
Orsay, France, as well as from the Physikalisches Institut at Universitdt Bonn, and
the Andersen department at MPI-FKF.

This thesis is based partly on published or submitted articles and partly on still
unpublished material. The thesis consists of introductions and explanations of the
relevant subjects, a short introduction to the articles with their main results where
relevant and the addition of the unpublished material. The full articles are added as
appendices and the reader is referred to read the articles when relevant.
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Introduction

1.1 Nano!

Since Feynman’s famous talk ” There’s Plenty of Room at the Bottom” [1], Binnig and
Rohrer’s invention of the scanning tunneling microscope (STM) [2], and Eigler’s first
article on moving single atoms with the STM tip [3], the expectations to nanoscience
and nanotechnology have been tremendous. As Eigler wrote in the abstract of his
article; ”...the possibilities for perhaps the ultimate in device miniaturization are ev-
ident”. And even more evident than the impact on applications and technology is
actually the possibilities in fundamental science that open up when we are able to
control single atoms to create and characterize almost any conceivable structure. The
possibilities to create structures beyond what nature builds automatically, give us
unique ways of creating and investigating new material properties. This leads to a
greater understanding of the fundamental properties of nature and how to utilize
them to improve the technological world we live in.

A driving factor in both science and technology are companies trying to increase
the efficiency and decrease the power consumption of integrated circuits by decreas-
ing the size of the individual components in the integrated circuit. The continued
miniaturization has so far been based on the top-down approach where lithographic
techniques are used to print transistors and other components at an ever-decreasing
size. As of 2007 the industry used the so-called 45 nm technology node and in the
beginning of 2010 the 32 nm node!. With the 16 nm technology node scheduled
for 2019 the transistor channel length will be around 5 nm and quantum tunneling
directly over the transistor channel will become an inherent problem [5].

Reaching and going beyond this point, what scientist now describe as funda-
mental science will become useful knowledge in the continued process of increasing
the efficiency and decreasing the power consumption — or creating a fundamentally
different application based on new technology (such as e.g. spintronics [6, 7], fast
non-volatile racetrack memory [8], implementation of the memristor [9] or quantum
computing [10]).

In the process of trying to discover and understand new physical effects, influ-
ence from the surroundings should be minimized in order to see the physical effects
clearly. This has several implications to the science done also in this thesis. Most
prominently, different temperatures are needed to observe different effects. Growth,
diffusion, catalytic properties and electronic correlations are among the effects that
depend strongly on temperature. The work shown in this thesis has been carried

IThe process scale is often erroneously reported to be the transistor channel length, but in fact
the number refers more generally to the specific production process used. Historically it refers to the
average of half the width and the space in between metal lines connecting transistors, normally in
DRAM [4], but different companies stretch the definition at will. The smallest lateral feature size in
the individual transistors is considerably smaller.



out mainly at either room-temperature (RT) or 6 K, depending on the relevance and
availability.

Next, structures made and manipulated are all located on the surface of a material,
in this work on a metallic (111) crystal surface. Impurities, oxides and dirt on this
surface can disturb or completely inhibit nucleation, growth, and interaction between
the materials of interest. The consequence is that most surface science is done in ultra
high vacuum (UHV) conditions in order to drastically reduce the amount of particles
that get in contact with the surface. The details of the setups used in this thesis can
be found in Appendix E.

With these necessities in mind it is possible to perform ”surface science” where the
controlled fabrication of nanostructured islands, layers, molecules and single atoms
leads to new and sometimes unique control over electronic, optical and magnetic
effects.

This thesis focuses on magnetic interaction on the nanoscale. How single atoms
interact with each other and with small magnetic islands. Metallic heterostructures
made from 1-2 monolayers (MLs) of materials such as copper, silver, gold, and cobalt
are investigated in order to use their properties to influence and control the mag-
netic properties of single cobalt atoms. All experiments are done at the surface and
characterized with various surface science techniques.

1.2 Motivation

The motivation for this thesis work is found in the work done by Wahl, Diekhoner and
colleagues [11-17] at the MPI-FKF when trying to reach a better understanding of
the Kondo effect and how it is influenced by magnetic and electronic interaction of its
surroundings. The Kondo effect is the result of a magnetic impurity with an unpaired
spin in a non-magnetic, metallic host material forming a many-body ground state.
This ground state arises below a certain Kondo temperature specific to the material
combination and causes a resonance at the Fermi level of the material. Technologi-
cally, the Kondo resonance affects the resistance of the material at low temperatures
and scientifically, it is a unique way to describe and characterize magnetic effects in
correlated electron materials.

In the last 12 years research into the Kondo effect has revived due to the discovery
of the resonance in single magnetic impurities at the surface by scanning tunneling
spectroscopy (STS) [18] or in a quantum dot [19], both in 1998.

The Kondo resonance can be influenced by several things among those are the
electronic structure of the substrate, the coordination number, and it can be split
in a magnetic field. So far, results with Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction between atoms and islands both on a surface [20], and exchange interaction
between single atoms [17] both on a surface have been reported to show a change in
the exchange interaction with varying distance. In both cases the single Co atoms
are locked to the lattice sites of the substrate and can only be moved in steps on
the order of 1 A on the surface. This thesis improves these techniques by showing
how the Kondo resonance of a single magnetic Co atom can be influenced by either a
magnetic Co island or continuously tuned by approaching another Co atom attached
to the tip of an STM.
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Especially the latter subject we expect to have a substantial impact on the sci-
entific research area of phase transitions in heavy fermion compounds. The Kondo
problem is basically believed to provide clues for understanding the electronic proper-
ties of materials with strongly interacting electrons, such as heavy fermion materials
and high-temperature superconductors [21]. These materials are investigated in the
scientific community to find new and interesting phases occurring in the low temper-
ature regime. This can be magnetic phases such as ferromagnetic and antiferromag-
netic, but also superconducting phases or spin-glasses [22]. The phase diagrams are
a function of temperature and a tunable external parameter such as doping level or
magnetic field. By changing the doping level in e.g. CeCug_, Au, the internal pressure
in the crystal is changed and it can be perceived as if the distance between the atoms
changes (although other parameters such as density, band structure, Fermi wave-
length etc. also change). To understand the interaction between the charge-carrying
electrons in these materials, the two-impurity Kondo problem is mentioned as the
simplest conceivable structure [23,24] where a magnetic phase transition can occur.
When the temperature is low enough, the phase transition is driven by quantum fluc-
tuations and called a quantum phase transition. If the temperature is absolute zero,
a quantum critical point arises where the phase transition line meets 7' = 0 K in the
phase diagram. The properties of this quantum critical point (QCP) extends also
into finite temperatures and affects the properties of the very low-temperature phase
diagram [25]. Examples of heavy fermion compounds that have these properties could
be the material Sr3RusO7 which shows a QCP in a magnetic field of ~7.8 T [26].

Magnetic properties and phases are determined from a collection of effects related
to the electronic structure of the material and most fundamentally from the electron
spin. In this thesis the magnetic properties are deduced only from measuring the elec-
tronic properties of the materials in question. This can be done due to the strong link
between electronic and magnetic structure through the spin of the electron. There-
fore, the first part of the thesis is about electronic structure and the second part is
about the magnetic properties measured through the Kondo effect.

1.3 Overview

Magnetic Co islands on Cu(111) are used extensively throughout this thesis due to
their well-known single domain out-of-plane ferromagnetism [11,12,27-31]. In order
to measure interaction between these islands and a single cobalt atom displaying the
Kondo effect, the cobalt atom can be placed on the Cu(111) surface next to the
island or on top of the island. On the Cu(111) surface the cobalt atom is locked to
the lattice sites of the surface and on top of the island the Kondo effect is quenched
by the ferromagnetism.

Instead, the cobalt islands can be capped with a non-magnetic metal and the
cobalt atom placed on top of the capping layer. This was first tried with copper as
the capping layer?, but the cobalt atoms on top of the copper showed either no or
an unaffected Kondo resonance with 1 or 2 ML of copper, respectively. This digital
situation of all-or-nothing was of limited use and other paths needed to be examined.
This thesis starts from this point by substituting the copper capping layer by first

2unpublished work by Diekh6ner
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silver and later gold. The change in lattice constants® gives different ML heights and
as will be shown also a combined Moiré pattern and reconstruction of the capping
layer.

First, the peculiar growth of the Ag capping layer is investigated, which shows
that Ag actually tends to accumulate on top of the bilayer high Co islands even at
low coverage. This situation is optimal for creating the Ag-capped Co islands. Angle-
resolved photoemission spectroscopy (ARPES) show a surface state on these islands
and STS measurements at 6 K shows that the Moiré pattern in the Ag capping layer
modulates the Co d-related state in energy, width and intensity. This is envisioned
to have not only a magnetic effect, but also a catalytic effect on adsorbates that will
be evaporated on top of the structure. This constitutes the first part of the work in
this thesis on electronic properties of these multilayer islands.

Next, single magnetic cobalt atoms are evaporated at low temperature on top
of these structures to measure the change in the Kondo resonance in the different
positions of the Moiré pattern. While doing these measurements, it was realized that
cobalt atoms could be picked up by a gold-covered STM tip and that the cobalt atoms
show a Kondo resonance formed between the tip and the atom picked up. This Kondo
system placed at the tip apex is used to show how magnetic coupling between two
cobalt atoms (one on the surface and one on the tip) can be continuously driven from
a Kondo ground state to an antiferromagnetic ground state by simply changing the
Co-Co interatomic distance through a tip displacement. This experimental implemen-
tation of the two-impurity Kondo problem in readily available materials is the first of
its kind to continuously and reversibly drive a crossover between two phases with an
STM. It is envisioned that this tip Kondo system can be used as a magnetometer to
measure magnetic properties of not only atoms, but also islands and molecules with
magnetic centers.

The work in this thesis is build mainly on co-authored articles which can be found
in the appendices. Chapter 2 contains short general introductions to surface science
and the characterization techniques used in this thesis along with technical sections
on how the STM tip is coated with gold and used to pick up cobalt atoms. Chapter 3
presents the results obtained based on the previous chapter, and chapter 4 introduces
the Kondo effect and presents the results based on measuring magnetic interaction on
the nanoscale through the Kondo resonance. Where relevant, work from the articles
in the appendices is shortly introduced and the reader should then consult the article
for the majority of the work.

3The lattice constants change from 2.56 A of Cu to 2.89 A for Ag and 2.88 A for Au



Surface Science:
Fundamentals and Methods

2.1 Fundamentals

Surface science is a large field at the interface between physics and chemistry [32]
and has laid down the foundations for the fields of nanoscience and technology since
our ability to control and manipulate structures is often limited to the surface. Nan-
otechnology can be defined in various ways, but is normally described as structures
with at least one dimension sized below 100 nm [33]. This is often the length scale
where the de Broglie wavelength of the electron starts to become comparable to the
structure size of the material. This causes the wave-nature of the electron to become
the deciding factor for the surface properties of the material. The electronic states for
these electrons in bulk or at the surface make up the band structure and decide many
of the properties of the material in general. An understanding of the physics behind
this is the first step in controlling and forming these properties into applications. The
field of surface science has been driven in large parts by the surface chemistry of
catalysis. To name an example, a pioneer among many within this field is the 2007
Nobel prize winner in Chemistry, Gerhard Ertl, who explained hydrogen adsorption
on a palladium surface with LEED [34,35], but most famously explained the catalytic
synthesis of ammonia [36-39] over iron and oxidation of CO over platinum [40] used
in e.g. car catalysts. Surface science is highly dependent on the characterization tech-
niques available where mainly the invention and use of scanning probe microscopy
and photoemission spectroscopy (PES) have had the greatest impact on the field.

In this thesis a variety of different surface characterization techniques is used,
including low-energy electron diffraction (LEED), Auger spectroscopy (not shown),
ARPES, and STM/S in order to visualize and understand the properties of the mate-
rials investigated. The following is a brief introduction to this large field, starting with
the underlying physics of surface states, diffusion, nucleation, and growth of metallic
structures (based on [41]) and then describing the characterization techniques used
(ARPES and STM/S). In the end of the chapter, techniques for coating the STM
tip with gold and picking up cobalt atoms to form a Kondo resonance at the tip is
described.

2.1.1 Surface states

The surface of a material is special in the way that the bulk symmetry is broken. This
leads to a different electronic structure at the surface compared to the bulk. For the
valence electronic structure of a material the electronic states are normally split into
three classes; (i) bulk states are extended over the entire sample and relevant for the
bulk properties of the material, (ii) surface resonances are extended states with an

5
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increased probability to be found at the surface, and (iii) surface states localized at
the surface and decaying exponentially into both the bulk and the vacuum. Surface
states were first described mathematically by Tamm [42] and later in a different way
by Shockley [43] as the result of the material being cut in a certain crystallographic
direction causing Bloch states to be forbidden at the Fermi energy in the direction
normal to the surface (and a range of angles around the normal) [44]. In this band
gap, solutions to the Schrodinger equation exist that decay exponentially into both
the bulk and the vacuum, thereby being confined to the surface. For Cu, Ag, and
Au these surface state in the gap arise from sp-electrons, which are still free to move
parallel to the surface and form a 2D electron gas with a nearly free electron-like
parabolic dispersion.

The localized surface bands arising from the d-surface states are well below the
Fermi level in these metal, but as it will be seen in the following, d-related surface
states can become relevant close to the Fermi level in e.g. Co.

Surface states often dominate the electronic structure at the surface of a material
close to the Fermi level and are easily accessible by the fact that the characterization
techniques used i.e. ARPES and STM/S are extremely surface sensitive.

2.1.2 Diffusion, nucleation, and growth

Deposition of metallic material on a noble metal (111) surface is essential throughout
the work in this thesis. The topic has been studied extensively [45-47] for decades.
Generally, growth is described as illustrated in figure 2.1 by one of three modes of
crystal growth which is depending on the surface energy of the materials involved; (i)
island growth (Volmer-Weber growth) which is relevant for the Co islands on Cu(111),
Au(111), and Ag(111), and (ii) layer growth (Frank-van der Merwe growth) which is
relevant for Ag and Au at low coverage on Cu(111), and (iii) layer plus island growth
(Stranski-Krastanov growth) which is relevant for Ag deposition at higher coverage
in the ARPES measurements on Co/Cu(111).

island growth layer growth layer plus island growth

(a) (b) (c)

Figure 2.1: Illustration of the three common growth modes (a) island growth, (b) layer growth, and
(c) layer plus island growth.

Material evaporated from a metal evaporator, see appendix E, arrives from the
vapour phase at the surface and will either weakly interact through physisorption or
more strongly interact through chemisorption (covalent bond) with the surface. De-
pending on the crystal surface index and the material combination atoms or molecules
can now move in a two-dimensional (2D) surface diffusion according to the Arrhenius
equation for the diffusion rate D

Eqj

D = Dye” ™ot (2.1)

where Dy is the diffusion prefactor, Eq;s is the activation energy for the diffusion, k,T
is Boltzmann’s constant times the temperature. The Arrhenius equation shows that
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diffusion is a temperature-activated process. The process is illustrated in figure 2.2.
Diffusion can contain a rate-limiting step, which means that diffusion in different sites,
directions, or steps can have different rates, where a slow rate can limit the overall
process.

0606666
0‘9‘9‘0‘0‘0‘9‘9‘0‘0‘0‘0‘

Figure 2.2: Atomic arrangement and sketch of associated energy barrier in a simplified one-
dimensional (1D) model [41]. The diffusion barrier Eg;s controls in-plane diffusion, the additional
barrier for moving across a step is called the Ehrlich-Schwoebel barrier Egg, and the binding energy
to a step site is Fa. Care should be taken when comparing atomic sites to the energy since the
situation actually has to be considered in a three-dimensional (3D) model.

The atoms can also inter-diffuse with atoms in the surface (to form an alloy) or
diffuse across a step-edge if adequate energy is available, see figure 2.2. The additional
barrier for diffusion over a step edge, called the Ehrlich-Schwoebel barrier Egg, is
normally larger than that of surface diffusion and furthermore, the barrier for diffusing
up from a lower terrace is normally higher than vice versa [48]. If a particle adsorbed
in the deepest well in figure 2.2 at the lower step edge gains energy (from e.g. thermal
activation) to move again, it only needs Fp + Egir to hop away from the step edge,
but more energy Ep + Eg4ir + Ers to hop up the terrace step.

To understand island formation it is necessary to look at how diffusion can be
slowed down and stopped, which leads to nucleation. During diffusion, two atoms
can meet on the surface, temporarily forming a cluster, in this case a dimer. A dimer
diffuses (hops) less often on the surface and depending on temperature and deposition
flux, this may already be stable enough to stop diffusion and thereby nucleate at the
current position of the dimer. The criterion for further growth of the cluster is that
the mean time until the next atom arrives to the cluster is shorter than the decay
time of the cluster. If this criterion is true, another atom will attach to the dimer and
form a trimer, which can still diffuse. This is determined not only by temperature
giving hopping energy, but also by the deposition flux determining the mean time
until the next atom arrives. At some cluster size, called the critical cluster size, the
addition of another atom will stop the diffusion and nucleation will occur. Nucleation
can also occur earlier at step edges or impurities due to the temperature not being
high enough to overcome the increased energy barrier in these sites.
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2.2 Angle resolved photoemission spectroscopy

Photoemission spectroscopy is a well established and widely used technique within
the field of surface science. The process involved was discovered by Hertz [49] and
explained by Einstein in 1905 [50] as the photoelectric effect. Monochromatic light
(photons) is shined on a surface and depending on the energy of the photons, electrons
at different energy levels can be emitted. The photon source in PES can be a laser,
a gas-discharge lamp, an X-ray tube, or a synchrotron-radiation source. An X-ray
tube has a fixed photon frequency with a high intensity, whereas photons from a
synchrotron contain a broad continuous spectrum where a specific photon frequency
can be chosen with a monochromator. An illustration of the setup in ARPES is shown
in figure 2.3.

photon source energy analyser

UHV - Ultra High Vacuum
(p<10=7 mbar) J

Figure 2.3: Principles of ARPES with incoming and outgoing electron beam [51]. The photon source
can be e.g. a synchrotron radiation source and the detector normally uses an electric field to single
out electrons with a specific energy. The sample is rotated in order to vary ©.

Energy-wise, electrons anywhere from the valence band to the core levels of the
sample band structure can be reached by using photons with energy hw, follow the
density of states (DOS) in figure 2.4. Electrons that leave the sample will have to
overcome their binding energy Ep plus the work function of the sample ¢sample and
the remaining energy is the kinetic energy of the electrons Ey;, when they leave the
sample. When the electrons enter the detector, the work function of the detector
Odetector 18 added to the energy of the electrons. This yields the energy relation

Eyin = hw — ¢samplc + ¢dctcctor - |EB| . (22)

By fixing fww and measuring Fy;,, the binding energy of electronic states in a
material can be determined, as shown in figure 2.4. The binding energy of the core
levels in a band structure of a transition metal will shift slightly depending on the
bonding of the atoms to their surroundings. This is called a core-level binding energy
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Figure 2.4: Schematics the energies involved in the PES process. The sample on the lower left is
probed with photon energy hAw and results in the spectrum on the upper right. Freely after [52].

shift and can be very accurately detected in PES. This is used to determine the
neighbouring environment for evaporated layers.

The detector can be equipped with an aperture, whereby the user can choose to
measure with a wide opening (to achieve high intensity) in normal emission corre-
sponding to ©® = 0 in figure 2.3 or with a small opening to measure angle-resolved
with varying ©. Since the electron wave vector parallel to the surface k|| inside the
sample is conserved when the electron is emitted, the momentum of the wave vector
can be related to the detection angle © as

[2me )
kH = ?Ekin sin ©, (2.3)

where m, is the mass of an electron, A is the reduced Planck constant and the kinetic
energy Fii, is taken at the state under investigation.

By measuring the binding energy as a function of momentum, it is possible to
determine the band structure of the material under investigation in one direction in
momentum space.

Finally, it should be mentioned that the probing depth is depending on the elec-
tron mean free path. This length scale varies with materials and the kinetic energy
of the electron but is normally between a few A and 50 A. At an electron energy of
e.g. 40 eV the probing depth is typically 2-4 atomic monolayers.
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2.3 Scanning tunneling microscopy and spectroscopy

Pioneered by Binnig and Rohrer at the IBM lab in Riischlikon-Zurich [2] in the early
1980s, STM/S can be used to measure topographic images on the atomic scale with
sub-Angstrom resolution and determine the local density of states (LDOS) by use of
spectroscopy. Beyond measuring, the STM tip can also be used to manipulate atoms
by pushing or pulling atoms around on the surface, and pick up or put down single
atoms or molecules with the tip. All of this will be explained in the following. The
theory is mainly based on [53].

2.3.1 Basic usage

An STM is most commonly used as a form of microscope to take topographic images.
This is done by bringing an atomically sharp metallic tip in close proximity (~5 A)
to a metallic surface. When applying a bias voltage between tip and sample (voltages
mentioned are normally with respect to the sample) a small current in the nA range
will tunnel across the small vacuum gap between tip and sample. Tunneling of elec-
trons is a quantum mechanical effect since classically no current would flow before
the tip and sample are truly contacted. As shown later, the current in the tunneling
region decays exponentially with increasing distance between tip and sample, there-
fore this current can be used to measure the height of the surface when scanning the
tip laterally across the surface, see figure 2.5 for an illustration.

scanning

line scan

surface

Figure 2.5: Schematics of the constant current operation of an STM. Reproduced with permission
from [54].

Bringing the tip in proximity to the surface is done by a coarse approach motor
over a range of some millimeters. The tip movement in the tunneling regime is
controlled by piezoelectric elements, which are polar crystals that move precisely and
over a small length scale when a high voltage is applied. The piezo elements are
programmed to keep the height constant or controlled by a feedback loop that keeps
the current constant when scanning the surface. When the surface is very flat the tip
can be moved in constant-height mode where the current is measured and converted
into a height. Normally, an STM is instead operated in constant-current mode, where
the feedback loop works to keep the error between the set and measured current as
low as possible by adjusting the distance between tip and sample, called the z height.
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STM can be performed in various environments from ambient conditions, at
liquid-solid interfaces and as here in vacuum. The vacuum prevents the surfaces from
becoming contaminated or oxidized and clean metallic surfaces can be examined.

2.3.2 Microscopy

STM is based on the fact that electrons are quantum objects that can tunnel through
an energy barrier. The electrons are described by the solution 1(z) to the Schrédinger
equation. Inside the material 1(z) is called a wave function and is a complex exponen-
tial function describing a wave, but at the surface the electron wave function decays
exponentially into the vacuum

P(z) = P(0)e™, (2.4)

where this is the 1D case with z perpendicular to the surface (z = 0) and

b = V2me(U — E) (2.5)

h )

where U is the height of the vacuum barrier, and E is the energy of the electron.

The probability density to find the electron in the vacuum is the square of the
wave function and therefore non-zero in the vacuum. This tail with exponential decay
exist from both ”electrodes”, the tip and the sample, and when they are sufficiently
close it is the overlap of the tails that leads to electrons tunneling between the tip
and the sample. The overlap of the wave functions is proportional to the current and
it can therefore be seen that the current decays exponential as a function of distance
in a tunneling junction. If the applied bias energy eViias is much smaller than the
work function ¢ of the material, then U — E = ¢ and a general term for the current
I is therefore

I(z) = I(0)e™ "%, (2.6)
where
K= 2;:” ¢ (2.7)

which can be used by the feedback loop to convert current to height z.

Care should be taken when interpreting STM topographic images, because eq. (2.6)
is a simplified expression — as it will be shown in the next section, e.g. the LDOS of
the sample should also be included in the expression. Thereby, according the Tersoff-
Hamann model [55-57] what is measured is actually a contour of equal Fermi level
LDOS of the sample. This means that different materials or atoms will be displayed
with different height according to their LDOS at the Fermi level. This will cause
some adatoms to show up as depressions in a topographic STM image even though
the atoms are physically on top of the surface. This can for example be seen in [58,59].

2.3.3 Spectroscopy

An STM can also be used for spectroscopy to probe the electronic structure of the
sample. There are many different modes in which spectroscopy can be performed, in
this thesis it is mainly done at a single point by placing the tip at the area of interest,
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opening the feedback loop to maintain a constant distance between tip and sample,
and then sweeping the bias while measuring the current (I(V') can yield information
about the LDOS [60]). Alternatively, the distance can be changed while measuring
the current (I(z) can yield information about the local barrier height [61]) or the
feedback loop can remain closed while sweeping the bias (z(V') can yield information
about the image states [62]).

The theory of tunneling spectroscopy was developed in the 1960s especially by
Bardeen [63] by assuming two planar, infinitely large tunneling electrodes after Gi-
aever [64,65] showed experimentally that tunneling was possible between two metallic
(superconducting) electrodes separated by a thin oxide layer. Bardeen’s approach was
to solve the Schrodinger equation for each electrode separately. Here we shall assume
that one of the electrodes is a sample and one is a tip, as implemented by Binnig and
Rohrer and theoretically shown by Tersoff and Hamann [56] to be equivalent to the
planar tunneling junction.

Viias > 0
)

(a)

\ E

vac

unoccupied states

conduction band (b)
E + >
/l Vbias 4
. unoccupied occupied
occupied states statei / sta?es
valence band A
I ti + >
sample vacuum i Y >
z
g B>
" 0 2,
Rey,

Figure 2.6: (a) The LDOS of a sample and a tip in STS. At a positive bias as shown here the Fermi
levels of the sample and tip are displaced by the bias applied and the electrons tunnel from the tip
into the unoccupied states of the sample conduction band. As the lock-in technique measures the
change in current as the bias is swept, it is the temperature in the Fermi distribution function of the
tip that determines the energy resolution of the experiment. (b) The current and the derivative of
the current shown correspond to the LDOS of the sample shown in (a) with the green dot marking
the applied bias.

Eq. (2.6) shows the exponential decay of the current into the vacuum, but it
neglects the details of the material which is a simplification because of several things,
which are illustrated in figure 2.6(a). First, the electrons tunnel elastically between
tip and sample, which means they enter and leave the tip and sample with the same
energy. Therefore an electron leaving the tip must tunnel into an empty state in the
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sample and vice versa. The only electrons allowed to tunnel are therefore the ones
in the energy interval between Fr — eV}hias and Er. Second, the rate of electrons
tunneling can be determined through Fermi’s golden rule and Bardeen solved this by
introducing a tunneling matrix Mgt that describes how well electrons tunnel between
tip and sample at the different energies.

Taking this into account the tunneling current at a fixed tip-sample distance can
be written as

dme [°
I= o [fr(Er — eVijas + €) — fs(Er + €)]-pr(Ep—eVias+¢)-ps(Erte)-| Mgr|* de,
—o0

(2.8)
where fs(Er) and fr(Er — eVhias) are the Fermi distribution functions of the sample
at the Fermi level Fr and of the tip displaced by eVjas, respectively. It is the integral
of this difference of the two Fermi distribution functions that governs the elastic
tunneling of electrons. pr and pg are the LDOS of the tip and sample. p(FE) is a sum
of the probability density over a small energy interval around E giving the LDOS per
energy unit volume.

Several assumptions can be made in order to simplify eq. (2.8); (i) first, pr can
be considered a constant if the LDOS of the tip is featureless. This can be improved
by using materials with a flat DOS in the relevant area as well as cleaning the tip by
field emission and soft indents into the sample. The latter approach normally ensures
that the tip material is equivalent to the surface material, which for most noble metal
surfaces means a flat DOS at the tip apex.

When sweeping the bias (displacing the LDOS of the sample with respect to the
tip in figure 2.6(a)), then the d7/av signal consists of the change measured at the two
Fermi levels. And since the LDOS of the tip is considered flat, no change is detected
at the Fermi level of the sample. Hence, it is only the change detected at the Fermi
level of the tip that contributes to the dZ/av. (ii) When the temperature is lower than
the required energy resolution, the Fermi distribution functions in eq. (2.8) can be
reduced to step functions which limits the integral to 0 and eVia5. The ”sharpness”
of the Fermi level directly influences the energy resolution of the experiment and is
given by the temperature in the Fermi distribution function of the tip. In order to
increase the energy resolution lower temperatures are needed. This is why most of
the experiments in this thesis (involving spectroscopy) are carried out at low temper-
atures (~ 6 K), while the growth and structure topographic images are carried out at
room temperature. (iii) Furthermore, the tunneling matrix element can be considered
constant at low bias.

Given these assumptions the current at a fixed distance is proportional to the
integral of sample LDOS between 0 and the applied bias

eVbias
I x / ps(Er + ¢)de, (2.9)
0

and the derivative of I with respect to the bias is proportional to the LDOS of the

sample

dI
W o pS(EF + eVbiaS)' (210)

This is a very important relation in STS and it is illustrated in figure 2.6(b).
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When sweeping the bias to measure a spectrum as shown the feedback loop has to be
deactivated so the tip is at a fixed distance throughout the measurement.

Normally, the d//av is measured with a lock-in amplifier, which adds a small
sinusoidal modulation to the applied bias voltage, as illustrated in the middle of fig-
ure 2.6(a). The lock-in amplifier uses this modulation to measure the d//dv with a
very high signal-to-noise ratio (SNR), because frequencies differing from the mod-
ulation frequency are damped. If the frequency is chosen much higher than what
the feedback loop can follow, it can be filtered out in the topographic current. An
increase in the amplitude of this lock-in modulation will increase the SNR, but as it
can be seen in figure 2.6(a) it also leads to additional broadening in the measured
signal which turns into a decrease in energy resolution. Therefore, it is desirable to
keep the lock-in modulation amplitude as low as possible.

In some cases the tip LDOS cannot be considered flat and it therefore contributes
to the final spectrum measured. In simple cases, the background spectrum on the
bare substrate can be measured and subtracted from the measured spectrum with
the background subtraction method [66], but also other techniques exist to minimize
the effect of the tip LDOS [67] [53, pp. 340-344].

2.3.4 Inelastic tunneling

When certain molecules are included in the tunneling junction a sharp kink (step)
can occur in the differential tunneling conductance 47/av at a bias voltage of Vies =
:I:h?“’7 where w is a frequency of a vibrational mode in the molecule. This kink is
because electrons tunneling through this molecule now have an extra channel to tunnel
through. They give hw of their energy to the molecule bond vibration and can then
move to the tip with their reduced energy, thereby having tunneled inelastically [58,
59]. The kink is seen in the second derivative of the current d°/av? as a sharp peak,
which normally is detected directly by the lock-in technique to increase the SNR.
This also works in the reversed case with reversed bias and will show up as (negative)
increase in the current. The kinks in conductance are symmetric in energy around the
Fermi level and this symmetry is a good experimental indication that the observed
features stem from inelastic tunneling.

Tunneling electrons can also lose energy to spin-flip excitations in magnetic atoms
or molecules [68]. This effect is seen by a step up in the differential conductance at
an energy proportional to the applied magnetic field, hence the energy position of the
step can be controlled by Zeeman splitting.

2.3.5 Tip preparation

As can be seen from the discussion above, the tip of the STM is a very important
ingredient in the measurement. Hence, the fabrication and especially the cleaning of
the tip before an experiment is critical. In the following is a practical explanation of
the tip preparation procedures as done at the 4K-STM in Stuttgart.

Making the tip

The tip is made from a metallic wire of various different materials, e.g. PtIr or W.
In this thesis tungsten (W) is used at the STMs both in Aalborg and Stuttgart. The
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wire is electrochemically etched in aqueous sodium hydroxide (NaOH), checked with
an optical microscope for overall cleanliness and then dipped in hydrofluoric acid to
remove the oxide layer just before inserting the tip into the UHV chamber.

Field emission

Once inserted, the tip is cleaned by field emission. The tip is retracted slightly
from the tunneling range, a high voltage of a few 100 V is applied between the tip
and sample until a field emission current of 40 pA is detected. The voltage can be
increased up to ~ 500 V while the tip is stepped back with the coarse approach motor
to keep a field emission current of 40 uA.

Normally, several large drops in the current can be detected (especially in the
beginning before even reaching a current of 40 pA) which is an indication that loose
material is removed from the tip and the tip restructures into clean facets with a low
surface energy [53, pp. 334-336]. The relatively high current heats the tip and makes
the restructuring easier. After a field emission cleaning of the tip, the surface is dirty
and should be cleaned if it should be used for experiments.

Soft indentation (dipping of the tip)

Finally, in the beginning of each experiment, the tip is checked to make sure that it
is free of double tip features and that it images single atoms as spherical protrusions.
For spectroscopic measurements, a spectrum is taken on the clean, bare substrate far
away from a step edge to see if the surface state is imaged sharply and correctly and
the spectrum is otherwise featureless in the relevant energy range, see figure 2.7 for
an example.

di/dV [a.u.]

—-1000 —-500 0 500 1000
Bias [mV]

Figure 2.7: dI/qv spectrum of a clean Au(111) surface clearly showing the onset of the surface state
at -460 mV. The remaining part of the spectrum is almost featureless except from a slope. This
indicates a clean, metallic tip.

If these requirements are not met, which they normally are not at the beginning
of an experiment, then the tip is dipped softly into the surface. The procedure is as
follows: The voltage applied is raised to a value between 1 and 10 V and the tip is
moved from 5 to 50 A into the surface. When the tip contains double features, the
experience is that a low voltage (1-2 V) and an indentation depth beginning at 15 A
can be used with steps forward of 5 A until the tip is free from the double tip features
(checked between each dip).
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Then the spectroscopic features of the tip should be made acceptable. This is
done with a smaller indentation depth (5-10 A) and depending on the severity of
the change requested to the spectrum a voltage between 2 and 10 V should be used.
An example of a large change to the tip can be seen in figure 2.8 where 7 A and
10 V are used. Using such a high voltage increases the chances of a double tip, as
can also be found in this image!. Normally, a smaller voltage should be used and a
correspondingly smaller ”crater” will appear.

16nm
[Tt

Figure 2.8: An STM image of the area around the center of a soft indentation. The parameters used
were 7 A into the surface and 10 V.

When seeking to slightly change the spectrum in the Kondo resonance regime
(£50 mV) it is normally sufficient to continuously put down the outmost tip atom
by briefly going into contact (3-5 A) with a small bias (< 100 mV) until the desired
featureless spectrum is achieved [69].

The end result of all these tip preparations is that the tungsten tip is covered
with a thick layer of the substrate material from the dipping. Therefore it is often
necessary to make low-coverage preparations of the materials investigated in order to
have free, bare substrate areas to dip the tip in.

Dipping with 10 V and 50 A is a ”complete reset” of the tip and an area as large
as 650 x 650 A2 can be destroyed.

Indenting the tip into the surface often creates a hole in the surface indicating
that the surface material is now attached to the tip. In the following, a novel way of
coating the tip with flakes of subML material deposited on the surface is presented.

IThe upper part of this image actually shows no double tip, which indicates that the dip itself
did not create the double tip (scan direction horizontal from upper left corner), but a tip change just
before the step edge caused the rest of the image to be imaged with a double tip.
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2.4 In-situ coating of the STM tip

The tip material is of the utmost importance not only to the convoluted LDOS of the
tip/sample as described in section 2.3.3, but also to the attachment of single atoms
to the tip apex. During the work of this thesis it was found that single Co atoms
only attach to the very apex of a gold-coated tip. Furthermore, the single Co atom
at the tip apex shows a Kondo resonance with the tip material (similar to that of a
Co atom on the Au(111) surface). The gold-coating can be realized by soft-indents
into a Au(111) sample as shown in the previous section. It has also been investigated
extensively for copper-coating on Cu(111) and silver-coating on Ag(111), but never
found to work with Co atoms; the Co atoms can be picked up, but does not show a
Kondo resonance with the tip, presumably because the Co atom is not attached to
the very apex of a copper- or silver-coated tip.

Having a Kondo system on the tip is an interesting property which can be freely
positioned to measure interaction with other magnetic systems. In order to generalize
the property beyond gold surfaces there are several ways to achieve a gold-coated tip.
The easiest suggestion would be to use a gold wire as tip, but as the tip is dipped into
the surface to make the tip sharp (and remove double-tip features), the material of the
sample surface is transferred to the tip. By this reasoning, the sample should then be
Au in order for the tip to end up as Au-coated. This is shown with a Au(111) crystal
in section 4.6. In the following it will be shown that it is also possible to achieve
a gold-coated tip on a Cu(111) surface without changing crystal, just by picking up
layers of gold evaporated on cobalt islands on the Cu(111) surface. In

2.4.1 The technique

The Cu(111) sample is prepared with subML coverage of bilayer high Co islands and
then Au is evaporated on the structures. The Au will cover both the Cu surface and
the Co islands. Experiments have shown that it is easier to pick up the Au from
the Co islands than from the Cu surface?. The pickup procedure is reproduced in
figure 2.9(a) and is as follows; the tip is taken from tunneling conditions (V' = 200
mV, I =048 nA, R =417 MQ) to 3 A closer and a bias voltage of 1 V. From there,
the bias and Z extension is slowly increased resulting in a transfer of material from
the surface to the tip. This can be seen as a sudden drop in the current trace, see
figure 2.9(b). The first transfer happens at a bias of 1.26 V and a current of 100 pA
(R = 12.6 kQ), which is close to 1 quantum conductance Gy = 2¢*/n = 1/12.9 kQ 1.

Depending on the surface structure, the size of the flake being picked up, and the
tip structure the parameters for a successful pickup procedure can vary. To transfer
a larger amount of material normally takes a higher voltage. The resistance in the
tip-sample junction during the pickup procedure can be down to 2 k€2, indicating that
several conductance channels are open during the transfer of material.

In figure 2.10 a sequence of STM images are shown before and after these pickup
procedures. The images show a part of a triangular Co island below and a bright Au
layer on-top. The initial Au flake is visible in figure 2.10(a). By moving the STM

2A Au-coated tip has also been achieved by evaporating 2-4 ML Au on a Cu(111) sample and
then dipping the tip into the Au layers, but since Au grows layer by layer on Cu(111), this technique
will render the Cu(111) surface inaccessible.
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Figure 2.9: (a) The bias (blue) and the distance, Z (green) from tunneling Z = 0, during the 0.1 s
the pickup procedure lasts. Initially, the bias and the distance from tunneling towards the sample is
ramped up rapidly. Then the main period follows, where the bias and the distance is increased slowly.
(b) The current trace shows several clear drops in current after 0.05 s. The first drop presumably
represents transfer of Au material and the following steps a restructuring of the tip and sample.

tip to the small star (beginning of blue arrow) and performing the pickup procedure
described above, Au can be removed from the surface and placed on the tip. The next
image (b) shows that a small part of the Au is missing from the surface where the
blue arrow ends. The diameter of the missing part is ~ 4 nm, which is a considerable
amount of Au atoms.

The difference from figure 2.10(b) to (c) shows that also the Au material can be
lost from the tip and go to the surface. Notice that the Au is completely restructured
and does not fall back to the surface as a monolayer. The volume of the deposited
material roughly corresponds to the volume of the Au flake picked up between (a)
and (b). By applying a higher voltage, it is also possible to pick up this lump of gold
(including some of the Au layer below), as seen from (c) to (d). Notice also that Au
material can be scattered away from the center of the pickup place as seen already
on the left side of (a) to (b). The smaller individual pieces can be picked up as it
can be seen from (e) to (j). Two or more arrows indicate that two or more pickup
procedures were carried out and the intermediate images are not shown.

2.4.2 Change in local barrier height

The real indication that the Au is not just removed from the surface, but also actually
coats the tip apex is seen in a change of the measured local barrier height. This is a
measure for the work function of the entire surface. The local barrier height ¢ can be
found by the current I(z) in the tunneling regime where z = 0 is tip-sample contact
as

I(2) = I(0)e 2", (2.11)
where

k= YT (2.12)
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Figure 2.10: Series of STM images (200 mV bias) of the coating procedure. The initial image is seen
in (a). The lowest visible layer is a cropped, triangular Co island. On top of this (brightest) is a
layer of Au. The blue arrow indicates where the tip is approached with a star % and the identical
position in the next image with the arrow. When several arrows are present, several pickup attempts
where done between the images shown.
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Experimentally, the local barrier height can be measured in STS by keeping the
bias constant and low (e.g. 50 mV) and then measure the current when ramping
z. The resulting I(z) can be fitted with an exponential and the local barrier height
determined. The work function depends on the material, the surface orientation and
the surface roughness or steps. It can be considered as an average of the tip and
sample work functions. Literature values are for Cu(111): 4.24+0.1 eV and for 1 ML
of gold on Cu(111): 4.54+0.2 eV measured with the same tip [70]. The local barrier
height is then a slightly lower value than the bulk work function mostly due to the
sharp form of the tip.

The local barrier height before these experiments, with a clean tungsten tip dipped
in a Cu(111) surface is measured to ¢ = 4.0 & 0.05 eV. When picking up Au flakes
from the surface, the local barrier height increases slowly in steps of ~ 0.1 eV per
successful pickup. After several successful pickups the local barrier height saturates
at ~ 4.4 £ 0.05 eV. The total increase of 0.4 eV of the local barrier height fits well
with the increases in literature values.

Experiments have shown that there is an interesting difference between the clean
Cu tip with ¢ = 4.0 eV and Au-coated tip with ¢ = 4.4 eV. When using these tips to
pick up a Co atom, in the former case (Cu tip) the Co disappears from the surface,
but the spectral feature of the tip does not change. In the latter case (Au-coated tip)
the Co atom also disappears from the surface, but here the 47/dv measurement shows
a Kondo feature on a clean background after such an atom-pickup procedure. This
leads to the conclusion that the Au makes it possible for the Co atom to sit as the
outmost atom at the tip apex. This will be further discussed in the next section.

2.5 Picking up Co atoms with the STM tip

Manipulating atoms on a surface [3,71,72] as well as picking up and putting down
single atoms with the STM tip [69,73] has been achieved by many groups around the
world . The purpose was normally to move atoms freely or to achieve better resolution
in the STM topography. Here we report the possibility to pick up a Co atom with
the STM tip and see a Kondo resonance formed at the tip. The Kondo resonance can
be measured on the clean Au(111) substrate with no other Co atoms in the vicinity.

2.5.1 The technique

Single Co atoms are evaporated from a cobalt filament wound around a tungsten wire
directly onto a Au(111) sample at 15-20 K. Figure 2.11 shows an example of such a
sample preparation. As mentioned in the previous section, it is important that the tip
is gold-coated, but apart from that the procedure has been tested with cobalt atoms
on Au(111), Cu(111) and a few MLs of Au on Cu(111). Several techniques seem to
work for the pickup procedure, but they all contain the two elements of approaching
the tip to the Co atom and increasing the voltage in order to transfer the atom.
In figure 2.12 three different examples are shown where the first example (a+b+c)
approaches the tip 2.0 A from tunneling set point (8 mV, 0.5 nA) on top of a Co
atom and increases the voltage to 1.0 V as seen in figure 2.12(b). The current seen in
(¢) indicates a restructuring of the tip or a movement of the atom on the surface. As
seen in the before/after images (a) the atoms look sharper after, which points to a tip
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Figure 2.11: Individual cobalt atoms on a Au(111) surface.

restructuring. The differential conductance after the restructuring is seen in (d) with
minor features related to the surface state scattering off the atoms on the surface.

This restructuring of the tip also indicates that the gold-coated tip is very soft
and can easily adapt to a new configuration. The exact voltage and z-extension is
not identical from experiment to experiment, so the parameters are slowly increased.
In figure 2.12(f) the z is increased to 2.5 A while the bias is kept at 1.0 V, which now
shows no change in the current in (g) indicating that the tip is more stable now. This
does not change the differential conductance spectrum.

Finally in (i) the voltage is increased to 1.2 V while keeping the distance at 2.5 A
and a characteristic signature of an atom being transferred from the sample to the
tip is seen in (j). The subsequent image in (h) now shows no Co atom at the blue
arrow and a measurement of the differential conductance on the bare substrate now
shows the signature of a Kondo resonance as seen in (k). In this example the Kondo
temperature is 126 K, but the line shape, the amplitude and the Kondo temperature
can vary slightly depending on the atomic configuration of the apex of the tip. The
process is only considered successful when the amplitude, width, and line shape of
the Kondo resonance on the tip are similar to that on the surface.

The generally important factors in the pickup procedure are that the voltage
should be kept below 20 mV when moving in z. A higher voltage can cause the atom
to jump/fluctuate too early in the process and end up being further away from the tip
apex. The Z-extension should be increased to the desired value close to contact (done
in (b), (f), and (i) at time<0) and from this position, the bias should be ramped up
to the desired value.

As mentioned, the tip might restructure instead of picking up an atom, so the
procedure is not 100% reproducible, but so far works in 1 out of 5 attempts. The
procedure can probably be further optimized for a better yield, either by use of
local barrier height measurements described in section 2.4.2 or by stabilizing the tip
further by putting down gold atoms before picking up the cobalt atom. It is beyond
the scope of this thesis to discuss why exactly gold is easily mouldable to accept a Co
atom placed at the very apex.

As mentioned in the previous section, this technique does not work for a Cu- or
Ag-coated tip. The Co atoms can be removed from the surface, but do never show a
Kondo resonance with the tip on the bare substrate. This is presumably due to the
Co atoms not attaching at the apex of the tip, but further up along the side of the
tip. On a related note, it has so far not been possible to find a reproducible reversible
technique to put down a Co atom from a Au-coated tip. On the contrary, it has been
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Figure 2.12: (a+b+c) showing a pickup process where the tip and/or sample atom restructures
multiple times (seen in the current in (c)) during the 0.1 s when the tip is moved from tunneling (8
mV, 0.5 nA) to 2.0 A closer at 1.0 V. (d) showing the differential conductance after restructuring.
The pickup procedure is attempted on the left atom marked with a blue arrow. Lowest is one Au
atom (shows no Kondo resonance) previously put down from the tip. The images are taken after
the respective pickup procedures on the right. In (f) the tip is moved to 2.5 A / 1.0 V but is now
stable since there is no additional change in the current in (g). Pickup of the Co atom happens in
(h-+i+j) when the voltage during pickup is increased to 1.2 V and the distance is kept at 2.5 A. The
tip now shows a Kondo resonance (k).
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shown in a few events that the Kondo resonance on the tip could be preserved while
putting down an atom from the tip, which strongly suggests that the atom put down
was not the outmost apex atom. Instead a looser attached atom from the side of the
tip (presumably still close to the apex) was put down. These observations might also
provide a clue to why it is only a gold-coated tip that is susceptible to a cobalt atom
and creates a stable configuration at the tip apex.

One method to observe a successful atom pickup is to look for the absolute height
change on the z-piezo, where the piezo extension should decrease roughly with the
height of the atom. This seems to work for some atomic pickup processes®, however,
with the Au-coated tip this method is not applicable due to restructuring of the Au
tip atoms when the Co attaches. The absolute height change is not representative of
an addition of an atom to the tip as it has been observed so far.

In conclusion, the pickup procedure with a gold-coated tip is a fantastic tool to
drastically change the properties of a normal, metallic tip into a Kondo system that
can be freely positioned horizontally and laterally with very high precision. This
method has the potential of opening up the scientific field of Kondo interactions
and specifically the two-impurity Kondo problem as it shall be seen in section 4.6.
Functionalization of the tip could also yield better control of spin-polarized tips due to
different coupling mechanism for other atoms on the tip. Furthermore, it has already
been shown that molecules such as C60 can change the tip to probe surface structures
in new ways [74].

Sprivate communication with Sebastian Loth, IBM Almaden
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Growth and_Flectronic
Structure of Capped Cobalt

Islands

3.1 Growth and structure of Ag on bilayer Co nanois-
lands on Cu(111)

3.1.1 Introduction to the article in appendix A

In order to investigate magnetic interaction with STM and other relevant surface
techniques, the onset for the work in this thesis was to look at the growth of magnetic
islands and include a non-magnetic capping layer in order to magnetically isolate them
from other materials. In the article in appendix A, it is shown how Ag nucleates and
grows on a Cu(111) surface prepared with bilayer high Co islands. Interestingly,
the silver preferably nucleates on top of the two ML high cobalt islands and almost
completely covers the islands with a single, completed layer of silver. Due to the
lattice mismatch between the cobalt island and the silver layer, a Moiré pattern
appears similar to the pattern seen with Ag directly on Cu(111). The silver capping
on the cobalt islands is studied by measuring the partial Ag coverage of the Co islands
in the STM images as a function of total Ag coverage.

For all the details, the reader should read the article in appendix A before con-
tinuing.
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Figure 3.1: A qualitative suggestion to an extended version of figure 2.2. Here, the suggested energy
barriers for diffusion and hopping on the Ag on Co islands and for Ag directly on Cu(111) are
indicated and related to the layers shown below. The atomic arrangement is not to scale and the
energy barriers are all relative to each other. The energy barriers are of course not the only factors
involved in the diffusion process, but the illustration is a qualitative sketch of the Ag/Co/Cu(111)
system.
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Many factors can lead to this enhanced capping probability as discussed in the
article, but generally equation 2.1 and figure 2.2 govern diffusion on the surface and
at the step edge. In the article it is shown how silver preferably nucleates on top of
the bilayer cobalt islands, which questions the general statement made above saying
that less energy is needed to hop away from a step edge (lower step at an island) than
to hop up the terrace (the island). It should be mentioned that it is not only the
energy barriers involved but also e.g. the deposition flux and the diffusion prefactor
that determines the final behaviour of the diffusion and growth.

In figure 3.1 a qualitative suggestion to modified sketch of the energy barriers
in the situation of silver covered cobalt islands is shown. This model considers only
energy barriers in a 1D model and does as mentioned not include other relevant factors
such as the diffusion prefactor in equation 2.1. The energy scale on top describes the
energy wells that the silver atoms/molecules sees when diffusing over the Cu(111)
surface with the cobalt islands. We have not measured any absolute values for the
energy barriers, so the barriers shown are only an example of how the situation might
look like.

From left to right, the first larger energy well describes a silver atom attached to
the lower step edge of a cobalt island held by the additional binding energy E5"~“°.
In this situation there is an increased barrier in both directions, however hopping
up seems more favourable than detaching from the step edge which is indicated by
the lower barrier towards the island. When the silver atom is located on the cobalt
island, diffusion is possible (to fill the island completely), but there is a substantial
Erhlich-Schwoebel barrier to hop down from the island EfS.

From right to left, the situation is the classical situation also found in figure 2.2,
with a relatively high binding energy Egqug which keeps the silver atoms on the
Cu(111) surface growing in layer-by-layer growth mode. As mentioned, this model
gives a qualitatively simple presentation of the situation by only considering energy
barriers and not including the diffusion prefactor or molecule site which can play a
major role in the full picture.

3.2 Photoemission spectroscopy of multilayered sys-
tems

3.2.1 Introduction to the articles in appendix B and C

In this thesis PES has been used to measure the growth conditions and electronic
structure of two different systems. First, of a mainly catalyst-relevant material com-
bination of Pt layers on Ru(0001) and second PES and ARPES of the previously
mentioned silver-capped cobalt islands on Cu(111), both at the ASTRID synchrotron
in Aarhus (see appendix E for setup). The measurements were carried out at RT
and with the same evaporator as in the Aalborg STM, making a direct comparison
of layer coverage possible.

In the first article with the title ” Study of the Pt/Ru(0001) Interface” it is con-
firmed that Pt can be grown without intermixing at RT. The surface core level bind-
ing energy shift is followed for the Ru 4ds,, and the Pt 4f7/,5 and detected to be
approx. 0.10 eV for the surface ruthenium when Pt is added and > —0.476 eV be-
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tween the 4f7/, core levels of the two individual Pt layers deposited on Ru(0001).
The details can be found in the article in appendix B.

In the second article using measurements made at the ASTRID synchrotron in
Aarhus with the title ” Electronic structure and ordering of multilayers of Co and Ag
on Cu(111) investigated by photoelectron spectroscopy and LEED”, the heterostruc-
ture (AgCo),Cu(111) is investigated and compared to the STM study of the growth
mentioned in section 3.1. The study with ARPES shows that the silver on top of the
Co islands does not intermix and there is a surface state with a binding energy at
0.20 eV in normal emission.

The studies shown here with ARPES and previously with STM show that the
Ag/Co/Cu(111) heterostructure is stable at RT as a model system for further mag-
netic studies. Before continuing below, the reader is now referred to the article in
appendix C for all the details.

3.3 Potential energy landscape of metallic Moiré
patterns

3.3.1 Introduction to the article in appendix D

After the growth of silver on Co/Cu(111) has been investigated, a low-temperature
study of the electronic structure of the silver layer has been carried out and published
as the article shown in appendix D. The article shows how the d-related state of the
Co island is visible even through the Ag capping layer in the differential tunneling
conductance maps. What is important to realize is that the Co islands grow pseu-
domorphic on the Cu(111) surface, which leads to almost identical lattice constants.
Therefore, the Ag forms an almost identical Moiré pattern on both the Cu(111) sur-
face and on the Co islands, but the Co islands introduce an extra d-related surface
state in an otherwise identical system. The Moiré pattern is responsible for a spatial
modulation of this d-related state — a modulation that is not seen with e.g. the onset
of the sp-related surface state in the Ag/Cu(111). It is important to emphasize that
this is not an additional d-related state brought in by the silver, but a modulation of
the already existing state of the cobalt islands.

The measurements of the differential conductance are linked with the d-band
model for catalysis, and although this model was originally designed for energies
around 1-2 eV from the Fermi level, it still explains the observed spatial modulation
and makes a very interesting link to catalysis. The catalytic properties of the sur-
face can be controlled by adding an incommensurate metal layer that forms a Moiré
pattern, thereby slightly shifting the catalytic properties of the original material.

Apart from the catalytic opportunities, the d-related state is know from the clean
cobalt island to be spin-polarized [12], which could have an impact on magnetic
structures placed on top of the Ag/Co/Cu(111) Moiré, thereby creating a magnetically
selectable surface.

Before continuing below, the reader is now referred to the article in appendix D
for all the details.
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3.3.2 Comparison to Au/Co/Cu(111) and Co/Ag(111)

To further understand the spectroscopic features seen here, different experiments were
carried out where a few elements were changed. First, the silver capping layer was
changed to gold. The difference in lattice constants also yields a Moiré pattern, but
with a periodicity of ~38 A compared to the ~24 A of the Ag/Co/Cu(111). The gold
Moiré seems not to have the same strength as the silver Moiré, since domains of differ-
ent orientations and even cracks and half-filled islands can appear, see figure 3.2(a).
This rotation of the Moiré pattern indicates the coalescence of nuclei with different
orientations.

(a)

Coisland

Cu(111)

0.5

—-600 —400 -200 0 200 400 600
Bias [mV]

Figure 3.2: (a) Topography of a gold-capped cobalt island on Cu(111) (image size 73x73 nm, 1.4
nA, 1.0 V). The large island in the center is one island with a crack in the gold Moiré on the right-
hand side. Small patches of gold are also visible directly on the Cu(111) surface. (b) A close up of
the Moiré pattern and (c) the corresponding differential conductance curves for the three relevant
regions.

The Moiré pattern from on top of the island is seen in the close-up in figure 3.2(b).
Except for the periodicity, the overall symmetry of the Moiré pattern looks similar
to Ag/Co/Cu(111). There are three regions which we assigned to fcc, hep, and
on-top regions, in descending apparent height, by analogy to the Ag/Co/Cu(111)
assignments. The differential conductance spectra for the three regions are shown in
figure 3.2(c), where some similarities to the spectra for Ag/Co/Cu(111) can be found
(compare with figure 1(a+b) and 2(b) in the article in appendix D). The similarities
are a dominant feature in the on-top region (here at —325 mV) and other features
higher in energy with a comparable amplitude in the fcc/hep regions, but the number
of features in the range —600 to 100 mV and their spatial modulation cannot be
resolved in a satisfying way.

In an attempt to simplify the structural composition and thereby hopefully also
the differential conductance spectra, the structures of 3 ML cobalt islands on Ag(111)
[75] has been investigated. This can be thought of as the "reversed” structure with
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respect to Ag/Co/Cu(111), especially when it is known that cobalt grows pseudo-
morphically on Cu(111). An STM topography can be seen in figure 3.3(a), where
the formed Moiré pattern with a periodicity of ~19 A is visible in (b) and the corre-
sponding differential conductance spectra in (c).

dl/dV [a.u.]

-600 —400 -200 0 200 400
Bias [mV]

Figure 3.3: (a) Topography of a cobalt island on Ag(111) (image size 73x73 nm, 0.7 nA, 300 mV).
(b) A close up of the Moiré on the cobalt island and (c) the corresponding differential conductance
curves for the three relevant regions.

By symmetry arguments only the on-top position in the Moiré pattern can be
assigned as the apparently highest protrusion. Although STM images at —400 mV
bias show different apparent height of the fcc and hep regions as expected from fig-
ure 3.3(c), it is not possible to assign which region is fcc and which is hep without
further information. Here it is important to notice that the height contrast is inverted
compared to the Ag/Co/Cu(111) and Au/Co/Cu(111) Moiré patterns. The on-top
region appears high for Co/Ag(111) which points to the fact that here the hybridiza-
tion is also inverted and thereby making hep/fec regions the ones with strongest
hybridization.

In this case, the features in the differential conductance spectra are easier de-
composable than for Au/Co/Cu(111). A main feature below the Fermi level located
at —320 mV in the on-top region and moved to —400 mV in the hcp/fce regions is
clearly seen in figure 3.3(c). The shift is larger than for Ag/Co/Cu(111), but the am-
plitude of the feature stays almost the same from on-top to fcc/hep. On the contrary,
for Ag/Co/Cu(111) the amplitude changes by a factor 7. This interesting difference
might cause a larger change in reactivity for the Ag/Co/Cu(111) surface if the adsor-
bent is sensitive to a change in intensity instead of energy relative to Ex. This would
depend on the adsorbate.

During these studies, we became aware of similar work [76] on the same structure,
where similar spectra arise and differential conductance mapping is used to show the
variation across a cobalt island. In [76] the lowest island is taken to be a monolayer
island whereas in [75] this is taken as a bilayer island with reference to their figure
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Figure 3.4: (a) Topographic image of the area in which the spectroscopic map has been acquired
from which the following maps have been extracted; (b) map of the amplitude, (c) map of the energy
position, and (d) map of the full width at half maximum. The inset in each panel shows a histogram
of the respective quantity. All data maps consist of 64x64 points.

4b histogram of island heights showing peaks at 4, 6, and 8 A thereby indicating 2
A per ML and a growth behaviour like cobalt on Cu(111) where the minimum at
RT deposition is also bilayer islands. This interpretation is also chosen here although
it cannot be excluded that an electronic effect causes the first monolayer to have
an apparent height double that of the consecutive layers. This could be tested by
deposition of cobalt at lower temperatures than the 180 K done in [75] to look for a
2 A monolayer.

In this work, differential conductance spectra are taken in each point in the topog-
raphy in figure 3.4(a), and fitted with two Lorentzian functions in the range —700 to
—100 mV. A main feature located between —320 and —400 mV and a shoulder to this
feature around -500 mV. In the following, only the main feature will be mentioned
and the shoulder can be seen as stabilizing the fit of the main feature. Figures 3.4(b),
(¢c), and (d) show the amplitude, energy position and width of the main feature and
can be compared with the article in appendix D, figure 3 — peak A. It is clear that
for Co/Ag(111) the amplitude change is comparatively small, but the energy shift is
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Figure 3.5: 2D histogram of the energy position against the height extracted from figures 3.4(a) and

(c)-

much larger. To show this energy shift more clearly, figure 3.5 contains a 2D histogram
comparable to figure 4(a) in the article in appendix D. As mentioned in the article,
lower apparent height translates into stronger hybridization between the cobalt atoms
and the silver atoms and the situation here also complies with the d-band model [77]
used to describe the observations in the article in appendix D.

The large shift in energy and small change in amplitude of the Co/Ag(111) struc-
ture is interesting in comparison with the small shift in energy and large change in
amplitude of the Ag/Co/Cu(111) structure. Depending on whether the catalytic se-
lectivity is governed by the energy position of the d-related state or the presence of
additional DOS, the selectivity in the two cases could be very different. In [76] the
work is extended to show site-specific adsorption of FePc molecules in the Moiré pat-
tern of the 4 ML cobalt islands (3 ML in [76]) on Ag(111). In figure 3.6 the growth of
additional cobalt on the original Ag/Co/Cu(111) is shown. The Moiré pattern on the
island is visible and it can be observed that the additional cobalt grows in very small
islands and that they have all nucleated in the on-top region of the Moiré pattern.
This is the region with the largest amplitude of the d-related state.

These results show that both the energy position and the amplitude of the d-
related state can govern the catalytic properties. Selective adsorption has been shown
which indicates an electronic template effect that shapes the potential energy land-
scape of a metallic Moiré pattern. With two examples from Ag/Co/Cu(111) and
Co/Ag(111) it is suggested that this is a general effect for Moiré patterns which can
be utilized as a template to control and assemble patterned clusters and molecules.
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Figure 3.6: 40x40 nm topography (1.5 nA, 600 mV) of small cobalt clusters grown at RT on the
silver-capped cobalt islands on Cu(111). All Co clusters nucleated in the on-top region of the Moiré
pattern.



The Kondo Effect

4.1 Background

The resistance of a pure metal decreases with decreasing temperature due to suppres-
sion of lattice vibrations. But in the 1930s it was found that some metals showed an
increase in resistance below a certain temperature [78,79]. This is shown in figure 4.1
with the real data from [78], where the overall trend of decreasing resistance with
decreasing temperature is shown in the main panel and the inset shows a zoom-in
on the low-temperature part of the same curve. In the original article it is already
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Figure 4.1: The first data from 1934 showing resistance measurements as a function of temperature
in a Au wire with Tx = 3.70 K. This is a plot of the original data given in [78].

speculated that the increase in resistance might be related to impurities, but the au-
thors were not aware that the production process left magnetic impurities in their
sample. In 1964 Jun Kondo was the first to give an explanation of the effect [80]. Jun
Kondo showed that when the temperature is lowered in a metal with diluted magnetic
impurities, an additional scattering of the conducting electrons in the metal occur.
When the temperature is low enough, the magnetic atoms also act as impurities for
the spin-part of the electron, giving rise to spin-flip scattering.

The Kondo temperature 7% is defined as the resistance minimum, but in STM
the Kondo temperature Tk is defined as the energy scale (temperature regime) where
the Kondo results are valid. Jun Kondo showed that the resistivity R(T") should be

written as
bl )] , (4.1)

R(T) = Ry [1 + 2pJ log ('
ex — Er
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where Ry is the resistance when only including first order scattering processes (not
spin-related), p is the density of states at the Fermi level Eg, € is the energy of
the scattered electron, and kpT is Boltzmann’s constant times the temperature. J
is an exchange interaction between the s-state conduction electrons and the d or f
level impurity that causes the conduction electrons around the impurity to align with
the magnetic moment in the impurity. The sign of J determines the s-d (or s-f)
coupling. If J > 0 the spin of the conduction electrons will align parallel to the
spin of the magnetic impurity (ferromagnetic case) and if J < 0 the spins will align
antiparallel (antiferromagnetic case). Only in the antiferromagnetic case, the second
term in equation (4.1) yields a resistance increase with decreasing temperature and
this is the case that will be used throughout this thesis.

Jun Kondo’s model explains the resistance minimum, but the logarithmic term
will also make the resistance diverge to oo as T’ — 0, which is not correct. The work for
a correct theoretical description of the T' < Tj; regime is called the Kondo Problem
and was solved for the single impurity case by Wilson in 1975 [81] by introducing
renormalization group (RG) theory. It is worth noticing, that the Kondo effect is a
many-body phenomenon, where one magnetic impurity (in the bulk or on the surface)
causes many conduction electrons to screen the magnetic moment in an entangled
Kondo cloud, see figure 4.2(a). The net magnetic moment of the impurity and the
cloud is 0 when the screening is antiferromagnetic — this is called a spin singlet state.

4.2 The Kondo effect in STS

In 1998 the interest in Kondo systems was revived by the discovery of the Kondo effect
in a tunable quantum dot [19] and in STS [18,82]. In the decade that followed, single-
impurity Kondo systems quickly gained more interest and lately also the two-impurity
Kondo systems have been investigated [17,83].

The Kondo resonance has been shown to exist for Co atoms on different metallic
surfaces [16] and for different atoms on the same surface, such as e.g. Ti, Co, and Ni
on Au(111) [84]. Furthermore, the Kondo resonance has been detected in molecules
[13,85] and carbon nanotubes [86].

The Kondo effect can be measured in STS by placing the tip over an impurity on
or in the surface as shown in figure 4.2(a) and sweeping the bias in the low-energy
range. The impurity can be a single atom, a dimer, or a larger molecule, but must
contain a localized d- or f-level that hybridizes with the metallic substrate. In the
following, the d-level of Co on Au(111) will be used as an example.

With the local spin-density approximation it can be calculated [87] that the aver-
age impurity occupation number for Co on Au(111) is ng = 8.8 instead of the ng =7
expected from the electronic configuration [Ar]4s23d”. This increase is mainly due
to the sp-d hybridization between the bulk Au and the Co impurity, which shifts
the Co d-level downward and thereby increasing the occupation number. This leaves
only the last three, Z = 8,9,10, of the 11 possible charge states of the Co d-level,
Z =0,1,...,10, free. From Hund’s rule, these states can be determined within the
effective spin 1/2 Anderson impurity model as the empty (Z = 8, o = 1), the singly
(Z =9, 0 = +1/2), and the doubly (Z = 10, o = 0) occupied state without orbital
degeneracy.
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Figure 4.2: (a) Illustration of a single magnetic impurity on a metallic surface. Electrons from
the tip tunnel into the substrate surrounding the magnetic impurity and here the electrons spin-flip
scatter with the magnetic moment of the impurity, hereby creating the Kondo resonance. (b) Energy
diagram of a d-state impurity Kondo system.

It can be shown [87] that a 3d or 4f impurity with an effective spin higher than
S = 1/2 can be converted in to a single orbital impurity with S = 1/2, i.e. with 0,
1 or 2 electrons. This means that the impurity can be described by the Anderson
single-impurity model [88].

An Anderson single-impurity adsorbed on a metal surface will hybridize its local
3d or 4f state with the continuum in the bulk metal, leading to a broadening of A of
the state located eq below the Fermi level, as illustrated in figure 4.2(b). The state is
singly occupied and the energy cost due to Coulomb repulsion U of adding a second
electron is q + U, which will move the state above the Fermi level. The Kondo
resonance only occurs when the singly occupied state is below the Fermi level and the
doubly occupied state is above. Anderson showed [88] that local moment formation
only occurs when A ~ 27V?py < |eq],€4 + U as shown in figure 4.2(b). Here, V is
the hopping matrix element connecting the electrons of the Fermi sea to the localized
impurity level and pg is the DOS of the Fermi sea at the energy 4 [44]. The physical
meaning of this is that the d- or f-level has to be well separated and not overlap with
the Fermi level.

The interaction of the localized d-level with the substrate introduces a sharp
resonance-like peak pinned at the Fermi level. This Kondo peak is the many-body res-
onance and it arises from calculations beyond mean-field calculations such as Hartree-
Fock. The width of this feature is 2k, Tk and this can be detected in STS to determine
the Kondo temperature of an impurity.

When the STM tip is placed over a magnetic Kondo impurity as illustrated in
figure 4.2(a), electrons tunnel into the Fermi sea around the impurity. Earlier models
[89,90] suggested that a non-negligible amount of the electrons tunnel directly into the
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Kondo state located at the Fermi level (even at tunneling set points several A above
the atom). Due to experiments showing no line shape change when moving the tip
away from the impurity, this is neglected in most current models [87,91,92]. Instead,
the electrons can interact or resonate with the local impurity once they have entered
the substrate at the Fermi sea. This is illustrated by the blue arrow in figure 4.2(a)
and (b) as the interaction between the local impurity state at the Fermi level and the
continuum Fermi sea of the substrate.

Mathematically, a Kondo impurity is one special case which is well described by
the Fano formalism [93], in which the low-energy excitations arising from the spin
scattering at the local moment are described by the Fano line shape

(w+a)?
= 4.2
fw.q) = al S (12)
where a is the amplitude, ¢ is a line shape parameter and
Viias — Ei
— € bias 0 ) (43)
kpTk

where Ej is position of the resonance with respect to the Fermi level, which is slightly
offset from the Fermi level due to repulsion from the localized d-states at 4. Equa-
tion (4.2) is fitted to an STS spectrum of a Co atom on Au(111) in figure 4.3, where
all the relevant parameters are shown.
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Figure 4.3: STS data for a Co atom on Au(111) with the corresponding Fano line shape fit. Also
indicated are the parameters from equation (4.2) and (4.3).

The main thing one notices in the figure is that the resonance line shape (a dip)
does not follow the DOS shown close to the Fermi level in figure 4.2(b) (a peak). The
transport into the Kondo resonance at the Fermi level is governed by the Fano line
shape parameter ¢, which specifies the shape of the resonance as shown with examples
in figure 4.4. ¢ is the ratio of the real part to the imaginary part of the Green’s
function for the tunneling electron [87]. The Green’s function describes how electrons
propagate in the Fermi sea and interact with the localized magnetic moment to change
the ¢ parameter. This is more extensively reviewed by Plihal and Gadzuk [90], but
with mainly the same conclusions; the Fano line shape is governed by the electronic
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Figure 4.4: Examples of the Fano line shape parameter q. When ¢ approaches +o0o the Fano line
shape approaches a Lorentzian line shape. At £1 the line shape is asymmetric and at 0 a symmetric
dip.

structure at the surface of the substrate and the interaction with the Fermi level
localized impurity state.

To emphasize the effect of the substrate, the quantum mirage experiment should
be mentioned [94], where a Kondo resonance is observed in one empty focus point of an
elliptic quantum corral, when the other focus point contains a Kondo impurity. This
is explained in detail by Fiete and Heller [44] and shows how the Kondo resonance
can be mediated by the substrate surface state while completely separated from the
localized d-level state.

4.3 Magnetic influence on the Kondo effect

As shown in the previous section, electronic effects can change the Kondo resonance,
but also magnetic effects can have an influence. The influences from a magnetic
field, from an exchange field, and from another Kondo impurity are reviewed in the
following.
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4.3.1 Applied magnetic field

In a magnetic field, the unpaired localized impurity level will split up by an energy
€z = gupB, where g is the g-factor, up is the Bohr magneton, and B is the applied
field [95]. This causes the Kondo resonance at the Fermi level to split by the double
voltage Vipliy = £gupB/e = £0.12mV/T if g = 2 is taken as the free electron g-
factor. This was predicted theoretically [96] and shown in quantum dots [19, 95],
single atom or molecule transistors [97,98] and in STM [68,99] — all with an external
magnetic field. In a 15 T field the Kondo resonance will be split by 1.8 mV which
demands a good energy resolution, a low Kondo temperature and low temperatures in
general to measure. More recently, it has also been shown experimentally that another
embedded impurity affects the original Kondo system and a so-called two-impurity
Kondo system can also show a splitting of the resonance [99-102].

The splitting can be described [17] with the sum of two Fano line shapes as

€Vbias — J/
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aq2)7 (44)

where f(w, q) is the Fano line shape from equation (4.3) and the total splitting between
the two peaks is J = eVipiit.

4.3.2 Exchange interaction

Exchange interaction is a quantum mechanical effect and a consequence of exchange
symmetry between indistinguishable particles. Changing the label of two such par-
ticles infers that the wave function describing the two particles must be either un-
changed or inverted in sign. For anti-symmetric wave functions (fermions) this can
(due to the Pauli exclusion-principle) in some cases lead to ferromagnetism [103].

The exchange interaction can be split into several subgroups, such as direct ex-
change related to the direct overlap of atomic orbitals, indirect exchange polarizing
non-magnetic conduction electrons to transfer the exchange, superexchange between
next-nearest neighbour atoms and double-exchange between neighbouring atoms of
different species.

Normally, the exchange interaction is orders of magnitude stronger than the com-
peting dipole-dipole interactions between two ferromagnetic objects. For the case of
a Kondo impurity influenced by a ferromagnetic cobalt island it is therefore relevant
to focus on the exchange interactions.

This has been calculated with a Cu spacer layer on a monolayer high Co island
by Brovko et al. [104]. The calculations yield exchange coupling energies .J between
an island and an atom as a function of Cu monolayers and a reproduction of the
results shown in the article is given in figure 4.5. It is seen that the coupling energy
has an oscillatory decay with a maximum energy of -780 meV (ferromagnetic) for
the Co atom directly on the island and 40 meV (antiferromagnetic) for two layers of
Cu spacer. This would in principle result in the equivalent splitting of the Kondo
resonance of the single Co atom into £40 mV for the latter case. Experiments using
the exchange interaction will be shown in section 4.4.
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Figure 4.5: A cobalt atom placed either directly on a layer of cobalt or with an increasing number of
copper spacer layers in between. Calculations of the exchange interaction between the cobalt atom
and the cobalt layer yields ferromagnetic interaction, Jgyr, for no and 1 ML spacer and antiferro-
magnetic interaction, Japn, for 2 and 3 ML spacer. Reproduction of figure la+b in [104].

4.3.3 Two-impurity Kondo system

The two-impurity Kondo problem has been studied extensively theoretically [23,105,
106] and the general idea of two Kondo impurities with a varying distance has until
now only been implemented with two atoms on the surface [17,83]. Normally the dis-
tance between the two atoms is the variable parameter. Three regimes then dominate
the coupling of the two atoms depending on the exchange interaction strength J ver-
sus the single-impurity Kondo temperature; (i) if J > kpTx (J is large and positive)
the two atoms are coupled ferromagnetically with each other and form a spin triplet
state; (ii) if —J > k,Tk (J is large and negative) the interaction is antiferromagnetic
meaning that the magnetic moments of the two atoms couple antiferromagnetically
and form a spin singlet state; (iii) if k,Tx > |J| (J is small) the single impurity
Kondo temperature is the dominant energy scale, the single atoms interact weakly
and they are each screened by individual Kondo clouds (individual spin singlets).

In section 4.6 it will be shown how continuously varying the distance between
two Co atoms creates a controlled crossover between a Kondo compensated state and
an antiferromagnetically coupled state and how this unique possibility to traverse a
crossover in a two-impurity Kondo system between two quantum phases reversibly
with the STM tip could become an important tool for research in quantum phase
transitions.

4.4 Exchange interaction in Kondo impurities on
capped cobalt islands

As described in the Introduction in section 1.2, the initial onset for this PhD thesis
work were experiments done by Wahl, Diekhéner and colleagues [11-17] with indi-
vidual cobalt atoms in the vicinity of larger magnetic structures, such as magnetic
cobalt islands. Varying the distance between the Co atoms and the magnetic island
should be reflected in the Kondo resonance and thereby indicating the magnetic in-
teraction between the island and the atom [20]. Moving individual atoms on a surface
is limited by the facts that the atoms will stick to predefined lattice sites which limits
the freedom and the distance resolution of the measurement. When getting within
a few A of another atom or island, the atoms will hop to the other object making
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measurements in the sites in between impossible [107].

This problem was sought to be solved in the 3rd dimension by adding a non-
magnetic layer on top of a magnetic island, thereby creating magnetic isolation for
the cobalt atoms now evaporated on top of this sandwich structure, see figure 4.6 for
an illustration of the setup.

Figure 4.6: Model of the system in question.

The non-magnetic spacer layer can be one of several metals; we have tried Cu,
Ag, and Au. Since the Co islands grow pseudomorphic on Cu(111), adding additional
Cu will result in nucleation around the Co islands and eventually also pseudomorphic
growth on top of the Co islands!. With a single Co atom on top of 1 ML Cu spacer (on
a Co island), no Kondo resonance is detected, indicating that the spin-flip scattering
of the Kondo resonance is not energetically favourable and the moment of the Co
atom is fixed. When increasing the Cu spacer layer to 2 ML or more, the Kondo
resonance reappears as completely restored to that of a Co atom on clean Cu(111),
due to a very small exchange interaction to the underlying Co island. The calculations
by Brovko et al. [104] shown in section 4.3.2 did therefore not hold true for the bilayer
cobalt islands with a Cu spacer layer.

Due to the difference in lattice constants and electronic structure, different effects
could appear when adding 1 ML of Ag or Au as the non-magnetic spacer instead of
Cu. As shown in our article in appendix D, Ag forms a combination of a buckling
layer and a Moiré pattern where the apparent height is varied across the unit cell of
the Moiré and Au has similar properties as a capping layer. Atomic manipulation is
used to place Co atoms in the different lattice areas of the Moiré.

For the experiments, the Co islands are grown on Cu(111) and capped with Ag
or Au as it is also described in the article in appendix D. Single atoms are then
evaporated directly on the sample in the cryostat at temperatures around 15 K.

The spectra for Co atoms on the Ag Moiré are seen in figure 4.7 and the spectra for
Co atoms in the Au Moiré are seen in figure 4.8. First notice that the backgrounds

Lunpublished work by Diekhéner
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Figure 4.7: Kondo spectra, corresponding background spectra, and corresponding STM images (11
mV bias) of a Co atom on 1 ML of Ag on a bilayer Co island grown on Cu(111). The island edges
are not visible. The total fits to a sum of two Fano line shapes are shown as black curves, whereas
the individual Fano line shapes are shown as grey curves below the total fit with their individual Tk.
The spectra are normalized at -40 mV and displaced vertically for readability.
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Figure 4.8: Kondo spectra, corresponding background spectra, and corresponding STM images (20
mV bias) of a Co atom on 1 ML of Au on a bilayer Co island grown on Cu(111). The island edges
are not visible. The total fits are shown as black curves (single Fano line shapes for fcc/hcp/bridge
and the sum of two Fano line shapes for the on-top curve) and the individual Fano line shapes are
shown as grey curves below the total fit of the on-top curve. The spectra are normalized at -40 mV
and displaced vertically for readability.
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in all cases are not completely flat. This is due to the tail of the d-related states
described in our article in appendix D, which is mainly located below the Fermi
level. The slope of some of the Kondo spectra follow this background, but a general
background subtraction according to the method described in [66] does not improve
the readability of the spectra.

All spectra shown here for Ag are representative of several measurements made
with different tips and sample preparations which all have shown similar features. For
Au all spectra are taken within the same sample preparation and with the same tip.

The Kondo spectra of Co in the Ag Moiré all show additional features close to
the Fermi level. The clearest, undisturbed Kondo resonance is found for the Co atom
in the fcc region of the Moiré which is also the region with highest apparent height
in the model in figure 4.7, i.e. furthest away from the underlying Co island. Even in
this region, there is clearly a small feature just below the Fermi level at approx. -5
mV.
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Figure 4.9: Kondo spectrum from a cobalt atom in the fcc region of the silver Moiré identical to
lowest curve in figure 4.7 . A single Fano line shape is fitted to the data as an example.

If the spectrum in the fcc region is fitted with a single Fano line shape fit as shown
in figure 4.9 the Kondo temperature regardless of the fitting range is found to be ~106
K, which is slightly broader than the 92 K on Ag(111) [16,108]. More importantly it
is not possible to correctly fit the data with a single Fano line shape as can be seen
at the red arrows in the figure. This indicates that the Kondo resonance is affected
by its environment either by a broadening or a splitting.

If this is interpreted as a splitting of the Kondo resonance, the spectrum can be
fitted with the sum of two Fano line shapes from equation (4.4) and the difference
between the energy positions of the two line shapes in the fit will reveal the splitting
energy for the fcc case as AE = 17.0 mV as shown in figure 4.7.

When moving the Co atom to the hcp region, which is slightly lower in apparent
height, the splitting stays almost the same at AE = 16.8 mV, which indicates that
the difference for the Co atom in these two sites is negligible. On the other hand,
with the Co atom in the on-top region, it is noticed that the entire feature is moved
down in energy, so the center passes below the Fermi level. The splitting is even more
visible in this situation, where the two Kondo features are almost non-overlapping.
Surprisingly, the splitting from the fit is only AE = 13.6 mV which is however within
the range of the hep/fec region. This would indicate that the observed difference in
the spectra is mainly an electronic effect that does not depend on height difference
due to the buckling, or simply that the actual buckling of the Ag atoms is negligible
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Ag [A] | Au [A]
empty on-top 2.47 2.00
Co on-top 2.86 2.73

Co bridge X 3.19
Co hep 3.28 3.28
Co fcc 3.34 3.36

Table 4.1: Apparent height measured with respect to the underlying Co island in the apparently
lowest region of the Moiré pattern (empty on-top) and the top of a Co atom in the given region. All
values are in A and measured on STM images taken with low bias of 11 and 20 mV for Ag and Au
respectively.

compared to the electronic variations of the Moiré (a large change in height for the
different regions is equal to a change in distance between the atom and the island
and this would result in a noticeable change in the exchange interaction and the
accompanying splitting — this is not seen).

From the theory (equation (4.4)) the splitting is expected to be symmetric in
energy, but the energy offset is not known and can vary in different positions. Sym-
metric amplitudes could also be expected (a1 = as in equation (4.4)), but probably
due to an uneven background this symmetry cannot be observed.

The Kondo temperatures of the individual Fano fits shown in the figure are slightly
lower because the resonances are still overlapping instead of being completely sepa-
rated. Only the on-top resonance at 38 K is too low and might indicate that the fit
does not describe the physics well enough.

The spectra for the fcc and hep regions in the Au Moiré in figure 4.8 do not show
the same split feature as in the Ag Moiré. The Kondo temperature for the fcc and
hep spectra on Au are 78 and 80 K, respectively when the normal Fano line shapes
are fitted in the bias range +30 mV, which indicates normal, unaffected behaviour
of the Co atoms reported to be 75 K [18]. The split feature does however reappear
in the on-top site of the Au spacer layer with a splitting of AEF = 15.4 mV. This is
almost the same splitting as for Ag and a somewhat similar behaviour to the Ag on-
top region, in the sense that the two individual features are almost non-overlapping
and the resonance above the Fermi level is stronger than the resonance below.

For Au, the Co atom has also been positioned in the bridge site between fcc and
hep. Here it is impossible to identify two resonance dips, but instead the spectrum
shows one broader resonance peak. This could be interpreted as a Kondo resonance
split by the exchange field to the Co island below, similar to the situation found
in [17,99] and as shown later in section 4.6 Here the Kondo temperature extracted
with a single Fano line shape fit is 119 K.

The apparent height of the Co atoms above the Co island is shown in table 4.1
measured at 20 mV for the gold and 11 mV for the silver Moiré. All apparent heights
are given with respect to the top of the Co island, which is 3.9 A above the Cu(111)
surface. The first row shows the apparent height of the Moiré pattern measured
from the top of the underlying Co island to the empty on-top region. The following
apparent heights are from the top point of a Co atom placed in the relevant region,
again with respect to the Co island. It is found that although the Ag Moiré pattern
appears 0.47 A higher than the Au, the atoms are positioned in almost identical
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distances above the Co island. This also leads to the conclusion that there is a small
buckling effect from the reconstruction, but a much larger electronic effect from the
Moiré pattern. The Co atoms change height due to the small buckling, but the
electronic structure can furthermore influence the Kondo resonance.

In conclusion, a splitting of ~15 mV is well within the range of the model pro-
posed in [104] where a cobalt atom on two MLs of copper capping on Co/Cu(111) is
calculated to give a maximum of 20 mV splitting, but the model is in no way adapted
to this special case with Ag or Au as the spacer layer. To find the expected splitting
in this case, the calculations from [104] would need to be repeated for these specific
materials, which have not yet been done.

Being able to control the magnetic coupling of single atoms to a buried magnetic
layer through the exchange interaction could be an essential tool in building future
storage or spintronic devices based on single atoms. Here it is shown that it is possible
to change the Kondo resonance of such atoms by only slightly changing the distance
or electronic structure of the non-magnetic spacer layer between the magnetic layer
and the magnetic atom.

To understand the spectra better in both the Ag and the Au case, it would
be interesting to use the combination of density functional theory and RG theory
proposed by Tosatti et al. [91] to model the STS spectra. This could give a better
understanding of the separate effects of the electronic structure of the Moiré pattern
and the magnetic exchange interaction induced by the Co island below.

Experimentally, the spacer layer could be increased to several MLs which have a
similar Moiré pattern, but at double the distance to the buried cobalt island. This
would give an indication whether the effect is related to the exchange interaction
between the island and the atom. This will be a topic of further work in the future.

4.5 Phase transitions

4.5.1 Classical phase transitions

An important field within thermodynamics is the phase of matter and the changes
between the different phases, the so-called phase transitions. Different phases of a
material are characterized by the same atoms having a different structure or compo-
sition. This can be in the form of the solid/liquid/gas phases, but it can also be a
ferromagnetic or superconducting phase, which can be caused by different electron
binding, different distances between atoms, different crystal structure, etc. A phase
transition can be driven by e.g. a change in temperature or pressure.

There are mainly two types of phase transitions. The first-order phase transition
which include the addition or removal of a fixed amount of energy to or from the
system. This process is characterized by the fact that the temperature stays constant
while the energy is converted to or from latent heat. It is named a first-order phase
transition in the Ehrenfest classification scheme [109] because the lowest derivative of
the free energy with a thermodynamic variable that is discontinuous in the transition
is the first. For solid/liquid/gas transitions the first derivative of the free energy with
respect to the chemical potential is the density.

The second type of phase transition discussed here is the continuous phase tran-
sition which is, as the name suggest, continuous in the first derivative of the free
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energy. In e.g. the paramagnetic/ferromagnetic phase transition the first derivative
of the free energy with respect to the applied magnetic field is the magnetization which
is continuous when the temperature is lowered below the Curie temperature. Instead,
the magnetic susceptibility (the second derivative of the free energy with respect to
the applied magnetic field) is discontinuous; therefore, the transition is also called a
second-order phase transition in the Ehrenfest classification scheme. Other examples
of continuous phase transitions include the transition into the superconducting and
the superfluid phase.

4.5.2 Quantum phase transitions

The classical phase transitions described above are driven by thermal fluctuations
[110], but at the very bottom of the phase diagram at 7' = 0 K there are no thermal
fluctuations and the system can therefore not undergo classical phase transitions.
Instead, while changing another physical parameter such as pressure or magnetic
field (not temperature), a quantum phase transition can be induced by the quantum
fluctuations in the system. The point in a phase diagram where the phase transition
line meets T' = 0 K is called a quantum critical point (QCP) [111,112]. Tt is of course
impossible to put a material into this point at 7' = 0 K because of temperature, but
the consequences and properties of the QCP extends upwards in the phase diagram
away from absolute zero temperature. A quote from the introduction of the Science
article by Rost et al. [113] highlights the importance of the topic:

“ Low-temperature phase transitions and the associated quantum critical
points are a major field of research, but one in which experimental in-
formation about thermodynamics is sparse. ... Quantum critical points
(QCPs) are continuous phase transitions at zero temperature, where quan-
tum mechanical zero point fluctuations play the role assumed by thermal
fluctuations in the classical case [110]. Their importance is not only aca-
demic because large portions of the low-temperature phase diagram can be
affected by their presence, and the production of QCPs and the formation
of new quantum phases in their vicinity has become a central theme of
modern condensed matter physics.”

In STM/S the electrons contributing to the transport are confined to the small ”chan-
nel” that constitutes the tunneling junction. This channel of electrons has to be con-
sidered representative for the electron transport on a larger scale. In the following
section, it is shown how electron current can be drawn through two Co atoms, one
on the surface of a Au(111) crystal and one on the Au-coated tip. By approaching
tip to the surface we vary the distance between the two atoms and thereby simulate
a pressure variation in a bulk crystal. The consequence is that the system of the two
Co atoms can be tuned through a crossover from a regime where the individual atoms
are Kondo screened to a regime where the two atoms couple antiferromagnetically.
A crossover means that the two phases coexist as a superposition in the crossover
regime.
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4.6 Tuning a cobalt dimer between Kondo screen-
ing and local moment antiferromagnetism

4.6.1 Background

Correlated electron materials with their often puzzling properties and complicated
phase diagrams [22] attract substantial interest both from fundamental research in
trying to understand their properties and due to the hope connected to exploiting
them for applications. The phase diagrams of heavy fermion compounds exhibiting
typically a number of phases connected to different magnetic properties as a function
of temperature and pressure. It had been recognized early that the balance between
the formation of local magnetic moments and their quenching due to screening by
conduction band electrons plays a key role in the behaviour of these materials. Basic
features of the phase diagrams of heavy fermion compounds can be understood by con-
sidering the coupling J of neighbouring spins in a 1D chain of magnetic atoms to the
conduction electrons [114]. A description of real materials however has still remained
a formidable task because of the importance of electronic correlations whose theoret-
ical treatment is highly non-trivial. This is why it is important to investigate model
systems with a small number of well-controlled parameters which can be compared
directly to theoretical predictions. A simple model system is the two-impurity Kondo
problem, which can be driven between antiferromagnetism and Kondo screening by
tuning the coupling between the two impurities [115].
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Figure 4.10: (a) Phase diagram of the two-impurity Kondo model showing the relevant energy scales
(in units of the Kondo temperature TI% with no interaction) and the phases: Kondo screening — the
single impurity Kondo screening dominating and the Kondo temperature Txk is the characteristic
energy scale; Antiferromagnetic behaviour — local moment antiferromagnetism dominated by the
magnetic coupling between the two spins, the dashed line indicates the expected behaviour of the Néel
temperature Ty of the two impurities; inbetween these two phases is a Crossover. (b) Illustration of
the measurement setup with one cobalt atom on the STM tip and one on the surface. By changing the
distance between the atoms, a crossover between two phases appears where the dominant coupling
is changed from Kondo screening due to hybridization Vs between the cobalt atoms and their
respective electrodes to antiferromagnetic coupling J between the two cobalt atoms. The additional
coupling A between the conduction electron baths suppresses the quantum critical point, resulting
in a crossover between the two phases.

The two-impurity Kondo problem has been investigated theoretically for two cou-
pled quantum dots [116] and soon after also experimentally [117,118]. The basic phase
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diagram for the two-impurity Kondo problem is shown in figure 4.10(a). For weak
coupling J between the two impurities, the each spin is forming a Kondo system with
its respective bath, while for strong coupling J, the spins become locked in an an-
tiferromagnetic singlet. If the coupling A between the electron baths (electrodes) is
negligible, a quantum phase transition will separate the two ground states, otherwise
a crossover occurs. FExperiments on quantum dots were only performed in the limit
of strong and weak coupling between the impurities, but not in the regime where the
two couplings compete.

In studies of magnetic adatoms on metal surfaces, a realization of the two-impurity
Kondo problem has been attempted by putting two magnetic atoms next to each
other, however as the interatomic separations are limited to the substrate lattice,
the coupling can only be set to discrete values [17,107]. Only recently it has been
proposed that a model system for the two-impurity Kondo problem could consist of
two magnetic atoms, one attached to the tip of an STM and the other sitting on a
metal surface [119]. By positioning the tip including the magnetic atom on top of
another magnetic atom on the surface and varying its height above the surface, the
coupling can be tuned continuously and equally important the distance can be fixed
at some arbitrary point which would not be possible with manipulation of atoms on
the surface. An illustration of this with the relevant coupling terms can be seen in
figure 4.10(b).

As shown in section 2.5 we have been able to do STM/S experiments with a
Kondo compensated state on the Au coated STM tip. We have done measurements
on clean surfaces, on cobalt islands on Cu(111) and Au(111), but the most prominent
results so far have been with the simpler two-impurity Kondo problem of the distance
dependence of two cobalt atoms. Fine tuning of the coupling between the two spins
is accomplished by adjusting the tip-sample distance, allowing to drive the system
under consideration — a cobalt dimer — continuously from Kondo behaviour to local
moment antiferromagnetic coupling.

A relevant difference from previous measurements is that when the two atoms are
on the surface, a large part of the coupling between the molecules is indirect exchange
interaction (RKKY) through the substrate, whereas when the atoms are clamped
between the substrate and the tip, the RKKY interaction is drastically reduced. As
a consequence, the two cobalt atoms have to be moved much closer together than on
the surface to see a comparable effect. An illustration of the coupling regimes for the
exchange interaction in this situation is shown in figure 4.11.

4.6.2 Measurement procedure for spectroscopy

The STS spectra shown in the following are acquired two at a time unless otherwise
noted. First, the tip is approached by a predefined distance d and after a few seconds
of pause to get clear of piezo creep, the first spectrum is acquired. After another
few seconds of pause to assess the resulting drift during acquisition of the spectrum,
the tip is approached by a small distance Ad to the next position and a repeated
pause/acquisition/pause sequence is performed before the tip is returned to tunneling
conditions. A topography scan is then performed to confirm that the Co atoms (on
the surface and on the tip) are at the same positions as before the spectrum. If this
is not the case, the experiment is stopped. If they are in the same positions, the next
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Figure 4.11: Schematic plot of the coupling J as a function of distance between the two cobalt atoms.
When the interaction is small, the Kondo regime is dominating. When the interaction is larger, either
antiferromagnetic or ferromagnetic coupling will occur between the atoms. The transition can be a
quantum phase transition or a crossover. Ferromagnetic coupling is not seen in our experiment.

two spectra are acquired. This ensures reversibility and reproducibility of the entire
process, we can go in and out of contact and obtain the features repeatedly.

There is a considerable amount of vertical piezo creep when approaching the tip to
the surface by more than 3 A (compared to the picometer precision of the experiment).
The uncertainty resulting from the creep is avoided by measuring the current during
the pauses before and after acquisition of the spectra. The stable current just before
acquisition of each spectrum is used as a measure for the vertical position of the tip
by converting the current to tip-sample distance through a measured approach curve
as shown in figure 4.13(a). Close to point contact, the conductance trace becomes
unstable due to mechanical instabilities and due to the large slope the conductance
has close to contact as a function of distance making measurements in this regime
extremely sensitive to external perturbations. In point contact, the conductance trace
becomes stable again.

4.6.3 The experiments

The sample is prepared as described in section 2.5 and the single cobalt adatoms on
the Au(111) surface (figure 4.12(a)), can be identified by their characteristic Kondo
resonance [18] (figure 4.12(e)). The atom is transferred to the tip by applying a voltage
pulse between tip and sample (figure 4.12(b)). After application of a successful voltage
pulse the cobalt atom cannot be found any more on the sample surface (figure 4.12(c))
in close vicinity of its original position. In some cases, after the atom has been removed
from the sample surface, the tip exhibits a resonance with very similar shape and width
compared to the cobalt atom on the sample surface (figure 4.12(f)). In these cases, the
atom stays attached to the apex of the STM tip and the spin of the cobalt atom forms
a Kondo system with the conduction electrons of the tip. Not each pick-up results in
a tip exhibiting a resonance as that shown in figure 4.12(f). Sometimes, no resonance
appears or the resonance has a different shape and amplitude, presumably depending
on the specific adsorption site of the cobalt atom on the tip. For the results shown
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Figure 4.12: (a) Au(111) surface with three cobalt adatoms taken with a featureless tip (d) when
measuring spectra on the Au(111) surface. The Co atoms show the well known Kondo resonance
(e). By applying a voltage pulse (b), one of the cobalt adatoms in (a) is being picked up, placed at
the tip and the Co atom is not seen in (c). The tunneling spectrum of the clean surface taken with
an STM tip with a cobalt atom attached to it now shows a Kondo resonance (f), which is enhanced
when moving the tip over another Co atom (g).

here, only experiments where the spectrum of the tip after pick-up closely resembled
that of a cobalt atom on the surface are considered. This indicates that the atom
has a similar environment as on the surface and a significant portion of the tunneling
current is affected by the cobalt atom.

With the cobalt atom attached to the STM tip, the tip is positioned on top of
a second cobalt atom (figure 4.12(g)). For a number of tip-sample distances, we
have recorded tunneling or (in point contact) transport curves. The two regimes, the
tunneling and the point contact regime, in which we have acquired I/V-spectra are
shown in figure 4.13(a). In the tunneling regime the current increases exponentially
when approaching the tip to the surface. The point contact regime is reached when the
slope of the current trace reaches a plateau, only changing comparatively little upon
further moving the tip towards the sample. Reversible formation of point contacts to
single atoms on a metal surface with conductances up to one conductance quantum
has been shown previously both for non-magnetic [120] and magnetic atoms [121,122].

Spectra acquired in the tunneling regime more than 2 A away from point contact
(see the identical spectra in figure 4.12(g) and in the top of figure 4.13(b)) show
a similar resonance as is found with a single cobalt atom in the junction (compare
with figures 4.12(e) and (f)). Shape and width of the feature change only little as
long as the tip-sample distance stays comparatively large (Z > 2 A). Once the two
atoms are moved within 2 A of point contact the width of the resonance decreases, as
it can be seen by fitting Fano functions to the measured differential conductance in
figure 4.13(b). The width of the resonance (equal to 2k, Tk ) is shown in figure 4.14(a)).
The reduction of the width amounts to 30%. In a continuation of the spectra below
figure 4.13(b), after the transition to the point contact regime the picture changes
dramatically. These spectra can be seen in figure 4.13(c). The resonance persists, but
changes into a peak-like resonance in the differential conductance. The peak initially
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Figure 4.13: (a) Approaching a cobalt atom on the surface with a cobalt atom on the tip, shown
is the conductance as a function of tip-sample distance at fixed bias voltage (Vpiqs = 40 mV), the
transition from tunneling regime (blue) to point contact regime (green) can be clearly seen. (b)
Spectra as a function of tip-sample distance (vertical axis) in the tunneling regime, (c) spectra as a
function of tip-sample distance in the point contact regime. After the closest spectrum, we lost the
tip atom. The data set shown has been obtained with one tip.

has a similar width as the dip. On pushing the tip further in the peak splits into two
resonances at symmetric positions with respect to the Fermi energy.

Reference measurements with only one cobalt atom between the tip and the sur-
face show no reduction of the width of the Kondo resonance, no change in the lineshape
from dip to peak and no splitting of the resonance. Thus these effects must be related
to the presence of two Kondo impurities in the tunneling junction.

For a quantitative analysis of the splitting, we have fitted the spectra with the
sum of two Fano lineshapes shown in equation (4.4). The dependence of the splitting
on the distance between the tip and the sample is plotted in figure 4.14(b). The
splitting increases with decreasing tip-sample distance in an almost linear fashion.

4.6.4 Discussion

Thus we can identify of the cobalt dimer two clearly distinguishable phases as depicted
in figure 4.10(a). Far out in the tunneling regime, the two cobalt atoms behave as
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Figure 4.14: (a) Width of the resonances seen in figure 4.13(b) as a function of tip-sample distance
where circles and triangles indicates measurements done at different sample preparations. (b) Split-
ting of the peaks seen in figure 4.13(c) as a function of tip-sample distance. The red line has been
obtained from numerical RG calculations, with the assumption z ~ log A.

two weakly interacting Kondo impurities, each of which has its own Kondo resonance.
The tunneling spectrum is composed of a superposition of the two resonances. While
approaching the two atoms towards each other, the interaction grows stronger. The
first indication of the interaction is a change in the overall width of the resonance
and a change in its line shape, seen as a transition from a dip to a peak. Because the
Kondo resonances of the two impurities are superimposed in the spectra, we cannot
uniquely determine whether the reduction in width is due to the growing interaction,
as e.g. discussed with the pertubative RG theory in [123] for the heavy fermion
compound CeCug_xAu, or whether it is only a secondary effect due to the change
in line shape. It can be shown that the latter can lead to an apparent reduction of
the width of the overall resonance at the transition of the line shape of the single
impurity Fano resonances from a dip to a peak. This is confirmed by numerical RG
calculations made specifically for this setup by L. Borda and P. Simon (not shown).
These calculations show no change in the Kondo temperature in the entire Kondo
regime. The Kondo resonance, which is governed by the hybridization V;; between
the cobalt atoms and their electrodes as shown in figure 4.10(b) is unchanged when
the coupling between the cobalt atoms is increased. Instead, the increased cobalt-
cobalt coupling changes the tunneling path from tunneling between the s-level Fermi
seas of the tip and the sample (dip) to tunneling directly between the localized Kondo
state of the cobalt atoms at the Fermi level (peak). This is an interesting result in
itself, since this gives direct real-space access to probe the d-orbital.

The exact transition where the differential conductance spectra changes from an
overall dip to an overall peak can occur in the tunneling regime or in the point contact
regime, depending on the specific configuration of the Co atoms from experiment to
experiment. There seems to be no strict correlation between the position of point
contact and the position of this transition, however the transition appears close to
point contact.

What follows when the tip is pushed further towards the substrate is that the
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magnetic interaction directly between the atoms can compete in magnitude with
the Kondo screening. The atoms undergo a crossover from a ground state (phase)
dominated by individually Kondo screened atoms to an antiferromagnetic ground
state between the two atoms locked together with opposite magnetic moments. This
is shown by theory [124] to be a continuous crossover instead of a sharply defined
transition due to the lack of particle-hole symmetry and large electronic coupling
between the tip and the sample in the two-impurity Kondo system?.

In this regime the resonance becomes split by the exchange interaction, and upon
further reducing the tip-sample distance, the separation between the two peaks in-
creases. The local moments of the two cobalt atoms are locked into a singlet and the
spectra exhibit a splitting of the inelastic spin-excitations as a function of tip-sample
distance. This splitting is similar to the splitting of the Kondo resonance seen in
magnetic field in quantum dots [19,95] or for magnetic atoms [125] — in our case, the
splitting can be thought of as being due to the effective magnetic field felt by one
atom due to the presence of the other [99].

The residual peak which we observe in the antiferromagnetic regime can be under-
stood as being due to the finite spin lifetime: Though it is still short due to scattering
with the conduction band electrons, the antiferromagnetic interaction prohibits sin-
glet formation of the impurity spins with the conduction band electrons.

Numerical RG calculations also correctly predicts the transition from the Kondo
regime to the antiferromagnetic regime and the splitting seen. The resulting theoret-
ical splitting is plotted as the brown line in figure 4.14(b).

4.6.5 Additional data

To show the general aspects of the data and a wider splitting, another dataset is
shown here, where the overall transition from dip to peak is slightly displaced in z-
distance compared to the results shown up to now. This illustrates the point that this
transition is independent from the transition to point contact. The entire amount of
spectra are shown in the 2D coloured plot in figure 4.15(a) and selected spectra close
to the transition from dip to peak and further into the antiferromagnetic split peak
regime is shown in figure 4.15(b). Notice the effect close to point contact (z ~ 0 pm
in figure 4.15(b)), that the noise increase due to the proximity of the two Co atoms
to each other and a large slope of the current. Several curves (only a few shown)
prove that the transition from dip to peak is not related to the point contact since
the transition here happens in the tunneling regime.

The splitting as a function of tip-sample distance in the antiferromagnetic regime
is shown in figure 4.15(c) and is in this dataset larger due to a more stable configu-
ration of Co atoms on the tip and sample. The splitting is maximum 42 mV when
the tip is pushed furthest in (before losing the Co atom on the tip). This dataset
illustrate the fact that the coordination of the cobalt atoms in the experiment is of
vital importance to the distance offset of the two atoms. It is not possible to compare
the splitting in this dataset directly with the splitting shown in figure 4.13 and 4.14
due to the fact that the splitting occurs already in the tunneling regime and the cur-

2An abrupt quantum phase transition could be found in a Kondo lattice or Kondo necklace
problem, as well as in a two-impurity Kondo system that is structured in a way that particle-hole
symmetry is conserved and the coupling between tip and sample is lowered.
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Figure 4.15: (a) Spectra as a function of tip-sample distance (vertical axis) in the tunneling regime
at positive distances. Closely before contact (distance = 0 A), yellow-coloured spectra indicate the
transition from a dip to a peak and the subsequent splitting. (b) Differential conductance curves as
a function of tip-sample distance shown on the right. Two examples are shown where the splitting
is fitted with the sum (black) of two Fano line shapes (grey). The blue curves are from tunneling
and the green curves are from point contact. (c) Value of the splitting of the two features seen in (b)
fitted with the sum of two Fano line shapes showing a roughly linear increase in the splitting as a
function of tip-sample distance. More curves are used for the fitting here than are shown in (b). The
scattering seen in the data is mainly due to the current before the spectrum acquisition not being
stable enough to sort the data better on the z-scale. This figure can be compared with figure 4.13
and 4.14(b).
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rent and z-scale do not match the data in the article. Instead the dataset shown here
underlines the generality of the physical effect independent of changes in the cobalt
coordination.

We believe that the generality of the methods described here can be expanded to
investigate many other systems. First of all, investigating other two-impurity Kondo
problems would broaden the understanding of this phenomenon and it remains to be
seen if the entire procedure of achieving a Kondo resonance at the gold-coated tip
apex with e.g. Ce is possible. Varying the temperature might also give an indication
of the shape of the phase diagram and the extent of the crossover region.

So far experiments trying to approach a Kondo system to a magnetic cobalt island
on Cu(111) have not been successful. No reduction in width or splitting of the Kondo
resonance has been seen before reaching point contact, where the cobalt atom is lost.
This somewhat surprising result could be explained by the fact that the effect is only
seen when two Kondo-impurities changes line shape at the same time. This further
strengthens the interpretation that the Kondo temperature stays constant throughout
the approach.

4.6.6 Reference experiments

As reference we have acquired spectra taken with a gold atom on the tip (clean tip
softly indented in the Au(111) surface) on top of a gold atom on the surface shown
in figure 4.16(a) and on top of a cobalt atom on the surface shown in figure 4.16(b)
to have measurements where both or one of the cobalt atoms were exchanged with
gold.

The spectra acquired on top of a gold atom on the surface do not reveal any
significant changes in the spectroscopic features on approaching the tip from tunneling
to point contact. Especially, the features seen in tunneling do not change their position
nor their width in a systematic way.

In case of a cobalt adatom, the Kondo resonance can be seen until the tip jumps
into point contact, where the resonance disappears and is replaced with a broad
feature that is constant as a function of tip-sample distance (two lowest green curves
in figure 4.16(b)). The Kondo temperature increases slightly by ~17 K from the
tunneling setpoint until the tip jumps to contact. The behaviour is somewhat different
compared to what have been found for cobalt atoms on Ag or Cu single crystals
[121,122]. These experiments have shown the modification of the Kondo resonance of
the cobalt atom by the presence of the tip as well as due to the influence of relaxations
of the tip-adatom-surface geometry.
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Figure 4.16: Transport measurements with a clean tip (presumably with a gold atom at the apex
of the tip) while approaching (a) a gold atom on the surface and (b) a single cobalt adatom on
the Au(111) surface. Blue is tunneling and green is point contact. (c¢) The Kondo temperature
corresponding to the resonances in (b) in tunneling. The spectra in (b) are only 1 out of every 10th
spectrum taken and used in (c). Spectra in (a) have been acquired one at a time, those shown in (b)
in one sequence.



Conclusion and Outlook

The primary focus of this thesis is the control and characterization of the magnetic
properties of single cobalt atoms through coupling to another cobalt atom or through
the presence of metallic/magnetic heterostructures. This focus has been explored
through capping of magnetic cobalt nanoislands on Cu(111) with a non-magnetic
spacer layer and the electronic properties have been investigated before the magnetic
interaction with single cobalt atoms on top was studied. Ultimately it has been shown
how the phase of a two-impurity Kondo system can be tuned continuously from Kondo
screening to antiferromagnetic coupling by simply changing the distance between the
two atoms.

Initially, the nucleation and growth of a silver adlayer on cobalt nanoislands on
the Cu(111) surface has been investigated with STM and LEED. This shows that the
silver prefers to nucleate on top of the bilayer high cobalt islands at low silver coverage.
The cobalt islands are furthermore either completely empty or almost completely filled
with silver. This shows that the silver can traverse the 2 ML high step edge up to
the cobalt islands and there coalesce with other silver molecules to nucleate.

The same structure is then investigated with ARPES measurements and it is
confirmed that the silver and cobalt does not alloy when grown at RT. A surface
state on the silver adlayer is found at 0.2 eV below the Fermi level.

To further clarify the electronic structure of the Moiré pattern formed between the
silver and the cobalt islands, it has been investigated by spectroscopic mapping in a 6
K STM. The d-related state from the buried cobalt island is found to be visible through
the silver capping layer with an overall shift from -0.31 eV to -0.19 eV. Apart from
the overall shift, the Moiré pattern of the silver capping layer is found to modulate
the energy position, the amplitude and the width of the state. The modulation
has been related to the d-band model for sp-d—hybridization and the connections to
catalytic and magnetic properties are shown. Other material combinations yielding
a Moiré pattern were investigated and the largest shift in energy position was found
for Co/Ag(111) while the largest shift in intensity of the state was found in the case
of Ag/Co/Cu(111). Tt is believed that Moiré patterns in general have the ability to
shape the potential energy landscape of a surface and thereby act as a template for
assembly of molecules or magnetically/catalytically active clusters.

The structure with a capping layer of silver or gold on the cobalt nanoislands on
Cu(111) has then been used influence the Kondo resonance of single cobalt atoms
placed in the different regions of the Moiré pattern measured with STS. Signatures of
a split Kondo resonance possibly due to the exchange interaction between the buried
cobalt islands and the single cobalt atom has been shown and analyzed. The splitting
is ~15 mV in the regions where it is visible, but the line shape varies drastically
within the Moiré pattern. The measurements clearly show that the Kondo resonance
can be manipulated by exchange coupling to an underlying magnetic layer. This is a
small step towards understanding how information can be stored in single magnetic
atoms by controlling their magnetic properties.

A novel method for changing the tip of the STM into a Kondo system has been
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presented. The procedure consists of coating the tip with gold, either by soft indenta-
tion into a gold crystal or by controlled pickup of large flakes of gold from the surface.
The pickup of single atoms with the gold-coated tip follows a standard procedure and
places the cobalt atom at the very apex of the tip forming a freely positionable Kondo
resonance with the tip.

In a first proof-of-concept, this has been used to create a two-impurity Kondo sys-
tem with a cobalt atom on a Au(111) crystal. The distance between the two cobalt
atoms can be continuously changed from tunneling to point contact, effectively form-
ing a cobalt dimer. Supported by numerical RG calculations, the Kondo temperature
is believed to be constant in the Kondo screened regime although a decrease in the
effective width of the resonance is observed. Instead the Fano line shape parameter
q is found to increase from close to zero (dip-like Fano line shape) to large values
(peak-like Fano line shape). This is interpreted as a change in the tunneling path
from tunneling between the tip/substrate Fermi seas to tunneling directly between
the locally induced d-symmetric state of the cobalt atoms at the Fermi level.

The two-impurity Kondo system offers a direct way of probing magnetic inter-
action between single atoms. When pushing the atoms further together it is shown
how the cobalt atoms change their ground state configuration from two individually
Kondo screened singlets into a common antiferromagnetically coupled singlet. In this
antiferromagnetic regime, inelastic spin-flip excitations are found to split as a function
of interaction between the two atoms. The signatures of this crossover are measured
in the differential conductance spectra and supported by theoretical calculations. The
results are the first of their kind by STM and it is believed that the discovery of a
freely positionable Kondo system formed at the apex of an STM tip can have a large
impact on the research within magnetic interaction on the nanoscale.

4.7 Outlook

Being able to modulate the catalytic and magnetic properties of a substrate by adding
a metallic Moiré pattern opens up for further experiments where additional metals
or molecules are deposited onto the structure. Theoretical calculations combined
with experiments of additional magnetic and non-magnetic materials could separate
purely catalytic effects from magnetic effects. This can also be related to the splitting
of single cobalt atoms placed in the Moiré pattern shown in section 4.4, where the
magnetic exchange interaction should be separated from electronic properties of the
Moiré pattern. Increasing the number of non-magnetic spacer MLs would also give
an indication on whether the observed effect is electronically or magnetically related.

A Moiré modulated potential energy landscape can pave the way for forming
self-assembled structures of material that would otherwise not self-assemble on an
unstructured surface. This can be used for small storage clusters/molecules which are
magnetically coupled to a buried layer and stable without contact to the neighbouring
clusters/molecules. Ultimately, information would be stored in single atoms which
are also investigated in this thesis. First attempts to change the magnetic coupling
mechanism between two atoms or an atom and an island show great prospects. A
better understanding of this phenomenon could be achieved by changing the atoms
from cobalt to another atom with a lower Kondo temperature. This will result in
a lower characteristic energy for the Kondo system and thereby an easier perturbed
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system. For the tunable dimer a lower Kondo temperature will make the crossover
appear at an earlier position with the atoms further apart than for the cobalt dimer.

Changing the measurement temperature might also reveal more details leading to
a phase diagram for the cobalt dimer. A variable low-temperature experiment could
shed light on the extent of the crossover region and how far it extends upwards in the
phase diagram.

The method of a tip Kondo system is also envisioned to probe magnetic interaction
with molecules containing a magnetic center or magnetic islands, but experiments
with the latter have so far been unsuccessful. Possibly, an atom with a lower Kondo
temperature is needed in order to move the interesting transition region out into the
tunneling regime. Alternatively, an externally applied magnetic field could give more
information on the magnetic nature of the systems.

As mentioned earlier, the methods presented here could have a substantial impact
on the heavy fermion material research, in which Kondo necklaces and lattices play
an essential role. The possibility to freely tune the interaction strength is a promising
tool within Kondo physics and magnetic interaction in general. We hope it can con-
tribute to shed new light on the properties of the low-temperature phase diagrams for
heavy fermion compounds and how single atom impurities can be influenced through
magnetic interaction.
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Dansk resumé

Denne afhandling omhandler grundforskning in-

denfor elektronisk og magnetisk vekselvirkning Nggleord: Ultrahgjt vakuum,
pa nanoskala. Fra sma metalliske og magnetiske Skannende tunnel mikroskopi,
ger og lag til enkelte atomer pa overflader. Mag- Metalliske heterostrukturer, Moiré
netisk interaktion undersgges gennem de spek- mgnster, Splittet Kondoresonans,
troskopiske muligheder ved et skannende tun- Guld-coatet — STM-spids, Frit
nelmikroskop (STM). Iszer ved lave temperaturer —positionerbart Kondosystem, To-
bruges Kondoresonansen til at studere magnetisk urenheds Kondosystem, crossover,
interaktion med ferromagnetiske ger og mellem to  Antiferromagnetisk kobling
atomer. Sidstneevnte viser et crossover mellem

Kondo-skeermede atomer og antiferromagnetisk koblede atomer teet pa det kvantekri-
tiske punkt. Dette relateres til forskningen indenfor korrellerede elektronmaterialer
sasom studier af faseovergange i tunge fermion materialer og magnetisk vekselvirkning
indenfor spintronik forskning.

Tildeekningen af koboltger pa Cu(111) med sglv er undersggt med STM og fo-
toemissionsspektroskopi. Det er vist at ved lav daekning nukleerer sglvet fortrinsvist
ovenpa de dobbeltlags hgje koboltger i stedet for direkte pa Cu(111) substratet. Yder-
mere danner sglvet en kombination af en rekonstruktion og et Moirémgnster, hvilket
er undersggt med lav-energi elektrondiffraktion (LEED) og med spektroskopisk STM
kortlaegning ved 6 K. Det er vist at heterostrukturen har meget interesante elektro-
niske egenskaber. Den d-relaterede tilstand fra den nu begravede koboltg er syn-
lig igennem det daekkende sglvlag, men sglvets Moirémgnster modulerer den spin-
polariserede kobolt d-tilstand i amplitude, energiposition og bredde. Dette er relateret
til d-bandsmodellen for katalytiske reaktioner. Det storste skifte er i amplituden af
tilstanden, men den omvendte struktur med kobolt pa Ag(111) viser lignende egen-
skaber, dog med et stort skifte i energiposition i stedet for amplitude af tilstanden.

Kondoeffekten er brugt til at probe magnetisk interaktion mellem de fgrnsevnte
splvdaekkede koboltger (og ydermere guld-daekkede koboltger) og enkelte koboltatomer
placeret pa Moirémgnstret. Der er observeret en splittet Kondoresonans pa grund af
exchange-vekselvirkningen mellem gen og atomerne.

I et mere teknisk afsnit af athandlingen vises det hvordan en guld-daekket STM-
spids ggres modtagelig for enkelte koboltatomer. Spidsen dyppes enten direkte i en
Au(111) overflade eller flager af guld samles op fra koboltgerne pa Cu(111). En &n-
dring i den lokale barrierehgjde (arbejdsfunktion) af spids-prgve forbindelsen indikerer
at det yderste af spidsen er guld-deekket og at enkelte koboltatomer kan samles op.
Et koboltatom pahaeftet STM-spidsen viser en Kondoresonans dannet mellem atomet
og spidsen meget lig resonansen, der dannes nar et koboltatom er pa overfladen og
der males med en ren spids.

Her bruges dette til at vise hvordan et to-urenheds-Kondosystem bestaende af
to koboltatomer (den ene pa STM-spidsen og den anden pa Au(111)-prgven) gen-
nemgar et kontinuert crossover fra en fase med Kondoskaermede atomer til en fase
med antiferromagnetisk koblede atomer nar afstanden mellem atomerne sendres fra
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ikke-vekselvirkende til steerkt vekselvirkende. 1 det Kondosksermede regime er Kon-
dotemperaturen konstant og kun Fano linjeformen sendrer sig fra et dyk til en top.
I det antiferromagnetiske regime ses en opsplitning af de inelastiske spinflip eksita-
tioner. Dette understgttes af numerisk renormaliseringsgruppeteori. Dette crossover
mellem de to regimer er ydermere interessant fordi det foregar i et omrade af fasedi-
agrammet taet pa det kvantekritiske punkt, hvor faseovergangen mgder det absolutte
nulpunkt i temperatur.

Dette frit positionerbare Kondosystem pa STM-spidsen repraesenterer en ny made
at probe magnetisk vekselvirkning pa, med muligheden for kontinuert at sendre posi-
tionen af det probende Kondosystem. Eksperimentet fremstar som ét blandt mange
anvendelsesmuligheder med et frit positionerbart Kondosystem pahseftet STM-spidsen
og metoden kan abne op for et nyt felt indenfor STM. Vi forventer at vores forskning
har direkte indflydelse pa andre forskningsomrader sasom tunge fermion materialer,
hvilket er en klasse af materialer hvis egenskaber er styret af konkurrencen mellem
Kondoskaermning og lokal antiferromagnetisk moment, samt indenfor kvanteinforma-
tionsbehandling.
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We have studied the growth of Ag on bilayer high Co nanoislands on Cu(111) using Scanning
Tunneling Microscopy. Noble metal capping of magnetic nanostructures is known to influence the
magnetism and knowledge of the growth is therefore important. We find that Ag preferentially
nucleates on the Co nanoislands initially leaving the free Cu sites clean. Furthermore we observe,
that those Co islands which are capped with Ag are almost completely capped thus making a perfect
multilayered system of Ag/Co/Cu(111). We observe a (9x9) reconstruction of the Ag overlayer on

Co/Cu(111).

PACS numbers: 61.46.-w, 68.35.bd, 68.37.Ef, 68.65.Ac

I. INTRODUCTION

The properties of metallic thin films and nanostruc-
tures on crystalline surfaces are strongly interlinked with
the morphology and chemical composition of the struc-
tures. Epitaxial growth of in particular homoepitax-
ial and bimetallic systems have therefore been studied
extensively' . When growing multilayered heterostruc-
tures of several materials it becomes more complicated
to control the growth and ensure that the desired struc-
tures are fabricated during deposition of the constituents
of interest. Besides diffusion on terraces also interlayer
mass transport becomes decisive for the growth®®. Mul-
tilayered systems of magnetic and non-magnetic metallic
layers, which we have studied, are in particular interest-
ing for their technological applications in the area of data
storage and processing” '!. Tt has recently been shown
that capping a ferromagnetic thin film with a noble metal
can influence the magnetic properties'?17.

We report here on the capping of ferromagnetic Co
nanoislands with Ag thus producing Ag/Co/Cu(111)
nanostructures. The growth of Co on Cu(111) is well
known and the structural, electronic and magnetic prop-
erties have been studied in great detail’®2°. Important
for the work presented here is that for lower coverages at
room temperature Co forms bilayer high islands of tri-
angular shape and a width of 3-25 nm'®2°., We have
deposited Ag on top and found that there is a preference
for covering the Co islands before the Cu-terraces and
we observe that the Ag capped Co islands, with few ex-
ceptions, are always fully covered with Ag. We conclude
that interlayer mass transport plays an important role
where Ag atoms, which have landed on the Cu-terrace,
must be allowed to ascend the bilayer high step edges of
the Co-island.

II. EXPERIMENT

Experiments have been performed in an ultra high vac-
uum system (5 x 107! mbar) using a scanning tunneling
microscope (STM) operated at room temperature and
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FIG. 1: STM image after depositing 0.07 ML Ag on 0.2 ML
Co/Cu(111). The image is taken at a bias voltage of 0.35 V,
the size is 157x108 nm and the z-scale spans 0.91 nm. The
inset shows a linescan.

low energy electron diffraction (LEED). We have used
WSxM to analyze and display STM images?6. A Cu(111)
crystal was cleaned by sputter /anneal (500°C) cycles. Co
was deposited with a flux of 0.14 ML/min at T=27°C .
Next, Ag was deposited at room temperature (or 70°C
in one case) with a flux of 0.44 ML/min or 3.6 ML/min.
The area Co coverage in all experiments is 0.15-0.36 ML
and the Ag overlayer coverage is varied from 0 to ~1.6
ML. Note that for the Co islands the term monolayer
(ML) is used for the visible area coverage, meaning that
the deposited amount of Co is twice the visible coverage
since the Co islands are of bilayer height.

III. RESULTS AND DISCUSSION
A. Growth

After depositing Co on Cu(111) we observe the well-
known bilayer high (3.9 A) islands'®1%22-2% mostly of
triangular shape as well as star-shaped islands (which is
known to be a kinetic effect?®). An STM image of 0.07
ML Ag deposited on a Cu surface with a low coverage
of Co islands (©¢, = 0.20, where only bilayer high Co



islands are formed) is shown in Figure 1. The bright
islands are consisting of 2 ML Co with 1 ML Ag on top.
Although Co islands of 3 ML height are never observed
at these Co coverages we note for comparison that the
height of islands consisting of 2 ML Co + 1 ML Ag is 1
A larger than 3 ML Co. Furthermore the Ag cap layer
shows a reconstruction (discussed later). The less bright
islands are 2 ML Co islands that are not capped with Ag.
The heights are illustrated by the inset in Figure 1. It is
remarkable that those Co islands which do contain Ag on
top are almost completely covered with a Ag layer. On
the other hand, the amount of Ag on the Cu surface is
minimal although Ag has been deposited homogeneously.
Ag thus accumulates on top of some of the Co islands
leaving the other Co islands and the Cu terrace clean.
‘We note that occasionally it might happen that narrow
corners of islands are not filled with Ag (as observable at
the upper right corner of the largest star shaped island
in Figure 1). As the Ag coverage is increased to 0.35 ML
we observe, besides fully capped Co islands, that some of
the Co islands are surrounded by Ag instead (Figure 2a).
At 0.8 ML Ag (Figure 2b) most of the Cu surface and
all Co islands are filled with Ag, except from some of
the smaller Co islands. In Figure 2c we have plotted
the fraction of Co islands that are capped with Ag as a
function of island size and see that larger islands have a
higher probability of being capped.

Before analyzing the data in more detail we will briefly
discuss the growth in the areas containing Cu step edges.
Co deposition on clean Cu(111) leads to islands on the
terraces as well as a decoration of both sides of the Cu
step edges'®. On the other hand, deposition of Ag on
clean Cu(111) at room temperature never leads to nucle-
ation on the terraces but only to decoration of the lower
side of Cu step edges resulting in ”step flow growth”27.
In agreement with this we find here that Ag deposited on
a partially Co covered Cu(111) surface nucleates at step
edges but also on top of Co islands. This is shown in
an overview STM image in Figure 3. We avoid the com-
plexity at the Cu step edges and concentrate our further
analysis on Cu terraces.

We will now quantify the preference of Ag nucleating
on top of Co islands vs. nucleating on Cu. For fabri-
cation of Ag/Co/Cu structures nucleation on top of Co
islands would be preferred. We have determined the par-
tial coverage of Ag on Co islands, Ya4co, and Ag directly
on Cu(111), Ya4cu, from STM images of surfaces with
variable Ag coverage and a Co coverage of 0.25+0.1 ML.
The partial coverage of Ag on Co (Cu) is defined as the
relative area of Co (Cu), that is covered with Ag. In this
way we normalize the Ag coverage to the available area of
Co (Cu). Whereas Y40, is sensitive to O ¢, it is notable
that the free Cu area plays a less important role for how
much of the Ag nucleates on Cu sites since nucleation of
Ag never occurs on Cu terrace sites away from Co island
steps. We have used the Flooding function of the WSxM
program?® to determine coverages. The images used for
the analysis are sized approximately 200 nm x 200 nm.
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FIG. 2: (Color online) STM images for a) 0.35 ML Ag on
0.2 ML Co/Cu(111). The image is 300x167 nm and the z-
scale spans 0.94 nm. The linescan runs through a Ag capped
Co island, an uncapped Co island and a layer of Ag directly
on Cu(111). b) 0.80 ML Ag on 0.2 ML Co/Cu(111). The
image is 300x 118 nm and the z-scale spans 0.94 nm. c) The
fraction of capped islands as a function of approximate island
radius grouped in 3 nm bins for two Ag-deposition rates and
two temperatures. ©¢c, ~ 0.17 and ©4,4 ~ 0.4. In total 598
islands were analyzed to produce the 3 data sets.

For each datapoint in Figure 4 we have analyzed 1-4 dif-
ferent areas on the surface for a given preparation. In
Figure 4a and 4b we plot Ya4co and Ya4c. as a func-
tion of © 44 for two different Ag deposition fluxes of 0.44
ML/min and 3.6 ML/min, respectively. At low Ag doses
Yagco increases faster than Yagc,. This preference dis-
appears above © 44 ~ 0.7ML. The effect is more clearly
demonstrated by plotting the ratio ?‘"g: (Figure 4c),
which thus is a measure of the preference of Ag nucleat-
ing on Co vs. on Cu®®. In agreement with the qualitative
discussion earlier we observe indeed that at low Ag cov-
erage there is an increased preference of Ag nucleating on
Co islands. At higher Ag coverage this decreases since
Co islands which are already capped and those with a
Ag rim are no longer available and the ratio approaches
unity. Furthermore we note that a higher Ag flux initially
leads to a slightly increased preference for nucleation on
Co (see Figure 4c). We observe no significant depen-
dance on O¢, in the range we have used (O¢,: 0.15-0.36




FIG. 3: Overview STM image of 0.48 ML Ag deposited on
0.25 ML Co on Cu(111). For the analysis only terrace sites
are used and the areas around Cu-steps are neglected. The
image size is 400x300 nm.
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FIG. 4: (Color online) a) The partial coverage (Y) of Ag
on Co and Cu respectively at low Ag-deposition rate (0.44
ML/min). b) The partial coverage (Y) of Ag on Co and Cu
respectively at high Ag-deposition rate (3.6 ML/min). c) The
ratio of the partial coverages of Ag on Co-islands and Ag on
Cu(111) as a function of deposited Ag for the two Ag-rates.
At a ratio above 1, indicated by the horizontal dashed line,
there is preference for Ag-nucleation on Co. All data are for
deposition at T=20°C except for the light-blue data point
(T=70°C).

ML).

There have been a number of studies investigating nu-
cleation on a surface with pre-grown islands*®. Atoms
landing directly on an island will diffuse around until
they either descend and disappear from the island or
meet other adatoms finally forming a stable cluster. This
can then act as nucleation site for further adatoms. The

additional Erlich-Schwoebel barrier at the step edge®®2?

increases the time an adatom stays on the island and
thereby the probability of meeting another adatom. With
this in mind we can rationalize our experimental findings.
We observed that larger Co islands have a larger proba-
bility of being capped with Ag (see Figure 2¢). This has
also been seen in other systems® and is due to a larger
probability of finding two adatoms at the same time on
a larger island. There was a more sharp transition be-
tween capped an uncapped islands, compared to the re-
sults presented here, and it was possible to identify a
so-called critical radius (R.), where islands having a ra-
dius larger than R. would experience 2. layer nucleation
on top®®. The varying and in part irregular shape of the
Co islands makes it difficult to identify a radius but we
used \/A/m, where A is the island area®®. We found that
a higher Ag flux lead to increased nucleation on top of
Co islands. This is seen as a slight shift towards smaller
islands in Figure 2c but more clearly in Figure 4c, where
the trend is that the ratio % (and thereby the pref-
erence for nucleation on Co) is largest for the high Ag
deposition rate, 3.6 ML/min. A higher Ag-flux makes
it more likely that another atom necessary for making
a stable cluster lands on the island in time. We also
studied the effect of increased surface temperature. The
simple expectation would be that a higher temperature
leads to a higher diffusivity of Ag adatoms on the island
and a higher descend rate thus reducing the residence
time and the chance of nucleation®® (especially visible
in the experimental data presented in Ref®). We find on
the contrary that T=70°C results in an increased nucle-
ation rate on the islands compared to T=20°C. This can
be seen in Figure 2c (as a function of island size) and in
the ratio of relative coverages (Figure 4c). The explana-
tion presented in Ref*® does not take into account that
atoms landing on the bare surface (not on the islands)
may ascend the islands and thereby lead to an increased
nucleation probability on the islands. Apparently this
is a prerequisite in this case and is very surprising since
the Ag atoms need to ascend steps of 2 ML height. In
contrast, Ag atoms never ascend monatomic Cu steps®”
or steps at Ag islands. This peculiarity is illustrated in
Figure 5. The reason is likely to be found in Co being
chemically more reactive than the more noble Cu®® and
the binding of Ag is therefore expected to be stronger
to Co than to Cu. This could give rise to asymmet-
ric rates of step edge crossing, i.e. the diffusion rate for
atoms moving up is higher than for moving down, but
also to a smaller critical cluster size on Co than on Cu.
Both effects lead to a preference for nucleation and an
accumulation on Co compared to Cu as observed.

Another reason for the preference of capping Co with
Ag can possibly be found in the gain of free energy'.
Most simply there are three free energy parameters to
take into account, where g is the surface free energy
of the substrate (Cu or Co), vp is the surface free en-
ergy of the deposit (Ag in this case) and +; is the in-
terface free energy. The values for the surface energies



FIG. 5: (Color online) We here illustrate the peculiar growth,
where Ag atoms ascend bilayer high Co islands but do not
ascend monolayer high Ag islands (or Cu step edges).

are yagiy = 117 J/m? youaiy = 1.95 J/m? and
Yeo(ooory = 2.78 J/m**%. Note that the latter value is
for Co(0001) and not for 2 ML Co/Cu(111), where it
may be different due to the strained Co adlayer, which
has adapted to the Cu lattice. The criterion for layer-
growth, 7p +; < s seems to be fulfilled for both Ag
on Cu(111) and Ag on Co/Cu(111) since in both cases
a complete adlayer of Ag is formed. The change in free
energy, Ay = (yp + i) — s is difficult to evaluate ex-
actly since, to our knowledge, v; a4/co is not available
for Ag on Co/Cu(111). The interface energy is strongly
interlinked with the lattice mismatch and there is there-
fore reason to believe that v; 44/co and v; ag/cu are sim-
ilar in this particular case and the gain in free energy
will therefore be larger for capping the Co islands, since
You < 7Yco. This argument is in agreement with our
finding of increased preference for capping Co.

Although the mobility of single atom diffusion on (111)
surfaces is very high it does not always lead to Ag-covered
Co islands. This can be explained by an apparent high
critical cluster size for nucleation, i.e. only if a sufficient
number of Ag atoms meet and form a stable immobile
cluster on top of the Co island the Ag adlayer will be
formed. Otherwise, Ag atoms diffuse down on to the
Cu surface. If, on the other hand, a stable cluster has
been formed, attachment of further Ag atoms occurs fre-
quently due to the high mobility of Ag atoms and a com-
plete adlayer is formed. At very low Ag coverages it
might happen that there is not sufficient Ag to form a
complete capping layer on an island, but the Ag cover-
ages used here (all above 0.07 ML) lead to either capped
or empty Co islands. This is in contrast to findings for
Au or Cu growth on Co/Cu(111), where only part of a
Co island is capped’. Those Co-islands which are not
capped are mostly completely surrounded with Ag (see
Figures 2a and 2b). This can be due to a simple blocking
effect, where a Ag-rim at the Co-island border prevents
further atoms from ascending the island or that the rim
reduces the Erlich-Schwoebel barrier and the confinement
of Ag atoms landing on top of an island is then less ef-
fective. It is known that Co islands on Cu(111) grow
in two general orientations'®. We note that this had no
influence on the Ag-capping.

FIG. 6: a) Closeup STM image of a Ag capped Co island on
Cu(111) with b) corresponding LEED pattern. The observed
Moiré pattern has a corrugation of 25 pm and a periodicity of
ca. 24 A taken with the bias voltage of 0.35 V. ¢) Closeup STM
image of the (9x9) reconstruction of Ag grown directly on
Cu(111) with the bias voltage at 0.23 V and d) corresponding
LEED pattern. The image size is 24x24 nm in both a) and
¢). The electron energy used for the LEED images was 65 eV.

B. Structure

Finally, we will address the atomic structure of Ag on
Co/Cu(111) by STM and LEED measurements. Fig-
ure 6a shows an STM image of bilayer thick Co island
which subsequently has been capped with Ag. We ob-
serve a Moiré pattern with a periodicity of ca. 24 A and
an apparent corrugation of 25 pm. For the diffraction
experiments we deposited 3 ML Co and subsequently 1.3
ML Ag at room temperature. The LEED image in Fig-
ure 6b show six main spots from the Cu(111) substrate
(or the Co islands which grow pseudomorphically??). At
each main spot there are six satellites due to the Ag
layer. This symmetry is identical to what is seen for a
Ag overlayer on Cu(111)27313% where the atomic struc-
ture depends on deposition temperature?”34, but in any
case the periodicity is ca. (9x9) originating from the lat-
tice mismatch between Cu and Ag. For comparison we
have deposited 1.3 ML Ag on Cu(111) and recorded an
STM and a LEED image (shown in Figure 6¢ and d).
Since Co grows pseudomorphically on Cu a similar re-
construction is expected for Ag grown on Co/Cu(111).
This is indeed observed here, although the Ag-related
LEED pattern is more blurry for Ag/Co/Cu(111) com-
pared to Ag/Cu(111). We believe this is due to edge ef-
fects at Co islands where the periodicity of the Ag Moiré
pattern may change and the relatively smaller ”coher-
ence areas” for LEED taken on Ag/Co/Cu(111) than on
the much larger Ag areas directly on Cu(111), since Ag



grows almost layer by layer on Cu(111)?" and the size

of Ag domains is therefore only limited by the terrace
size of the Cu(111) crystal. The Moiré pattern of Ag on
Co/Cu(111) has recently been shown to exhibit interest-
ing electronic properties, where the electronic structure
of the Co islands is modulated with the same periodicity

as the Ag overlayer Moiré superstructure®?.

IV. CONCLUSION

We have studied the growth of a Ag overlayer on
Co nanoislands on Cu(111) at room temperature. The
atomic structure of Ag on Co/Cu(111) shows a (9x9) pe-

[

riodicity due to the mismatch of lattice parameter. We
find that there is a preferred nucleation for Ag on top
of Co compared to Cu(111) terrace sites, especially at
low Ag doses. This is quite remarkable since the Co is-
lands are all of bilayer height and an accumulation on
top of the islands thus involves ascending steps of 2 ML
height. We furthermore find that Co islands are either
completely free of Ag or almost completely capped with
Ag. These nearly perfect multilayers can be expected to
act as a model system for magnetic multilayer studies.
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Although the absolute errorbars in Figure 4a and b are
comparable, the relative errors are larger for low Ag cover-
age. This explains the large errorbars seen at low coverage
of the ratio between Yagco and Yagcw in Figure 4c

The geometry of the step in general influences diffusion
barriers?® and the island shape may therefore play a role in
the interlayer mass transport. It was therefore necessary to
use relatively large bin sizes to achieve reasonable statistics
and could explain why the capping fraction vs. island size
in Figure 2c is so broad compared to the more step like
distribution seen e.g. in Ref®, where the islands varied in
size but where much more uniformly shaped. We note that
the size distribution of the Co islands ranges from 3-25 nm
in width showing a smooth and broad distribution, peaking
at ca 10 nm width.
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The growth process of platinum on Ru(0001) near room temperature was characterized using
photoelectron spectroscopy of high resolution. The binding energy position and intensity of the
Pt 4f7/2 and Ru 3d5 5 core levels as well as the shape and structure of the valence band spectra
corresponding to the different stages of the deposition were analyzed. Up to ca. two adsorbate
monolayers, the intensity changes of the peaks indicated layer-by-layer growth mode. The surface
core level shifts of Ru and Pt levels were evaluated as —0.33 and —0.476 eV, respectively. The
valence band spectra show a rather weak interaction between the d-bands of Pt and Ru.

Keywords: Platinum; ruthenium; photoelectron spectroscopy; surface core level shift; surface

structure.

1. Introduction

The study of Pt and Pt-containing bi-metallic
systems is important in areas of catalysis and
electrochemistry.! ™ Particularly, the Pt/Ru(0001)
interface can serve as a model system because of
its considerable catalytic activity for the methanol
oxidation reaction.* The element—element distance
within Pt and Ru is 277.5 and 270.59pm,
respectively,” which gives the misfit, calculated
relatively to the substrate, of m=2.6% for the
Pt/Ru interface. In consequence, Pt deposition on
Ru(0001) near room temperature (RT) produces
two-dimensional (2D) islands with a characteristic,
relaxed dendritic shape. As it was shown by STM, for
the 0.42 adsorbate monolayer, AML, the islands are
homogeneously distributed over the terraces with an
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island density of 2.0 x 10 m~2. Subsequent anneal-
ing to 800 K causes these islands to collapse, resulting
in large, compact platinum islands with no Pt/Ru
intermixing. The surface Pt-Ru alloy formation was
detected on the high-resolution STM images (with
chemical contrast) of the interface after annealing
at 1250 K.* More recent STM investigations showed
that at 600 K platinum grows pseudomorphically on
Ru(0001) up to 4 AML and then gradually releases
strain by forming large scale dislocation networks.%
Similarly, for the m = 2.6% a semi-empirical theory”
predicts that deposition up to over four monolayers
near RT leads to layer-by-layer growth mode.

In this paper the growth of thin platinum layers
on Ru(0001) was thoroughly re-examined with the
help of high resolution photoelectron spectroscopy
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based on the use of synchrotron radiation. The layers
were characterized by the parameters characteristic
of the deposit and substrate core level peaks as well
as the valence band spectra.

2. Experimental

The measurements were carried out on the beam-
line SGM1 at the ASTRID storage ring, ISA,
Aarhus, Denmark. Full details of the experiment are
described elsewhere.® 10 Platinum was evaporated
from a rod with a diameter of 1 mm and the evap-
oration rate was 8.0 x 1072 AML/min. All binding
energies (BE’s) obtained in the photoemission exper-
iment are expressed relative to the Fermi level. The
spectra were fitted using a Doniach Sunjié approxi-
mation of a peak shape with the parameters: Gaus-
sian width, GW, of 0.32 — 0.38 eV, Lorenzian width,
LW, of 0.40—0.50 eV and singularity index, a, (where
it is not indicated) of 0.120 for the Pt 4f7/ level.
The parameters of the Ru 3ds/» feature were as fol-
lows: GW = 0.30eV, LW = 0.22 — 0.26eV, and
a = 0.050 — 0.060. The accuracy of the BE deter-
mination was established as £0.018 V.8 10

3. Results and Discussion

The Pt 4f72 and Ru 3dz/s core-level spectra
obtained during deposition are collected in Fig. 1.
A typical fitting procedure used in the analysis is
presented in the bottom.

Pt 4,5 Ru 3d5)o

intensity, arb.u.

282 281 280 279 278
binding energy, eV

74 73 72 71 70 69
binding energy, eV
Fig. 1. Collection of the Pt 4f7/2 and Ru 3d5/2 spectra
(top part) obtained during platinum deposition on the
Ru(0001) substrate at 350 K. Examples of fitting proce-
dure of peaks (0.56 AML, bottom part) with residuals
magnified 5 times for clarity.

The intensities of the Pt 4f7/, (circles) and Ru
3ds /2 (crosses) peaks as a function of deposition time
are plotted in Fig. 2. Straight lines, approximated
to the appropriate set of data, show breaks around
12.5min. At that time, the platinum coverage corre-
sponding to 1 AML is expected.

At the beginning of the deposition the Pt 4f7 /5
region consists of a single feature which represents
the interface Pty, peak (Fig. 3). For coverages
greater than one monolayer the spectrum consists
of two contributions: the interface, now PtL',, and
the simple surface peak, Pt\rft. For small coverages,
the BE energy of the interface PtXu peak remains
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x 7% PYRU0001
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0 2
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Ru3dgp, ™~

0 1 0 30 40

deposition time, min.

Fig. 2. Intensities of the Pt 4f7/2 and Ru 3d5/2 peaks
as a function of deposition time. The break point, cor-
responding to the completion of the first monolayer,
appears at 125 min.
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Fig. 3. Binding energy positions of the Pt 4f7/2 com-
ponents as a function of platinum coverage.



at the same level (a small shift toward lower value
is negligible). After the first layer becomes complete,
the BE of the Pth!,
BE of the surface peak, Ptgt, shows a jump to a
certain value and then it is constant. Although “the
jump” lies outside the uncertainty level, the analyti-
cal difficulties of the peak parameters determination
of that point are quite large so that coverage and the
first point could be excluded from further treatment.

For coverages less than 1 AML the « (not pre-
sented here) is close to zero, then increases up to
« = 0.120. The singularity index of the surface con-
tribution at coverages greater than 1 AML was found
as very small (around 0.030) through the rest of

increases. At the same time, the

deposition. Such a dependence could be expected for
disordered systems of atoms.

The BE’s of the Pty,,, Pty, and Ptg', were deter-
mined equal to 70.955, 70.675, and 71.151 eV, respec-
tively. The values indicate a surface core level shift
(SCLS) of negative sign which could be evaluated as
> —0.476eV. It is a consequence of narrowing of the
valence bandwidth of platinum surface atoms which
in turn leads to the increase of the density of states
where the band center is higher than bulk.

Results of the analysis of BE of the Ru 3ds/s
feature are presented in Fig. 4. We performed decon-
volution into two components, remembering that the
third one, i.e., the second surface peak, lies at a BE
slightly higher that the bulk one.!® The bulk contri-
bution, Ru%ﬁ, seems to be constant during platinum
depositon. The negligible variations in the BE of the
interface, RuIP{t” are inside the range of experimental

T 27985 I Pt
5 ol 1o bgi g1 MR
Q
S 27975 - PURYO001,
o V= e
£ 279.7 ; O Hu::/m normal emissior
.g 279.65

0 1 2 3
%
" 280.1
>
g 280.05 ¥ i
e 280} 3 R S S S Rufu
g 279.95 ¢
'E 279.9
5 0 1 2 3

coverage, AML

Fig. 4. Binding energy positions of the Ru 3d5/2 com-
ponents as a function of platinum coverage.
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error. The only (simple) surface peak, Ru}(u shows a
small shift toward higher BE with coverage.

The BE of the bulk Rugﬁ peak was deter-
mined as equal to 280.009¢eV and the negative SCLS
changes from —0.333 to —0.300¢€V for this case. The
BE of the interface peak is equal to 279.810eV,
i.e., it is shifted by —0.199eV from the main bulk
contribution.

Figure 5 shows selected valence band (VB)
spectra obtained during deposition of platinum on
Ru(0001) at 350K. The VB of the clean substrate
consists of several features: a steep increase in the
BE range of 0.00-0.24eV, the main broadband with
a maximum at 2.35eV, a feature at 5.75eV, and
a small structure at 7.70eV. Deposition of Pt (at
coverages less than 1 AML) gives rise to a small
feature at 0.85eV, a relatively big and sharp peak
near 4.00 eV accompanied by a smaller structure near
6.55 eV shifting toward 6.30 eV with coverage. Larger
amounts of Pt give rise to an increase of density of
states at 0.85eV followed by a reduction as observed
in the difference spectra. For the highest investi-
gated coverages a peak appears close to the Fermi
level at 0.37eV. At higher BE’s large features are
observed at 4.30 and 6.70eV. Neglecting attenuation
of the substrate signal, the difference spectra could
be treated as the Pt valence bands. At a coverage
of 0.32 AML the step function characteristic for the
metallic Fermi level is not found, whereas it is notice-
able at higher coverages. Therefore, the spectrum

T T T T 15 T T T
20k | difference
s 157 1 10F
£
©
=
B 10 1
C
Q
= 5r
5l ]
Pt/Ru0001
hv=40 eV
normal emiss:
ol ! 4 ; ol . . .
15 10 5 0 -5 15 10 5 0 -5

binding energy, eV binding energy, eV

Fig. 5. Selected valence band (left) and difference
(“overlayer” minus “clean”) spectra (right) of the
Pt/Ru(0001) interface obtained at 350 K. The parame-
ter of the curve is the platinum coverage.
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resembles atomic-like Pt 5d states. With increasing
coverage, the valence band features develop into the
ones corresponding to a bulk Pt sample.!''2 The VB
obtained here could be thought of as the sum of sep-
arate ruthenium and platinum contributions.

In summary, the growth of a subnanometer thick
platinum film on Ru(0001) has been character-
ized by means of photoelectron spectroscopy as a
layer-by-layer growth. Considerable surface core level
shifts, of the order —300meV, have been measured.
The changes in the valence band energy distribu-
tion curves indicate a weak interaction between the
d-bands of Pt and Ru.
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Abstract

The growth and the electronic structure of multilayers of Co and Ag on Cu(111) at room
temperature has been studied with photoelectron spectroscopy and low-energy electron diffraction
(LEED). The coverage range spans from Co and Ag layers between one monolayer (ML) to
stacking of several monolayers. Surface states and ordered structures have been identified at room
temperature. A Ag-related surface state with a binding energy of 0.20 eV is identified in normal
emission in the ultraviolet photoelectron spectra when silver constitutes the top layer. Core level
binding energy shifts of Ag 3ds, reflect the changing surroundings of Ag. Hexagonal diffraction
patterns are observed for sandwiches of consecutive layers of Co and Ag up to 5 layers. Since no
interlayer diffusion is observed in the layer-by-layer formation of the films, multilayers of
consecutive silver and cobalt on Cu(111) offer preparation of sandwiched magnetic—non-magnetic

structures.

Key words: Multilayers, surface state, photoelectron spectroscopy, LEED, Cu(111), Ag, Co.

1. Introduction

Multilayers of ultrathin metallic films grown on
top of a metallic substrate can exhibit new physical
and chemical properties compared to those
characteristic of the bulk. Surface relaxation,
superstructures, induced strain and the reduced
dimensionality are among the phenomena that
influence the electronic structure of the multilayer
films and the interfaces. Catalysis and magnetism
are currently active research fields where
newfound effects can be beneficial for processes
and devices [1-2].

Ultrathin films made of alternating layers of
magnetic and nonmagnetic metals can exhibit
oscillatory magnetic coupling and the giant-
magnetoresistance effect. Variation of the magnetic
properties of ultrathin films of Co on metal
substrates and the effect of introducing a cap of a
noble metal has been much studied. Araki et al. [3]
reported on a large and  oscillating
magnetoresistance in evaporated Ag/Co
multilayers and Loloee et al. confirmed these
observations [4]. Kohlhepp et al. observed that
whereas the free Co(0001) surface supports in-
plane magnetization, capping with Ag supports

perpendicular magnetization with a maximum in
the magnitude of magnetic surface anisotropy for 1
mono layer (ML) Ag [5]. It was found by Chen et
al. that 1 ML of Ag deposited on a Co(5ML)/Pt
surface causes a reorientation of the easy axis of
the magnetization from the in-plane to the out-of-
plane direction [6]. Tsay et al. studied the variation
of the magnetic properties of Co/Cu(111) films
upon Ag deposition up to a few ML and observed a
Ag overlayer-induced oscillation of the coercive
force as the thickness of the Ag overlayer increases
[7]. Noble metal capping effects on the spin-
reorientation transitions of Co/Ru(0001) were
studied by El Gabaly et al., who found that the
noble metal capping results in spin reorientation
transitions that depend on the atomic layer
thickness of the capping layer [8].

Accordingly, there is a need for a detailed
understanding of the geometrical and the electronic
structures of multilayer films consisting of a
magnetic metal and a noble metal capping, from
the submonolayer coverage to thicknesses of the
order of a few nanometers.

There is a substantial amount of literature on the
electronic and morphological structures of ultrathin



Co layers on Cu(111). The reports on the electronic
structure include photoemission, angle resolved
ultraviolet photoemission spectroscopy [9-10] and

inverse  photoemission  measurements  [11].
Quantitative low energy electron diffraction
(LEED), photoelectron diffraction and Fermi

surface mapping of Co/Cu(111) [12-14]. Scanning
tunneling spectroscopy (STS) was used for the
study of the electronic structure around the Fermi
level [15-16].

The room-temperature growth of Co on Cu(111) in
the low-coverage regime, 6 < 2 ML, is
characterized by the formation of islands of
triangular shape and bilayer height above the
Cu(111) surface[17-18]. With increasing coverage,
single layers of Co grow on top of the Co islands
and 3-dimensional growth is observed [17]. The
ultrathin Co film is dominated by continuation of
the fcc stacking dictated by the copper [19]. A 5
ML thick Co film exhibits a hexagonally close-
packed structure [20].

Recently the initial stages of the room-temperature
growth of Ag on bilayer high Co nanoislands on
Cu(111) have been studied by scanning tunneling
microscopy (STM) [21]. It was found that there is a
preferred nucleation for Ag on top of Co compared
to Cu(111) terrace sites, particularly at low Ag
doses. Furthermore, it was observed that the Co
islands are either completely free of Ag or
completely capped with Ag. The Ag adlayer
formed a 9x9 reconstruction due to the lattice
mismatch [21]. In a recent STS-study, it was
shown how the deposition of Ag on Co/Cu(111)
modulates the electronic landscape around the
Fermi level of the heterostructured interface. By
spectroscopic mapping of the local density of states
it was observed that a modulation of the energy
position, width and intensity of the Co d-state is
correlated with the morphology of the silver Moiré
pattern [22].

The purpose of the present report is to characterize
the electronic structure of multilayers, consisting of
the magnetic element, Co, and the noble metal, Ag,
on the Cu(111) surface in the coverage range of 1
ML to 6 ML. It is found that the successive build
up of the layers at room temperature takes place
without interlayer diffusion. LEED shows ordering
and a Ag associated surface state is identified when
Ag forms the topmost layer. The experimental
evidence is based on photoelectron spectroscopy in

the form of core-level spectroscopy (CLS) and
energy distribution curves (EDCs) of the valence
electrons.

2. Experimental

The experiments were performed in an ultrahigh-
vacuum (UHV) chamber, with a base pressure <
4x107® Pa, attached to the SGM1/Scienta beamline
at the storage ring ASTRID at Aarhus University.
The beamline consists of a spherical grating
monochromator and the end-station is equipped
with a hemispherical Scienta SES-200 electron
energy analyzer and a channelplate as a detector.
The photon beam incidence angle was 40° relative
to the sample normal and the spectra were
collected with the electron emission parallel to the
normal of the surface. Concerning the EDCs of the
valence band (VB) electrons and the Ag 3ds, core
electrons, the total instrumental resolution was
better than 100 meV and 300 meV, respectively.
VB EDCs were recorded either in a small-angle
mode with an analyzer acceptance angle of + 1° or
in an integral mode with an acceptance angle of +
9% Further, X-ray photoelectron spectroscopy
(XPS) could be performed via a Mg-K, X-ray
source in connection with the analyzer. A LEED
facility allows detection of ordered overlayer
structures. Cleaning of the Cu sample was carried
out by repeated cycles of Ar* sputtering followed
by annealing at 500°C. Overlayers of Ag were
prepared by evaporation from an electron
bombarded crucible and Co was evaporated by
electron bombardment from a high-purity Co wire;
the Cu(111) sample was kept at room temperature.
The Co flux was 0.22 ML/min and the deposition
rate of Ag was 0.24 ML/min. Calibrations of the
sources were carried out using the photoemission
intensities versus dose curves and an oscillating
quartz  crystal  thickness  monitor.  The
photoemission spectra were recorded at room
temperature. STM  experiments have been
performed in a different UHV-system as described
in [21]. We note that the same metal-evaporator
was used in both systems making it easier to
compare and calibrate doses.

In the following the compositions of the
multilayers on the Cu(111) substrate are written as
Ag(m)/Co(n)/Cu(111) where m and n indicate the
number of Ag and Co monolayers, respectively,



deposited on the Cu(111) surface, here with Co as
the first deposit material. The term monolayer is
used as the atomic amount deposited. Analysis and
fitting of the core level spectra of Cu 2ps2, Co 2ps2
and Ag 3ds; were based on a Doniach-Sunjic line
shape [23] convoluted with a Gaussian distribution
function using the program FitXPS [24].

3. Results and discussion

Growth curves

Co was evaporated on Cu(11l) at room
temperature and the growth was followed using
CLS of Cu 2ps; and Co 2ps,. The growth curves
shown in Fig. 1 exhibit linear segments, where the
Cu 2pss, curve has a knee-point at 2.7 ML Co and
the Co 2paz, curve has a less pronounced cutting
point at 2.4 ML Co. Thus, keeping the island
growth of Co in mind, the break points on the
growth curves, corresponds to an almost fully
covered Cu(111) surface. This is corroborated by
STM images (Fig. 1), which have been recorded in
a different UHV-system using the same doses of
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Figure 1 The evolution of the Co 2p3;, and Cu 2ps,
intensities as a function of deposited Cobalt. In order to
correlate photoelectron data and STM results for the same
system three STM inserts, recorded for coverages of 1.1,
2.2 and 4.4 ML Co, show the evolution of the triangular
Co islands distributed on the Cu(111) terraces. Note that
initially the visible coverage of the Cu(111) surface with
bilayer islands of Co is half the deposited amount.

Co. It was found that the STM image with a cobalt
coverage of 6c, = 2.2 ML corresponds to a 15%
free copper substrate. From the intensity decay
curve of Cu 2ps, a reduction in intensity to 53% of
the intensity of the uncovered surface is read at this
Co coverage. This number can be compared with
the intensity reduction estimated in a simplistic
attenuation model where the measured Cu 2p
intensity is a sum of the contribution from the free
Cu surface (15%) and the contribution from the Co
covered part. According to the STM results (Fig. 1)
the Co covered part of the surface is characterized
by mostly bilayer (3.9 A high) islands as well as
some in the third layer. The attenuation of the Cu
2p intensity by passage of the 2.2 ML Co is
determined by the electron mean free path in the
Co layers, which is Aco = 3.0 ML for electrons with
a kinetic energy of 320 eV as is the case for 2p-
electrons emitted from the copper substrate [25].
This results in a Cu 2psp intensity reduction of
55% in good agreement with the attenuation in
intensity found above.

Ag 3ds, core-level spectra for Ag/Co/Cu(111)

Next Ag is evaporated on a Co pre-covered
Cu(111) sample at room temperature and Ag 3ds.,
EDCs are measured. The Co coverage was kept
constant at 0.66 ML whereas the Ag coverage
ranged from 0.75 ML to 2.0 ML. The spectra (Ag
3ds,) are shown in Fig. 2. It is observed that the Ag
3ds;, peaks have more than one component
reflecting that different surroundings of the silver
atoms result in a chemical shift. A decomposition
of the peak for 65y = 0.75 ML results in a low-
binding energy component, Eg at 367.70 eV and a
high-binding energy component, Eg 4 at 368.03 eV.
For comparison a Ag(0.7ML)/Cu(111) interface,
without Co, with silver was prepared at room
temperature. The Ag 3ds/, curve is displayed as the
lower curve in Fig. 2, showing an Eg = 367.87 eV.
This finding supports an interpretation of silver
mostly occupying the top of the Co islands [21].
For the Ag/Cu(111) interface an increasing Eg for
Ag 3ds, with increasing silver coverage was
observed corresponding to +270 meV for the 3.3
ML thick silver film. The present determined
binding energy Eg = 368.15 eV for the 3.3 ML
thick Ag film coincides with the Ag bulk Eg =
368.19 eV determined by Citrin et al. [26] and it is
close to the Eg = 368.00 eV for a 20 ML Ag film
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Figure 2 The bottom curve shows a Ag 3ds, core-level
spectrum for 0.7 ML of Ag deposited on a Cu(111) surface
at room temperature. The next three curves display Ag
3ds, spectra for 0.75 ML, 1.3 ML and 2.0 ML of Ag
deposited on a Co(0.66 ML)/Cu(111) interface at room
temperature. A decomposition of the spectrum for 0.75
ML Ag is included.

deposited on Ru(0001) measured by Rodriguez
[27]. In ref. [28] it was reported that the surface
core-level shift in Ag(111) is below 100 meV.

Deposition of different amounts of Ag on a
Co(2.2ML)/Cu(111) surface at room temperature
result in the Ag 3ds, spectra shown in Fig. 3. A
fitting procedure based on a single peak approach
gives rise to a Lorentzian line-width around 0.36
eV and a Gaussian line-width around 0.39 eV. It is
seen, taking the uncertainty in the energy
determination into consideration, that Eg is
constant, 368.05 eV. This observation is on line
with the STM findings in ref. [21] where the silver
caps the bilayer high cobalt islands. Another
observation from the present results is the
constancy of Eg for Ag 3ds/, with 6ag above 1 ML.

Valence band energy distribution curves, integral
and small-angle measurements

Valence band EDCs for multilayer films recorded
in the integral mode, shown in Figs.4 - 5, clearly
illustrate that the VB energy range is divided in
intervals representing Co, Cu and Ag, as read from
the Fermi edge. All overlayers were formed at
room temperature and the VB spectra were
recorded for incoming photon energy of 40 eV. At
this photon energy the cross sections for the 3d
electrons of Co and Cu, and the 4d electrons of Ag
are 8.7, 9.9 and 38 Mbarn, respectively [29].

Binding energy [eV]
Figure 3 Ag 3ds, core-level spectra for different coverages
of Ag on a Co(2.2ML)/Cu(111) interface. From bottom
and upwards the Ag coverages are 0.25 ML, 0.6 ML and
1.7 ML.

Deposition of 2.2 ML Co on the Cu(111) substrate
gives rise to the EDC shown in Fig. 4a as the upper
curve (i). A 2 eV broad structure with a maximum
Eg of 0.50 eV occurs near the Fermi level well
separated from the Cu 3d main structure. Alkemper
et al. observed maximum intensity at Eg = 0.7 eV
for 1.7 ML Co on Cu(111) in normal emission and
hv = 25 eV [10]. Addition of 1.7 ML Ag changes
the density of states (DOS) in the low-binding
energy range with a shift of the maximum towards
lower Eg, curve (ii). The changes are observable in
the difference curve, (ii)-(i), where a small
structure at the Fermi level indicates a Ag induced
surface or interface state. The negative excursions
in the Eg -ranges, 0.2 —1.5eV, and 2 - 3 eV, reflect
the damping influence of the Ag layers on the
photoelectron intensity from the underlying Co and
Cu layers.

The effects of adding a 2.2 ML thick Co layer on
top of a Ag(1.8ML)/Co(2.2ML)/Cu(111) interface
are demonstrated in Fig. 4b, where we show
valence band curves for
Ag(1.8ML)/Co(2.2ML)/Cu(111) and
Co(2.2)/Ag(1.8ML)/Co(2.2ML)/Cu(111) together
with the difference curve. Co 3d constitutes the VB
in the Eg -range 0-2 eV, and the surface state due
to Ag is removed when Co constitutes the top
layer. For Eg’s higher than 2 eV the difference
spectrum is negative reflecting the attenuation of
photoelectrons originating from the Ag and Cu
subsurface layers.



@
Il Ag | ¢

Intensity [a.u.]
0O
o
~
o N
o
c
S
oot "\"

4 2 0 -2
Binding energy [eV]

® | Ag |
Ag(1.8)/... °
| co2ycus™ ~
p .,.' s </ Cu | Co |
e’
g .'°.' S V’. (i)
(0] 34 °
E '--—‘/‘. ..N—‘N-/‘..‘_-—-
Co(2.2)/Ag(1.8)/Co(2.2)/Cu (i)
S
TN (ii)-(i)
8 6 4 2 0 -2

Binding energy [eV]
Figure 4 (a) Valence band spectra obtained with photons
of energy 40 eV. The upper spectrum, (i), represents an
interface with 2.2 ML Co deposited on Cu(111) at room
temperature. Next spectrum, (ii), displays the VB
spectrum after deposition of 1.8 MLs of Ag at room
temperature and the lowest curve shows the difference
spectrum, (ii) — (i). (b) Valence band spectra
demonstrating the effect of adding 2.2 ML Co to a
sandwich consisting of Ag(1.8)/Co(2.2)/Cu(111). Co 3d
becomes the dominant component in the structure near
the Fermi level and the maximum intensity is observed at
a 100 meV higher Eg.

In Fig. 5 we present valence band spectra of a
sample prepared with varying Co coverages and
constant Ag coverage. The three upper EDCs in
Fig. 5 are dominated by Ag, and the Cu(111)
substrate is hardly recognizable in the two upper
spectra where 5 overlayers are present. In the case
of a submonolayer coverage of Co, the lowest
curve in Fig.5, the EDC exhibits pronounced
contributions from Ag and the Cu substrate. Thus,
the attenuation of the Cu 4d spectrum, and further,

| Ag |
Y
Co(2.2)/Ag(1.3)/... .
__| Co(2.2)/Cu .0..'-.| Cu | Co |
3 7 N,
E, n‘. .
2| Ag(1.3)/Co(4.4)/Cu 2
b5 1.3)/Co(2.2)/ICu Mt
= \?:\/\
s
Ag(1.0)/Co(0.4)/Cu N -
—
. \ B e
10 5 0

Binding energy [eV]
Figure 5 Valence band PES spectra of multilayers of Ag
and Co, deposited on Cu(111) at room temperature,
obtained with a photon energy of 40 eV. From below, the
spectrum is recorded from a Cu(111) surface after
deposition of 0.33 ML Co and further deposition of 1.0
ML Ag. The next two spectra are recorded for 2.2 and 4.4
ML of Co covered with 1.3 ML of Ag. A VB spectrum of a
5 ML sandwich of changing Co and Ag is displayed as the
upper curve.

the relative intensities of Co and Ag demonstrate
that interlayer mixing does not take place in any
significant way. Again, the evolution of the EDC
close to the Fermi level, 0 eV < Eg < 2eV, is
informative. For the interface spectrum, shown as
the bottom curve, with a low Co coverage, 0.4 ML,
the band is flat in contrast to curve two and three
from below, where 1.3 ML of Ag is deposited on
2.2 and 4.4 ML of Co, respectively. A maximum in
the EDC is observed at an increasing Eg due to the
growing influence of Co. For 1.3 ML Ag
embedded in 2 ML thick Co layers, the maximum
is shifted to a Eg which is 180 meV compared to
that characteristic of the
Ag(1.3ML)/Co(4.4ML)/Cu(111) interface.

To summarize the integral measurements of the
VB EDCs it is deduced that the layers grow as
deposited at room temperature and a Ag-related
surface state on Ag(1.8)/Co(2.2)/Cu(111) can be
assigned.

Small-angle photoemission and LEED

We now reduce the acceptance angle of the
detector from + 9° to + 1°. The normal emission
spectra, 6 = 0, for the Ag(1.3)/Co(0.4)/Cu(111)
surface and the Ag(1.3)/Cu(111) surface are shown
in Fig. 6 as the lowest curve and the top curve,
respectively. Compared to the Ag(1.3)/Cu(111)
spectrum a slightly increased intensity for binding
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Figure 6 Small-angle photoemission spectra in normal
emission for multilayers of Ag and Co on Cu(111).
Spectra of one-component overlayers with Ag and Co on
the substrate are shown as the two upper curves. EDCs of
sandwiches with 1.3 ML Ag as the top-layer and different
coverages, 0.4 ML and 2.2 ML, of Co as the intermediate
layer are shown as the lowest and next-lower curves,
respectively.

energies higher than 0.4 eV is observed in the
Ag(1.3)/Co(0.4)/Cu(111) spectrum. This is due to
the presence of the bilayer Co islands. Thus, the
photoemission spectrum of the last mentioned
surface is composed of contributions partly from
areas where Cu(111) is covered by Ag and partly
from areas where bilayer high Co islands are
covered by Ag.

It is instructive to observe the effect of adding 1.3
ML of Ag on the photoemission spectra of a
Cu(111) surface covered with 2.2 ML of Co, Fig.
6, where the spectra are recorded in normal
emission. The spectrum of the Co(2.2)/Cu(111)
surface, second curve from above, is characterized
by a broad feature with a maximum at 0.8 eV and a
broad shoulder around 0.5 eV. The present
Co(2.2)/Cu(111) spectrum shows much
resemblance to the angular-resolved EDC of
photoelectrons using s-polarized light for the
Co(2.2)/Cu(111) interface reported in ref. [9]. As
determined from spin-resolved photoemission
spectra the Co 3d emission peak positioned close to
the Fermi level is a composite of spin-up and spin-
down photoelectrons [10]. For a coverage of 2.8
ML Co on Cu(111), a photon energy of 25 eV and
normal emission, the spin-up and spin-down
emission peak at 0.80 eV and the spin-up electrons
exhibit a slow decay at higher binding energies.
The deposition of 1.3 ML of Ag, the third curve
from above, causes a strong change of the

spectrum with an energy shift towards the Fermi
level and a broad peak around a binding energy of
0.30 eV. A difference spectrum (not shown),
formed by subtraction of the Co(2.2)/Cu spectrum
from the Ag(1.3)/Co(2.2)/Cu spectrum, displays a
narrow peak at 0.2 eV binding energy and a broad
negative excursion with a minimum at 0.9 eV
binding energy. These energy positions confirm
that the composite spectrum can be interpreted as a
superposition of the Ag component in the
uppermost layer and the Co component beneath the
surface layer.

A more pronounced surface (or interface) state is
observed for a 2 ML thick Ag film on a
Co(4.4)/Cu(111) substrate, Fig. 7. Finally, for a
double Ag-Co sandwich film, the upper curve in
Fig. 7, the peak at 0.20 eV Eg is not present.

It is possible in the ultraviolet photoemission
spectra of multilayer samples of Ag and Co on
Cu(111) to identify a Ag-related surface state in
normal emission provided silver constitutes the top
layer. The Eg of the surface state observed at 0.20
eV for the Ag(1.3)/Co(2.2)/Cu(111) sample
coincides with that of a 1.3 ML Ag directly
deposited on Cu(111) [30].

It was demonstrated by LEED in ref. [21] that 1.3
ML Ag deposited on a Co(2.2)/Cu(111) sample
exhibits a 6-spot pattern, where each spot is
surrounded by 6 satellites due to the Ag overlayer.
A periodicity of approximately (9x9) as in the case
of 1.3 ML Ag on Cu(l11l) was observed.

Ag—Co‘on Cu(lil)
[Ag(l)/Co(2.2)]2/Cu normal emission

40400095570, 5% S0 %000 00’
" 0965070000, o %,

Ag(2)/Co(4.4)/Cu "
20900 %% 00000024 %e% %, ...f-n-,.-a"#-" .
___".,.s-v.."—.. .
_-,-._M e
'.-".'. . oo,

agseusese”™ .
Ag(1)/Co(4.4)/Cu .

Intensity [a.u.]

1.5 1 0.5 0
Binding energy [eV]

Figure 7 The build-up of the Ag-related surface state on a
Co(4.4)/Cu(111) substrate is shown in the lower
photoemission spectra recorded in normal emission and
with a photon energy of 40 eV. A spectrum of a 6 layers
sandwich with alternating Co and Ag layers is displayed as
the upper curve.



In Fig. 8 we present a sequence of LEED patterns
of Co(2.2)/Cu(111), Ag(1.3)/Co(2.2)/Cu(111),
Co(2.2)/Ag(1.3)/Co(2.2)/Cu(111) and
Ag(1.3)/Co(2.2)/Ag(1.3)/Co(2.2)/Cu(111). The
primary Kinetic energy (Ep) of incident electrons
was in the range 115-143 eV (see figure caption for
details). For 2.2 ML Co on Cu(111) we observe a
LEED image (Fig. 8a) with hexagonal structure
originating from the Co islands, that grow
pseudomorphically on the Cu(111) surface, and
from the Cu(111) substrate. Addition of one layer
of Ag results in an image (Fig. 8b) that agrees with
the pattern measured in ref. [21]. The latter was
recorded with a different E,, 66 eV. A well-ordered
sandwich, as judged by LEED, is thus obtainable.
Further deposition of 2 ML Co at room
temperature, Fig. 8c, gives rise to two concentric
and hexagonal patterns with a 9% change in
distance from the (00) beam. We assign the inner
spots to Cu and the outer spots to Co. Apparently,
the topmost Co layer is ordered but exhibits a

b

c d
Figure 8 LEED images from a series of multilayers
deposited at room temperature on Cu(111). (a) represents
Co(2.2)/Cu(111) recorded with E, = 136 eV; (b)
Ag(1.3)/Co(2.2)/Cu(111) with E, = 115 eV; (c)
Co(2.2)/Ag(1.3)/Co(2.2)/Cu(111) with Ep; = 121 eV and (d)
Ag(1.3)/Co(2.2)/Ag(1.3)/Co(2.2)/Cu(111) with E, = 143 eV.

different lattice constant than the Cu-substrate
(compare with Fig. 8a). Finally, repeated
deposition of Ag, 1.3 ML (Fig. 8d) leads to an
increasing diffusivity, reflecting that no diffraction
ordering occurs in the last deposited Ag layer.

4. Conclusions

In conclusion, multilayers of Co and Ag deposited
on a Cu(111) substrate at room temperature have
been characterized in terms of electronic structure
and ordering. In combination with a recent work on
the growth and atomic structure of Ag on bilayer
Co nanoislands on Cu(111) [21] the following
picture emerges. It is possible to prepare
sandwiched magnetic-nonmagnetic Co-Ag
structures. The Eg of Ag 3dss, is sensitive to the
surroundings of the Ag causing a core-level shift
between Ag positioned on top of Co and Ag
covering free Cu sites. Valence band energy
distribution curves for consequtive layers of Co
and Ag show layer by layer growth and exhibit a
Ag associated surface state when Ag is the last
deposited component. The binding energy of the

surface state is 020 eV for the
Ag(1.3)/Co(0.4)/Cu(111), the
Ag(1.3)/Co(2.2)/Cu(111) and the

Ag(2.2)/Co(4.4)/Cu(111) sandwiches. Concerning
ordering, it is demonstrated by LEED that
hexagonal ordering for up to 5 monolayers takes
place. The Ag(m)/Co(n)/Cu(111) multilayer system
has a potential for magnetic studies of Co
embedded between noble metals even at room
temperature.



References

1.

&

No

10.
11.
12.
13.
14.
15.
16.

17.
18.

19.
20.
21.
22.
24.
25.
26.
27.
28.

29.
30.

G. Ertl, H. Knézinger, F. Schith, and J. Weitkamp, Handbook of Heterogeneous Catalysis,
2. ed. 2008: Wiley.

J. Stéhr and H. Siegmann, Magnetism: From Fundamentals to Nanoscale Dynamics
Springer Series in Solid State Sciences. Vol. 152. 2006, Berlin: Springer.

S. Araki, K. Yasui, and Y. Narumiya, J. Phys. Soc. Japan 60 (1991) 2827.

R. Loloee, P.A. Schroeder, W.P.P. Jr., J. Bass, and A. Fert, Physica B, 204 (1995) 274.

J. Kohlhepp and U. Gradmann, Journal of Magnetism and Magnetic Materials, 139 (1995)
347.

F.C. Chen, Y.E. Wu, C.W. Su, and C.S. Shern, Physical Review B, 66 (2002) 184417.
J.S. Tsay, J.Y. Lin, C.S. Yang, Y.D. Yao, and Y. Liou, Surface Science, 482-485 (2001)
1040.

F.E. Gabaly, K.F. McCarty, A.K. Schmid, J.d.l. Figuera, Mu, M.C. oz, L. Szunyogh, P.
Weinberger, and S. Gallego, New Journal of Physics, 10 (2008) 073024.

R. Miranda, F. Yndurain, D. Chandesris, J. Lecante, and Y. Petroff, Phys. Rev. B, 25
(1983) 527-530.

U. Alkemper, C. Carbone, E. Vescovo, W. Eberhardt, O. Rader, and W. Gudat, Phys. Rev.
B, 50 (1994) 17496-17501.

G.J. Mankey, R.F. Willis, and F.J. Himpsel, Phys. Rev. B, 47 (1993) 190-196.

K. Heinz, S. Miller, and L. Hammer, J. Phys. Cond. Matt., 11 (1999) 9437-9454.

V. Scheuch, K. Potthast, B. VVoigtldnder, and H.P. Bonzel, Surf. Sci., 318 (1994) 115-128.
J. Osterwalder, T. Greber, E. Wetli, J. Wider, and H.J. Neff, Progress in Surface Science,
64 (2000) 65-87.

L. Diekhdner, M.A. Schneider, A.N. Baranov, V.S. Stepanyuk, P. Bruno, and K. Kern,
Phys. Rev. Lett., 90 (2003) 236801.

O. Pietzsch, A. Kubetzka, M. Bode, and R. Wiesendanger, Phys. Rev. Lett., 92 (2004)
057202.

J.d.l. Figuera, J.E. Prieto, C. Ocal, and R. Miranda, Phys. Rev. B, 47 (1993) 13043-13046.
N.N. Negulyaev, V.S. Stepanyuk, P. Bruno, L. Diekhéner, P. Wahl, and K. Kern, Physical
Review B (Condensed Matter and Materials Physics), 77 (2008) 125437.

J.d.l. Figuera, J.E. Prieto, G. Kostka, S. Miiller, C. Ocal, R. Miranda, and K. Heinz, Surf.
Sci., 349 (1996) L139-L145.

C. Rath, J.E. Prieto, S. Miiller, R. Miranda, and K. Heinz, Phys. Rev. B, 55 (1997) 10791-
10799.

J. Bork, J. Onsgaard, and L. Diekhéner, J. Phys. Cond. Matt. (and arXiv:0904.4170[cond.-
mat]), accepted (20009.

J. Bork, P. Wahl, L. Diekhéner, and K. Kern, New Journal of Physics, 11 (2009) 113051.
S. Doniach and M. Sunjic, J. Phys. C, 3 (1970) 285.

D.L. Adams, FitXPS: Aarhus University.

M.P. Seah and W.A. Dench, Surface and Interface Analysis, 1 (1979) 2.

P.H. Citrin, G.K. Wertheim, and Y. Baer, Phys. Rev. B, 27 (1983) 3160.

J.A. Rodriguez, Surf. Sci., 296 (1993) 149.

J.N. Andersen, D. Hennig, E. Lundgren, M. Methfessel, R. Nyholm, and M. Scheffler,
Phys. Rev. B, 50 (1994) 17525.

J.J. Yehand I. Lindau, At. Data Nucl. Data Tables 32 (1985) 1.

M. Wessendorf, C. Wiemann, M. Bauer, M. Aeschlimann, M.A. Schneider, H. Brune, and
K. Kern, Appl. Phys. A, 78 (2004) 183.



Potential energy landscape
of metallic Moiré patterns

D

Jakob Bork, Peter Wahl, Lars Diekhoner, and Klaus Kern.
”Potential energy landscape of metallic Moiré patterns”, New Journal of Physics 11
113051 (2009).

99






New Journal of Physics

The open-access journal for physics

Potential energy landscape of metallic Moiré patterns

Jakob Bork!-24, Peter Wahl!, Lars Diekhéner? and Klaus Kern'-3

! Max-Planck-Institut fiir Festkorperforschung, Heisenbergstrasse 1,

D-70569 Stuttgart, Germany

2 Institut for Fysik og Nanoteknologi, and Interdisciplinary Nanoscience Center
(iNANO), Aalborg Universitet, Skjernvej 4A, DK-9220 Aalborg, Denmark

3 Institut de Physique des Nanostructures, Ecole Polytechnique Fédérale de
Lausanne (EPFL), CH-1015 Lausanne, Switzerland

E-mail: Ild@nano.aau.dk

New Journal of Physics 11 (2009) 113051 (9pp)
Received 21 August 2009

Published 30 November 2009

Online at http://www.njp.org/
doi:10.1088/1367-2630/11/11/113051

Abstract. The modulation of the electronic structure of cobalt islands on
Cu(111) by the Moiré pattern of an Ag overlayer is investigated. Acquisition of
tunneling spectroscopy maps reveals a local modification of both the energy and
the amplitude of the cobalt-related d-states on the length scale of the periodicity
of the Moiré superstructure. The modulation of the energy can be rationalized
by the spatially varying hybridization of the cobalt atoms with the silver
sp-bands. We propose that Moiré modulated d-states at metal interfaces with
a periodicity of a few nanometers may provide a novel route to manipulate the
chemical reactivity of surfaces and might serve as a template which modulates
magnetic properties such as the spin density.

The ability to precisely control the electronic structure of solids and their surfaces is crucial
for the engineering of materials and devices with properties and functionalities tailored to
specific needs. A number of strategies have been developed in the past to tune the electronic
structure of metal surfaces globally and locally [1], including the growth of pseudomorphic
thin films [2] and bimetallic surface alloys [3]. The reactivity of a transition metal surface
is strongly dependent on the energetic position, relative to the Fermi level, of the localized
d-states [4]. Whereas flat metallic films lead to an overall shift of the electronic states [2],
alloying creates sites where the reactivity is locally enhanced, e.g. sees molecules preferentially
adsorbing at specific sites of the alloy [3]. The latter thus represents a structured surface with
an atomically varying local electronic structure across the surface. Many surfaces in nature

4 Author to whom any correspondence should be addressed.
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show large-scale reconstructions, either in their clean state or during growth. In heteroepitaxial
growth this restructuring is driven by strain often inducing complex patterns of ordered surface
dislocations or Moiré structures [5, 6]. At these surfaces, bonding and diffusion energies
change on a much larger length scale than for individual atomic sites. The periodically
patterned surfaces can thus serve as nanotemplates to guide nanostructure formation via
predefined nucleation sites or energetic sinks. The directed self-ordering growth strategy has
very successfully been used for the fabrication of highly ordered nanostructure arrays [7]-[11].
Surprisingly, the spatial modulation of the electronic structure that inherently must accompany
the structural inhomogeneity of the interface has only been studied for non-metallic systems so
far [9], [11]-[15]. In this paper, we demonstrate how a silver adlayer, forming a Moiré pattern,
modulates the electronic structure of an underlying cobalt layer on the nanometer scale. The
local electronic structure is measured using scanning tunneling spectroscopy and the analysis of
spectroscopic maps acquired over areas on the order of 10 x 10nm?. A prominent feature from
a d-derived surface state is tracked over the unit cell of the Moiré pattern to detect local changes
in the electronic structure. To this end, we have investigated silver-capped cobalt islands on a
Cu(111) surface.

The growth of silver on bilayer cobalt nanoislands on Cu(111) has recently been investi-
gated [16]. It was found that at room temperature silver preferentially nucleates on top of
cobalt islands and that these are either completely capped with 1 ML Ag or remain uncovered.
Thus cobalt islands with a closed Ag cap layer can be investigated. It was furthermore
found that the low-energy electron diffraction pattern of Ag/Co/Cu(111) shows the same
symmetry as Ag/Cu(111), evidence of a similar reconstruction or Moiré pattern due to the
lattice mismatch between the silver overlayer and the cobalt island to that between Ag and
Cu(111) [17]. The growth and electronic structure of cobalt on Cu(111) are well known: cobalt
grows pseudomorphic on Cu(111) and forms triangular islands of bilayer height [20, 21].
The cobalt islands exhibit a very pronounced electronic feature in the local density of states,
which can be easily probed by tunneling spectroscopy. This feature has been characterized both
experimentally [22, 23] and theoretically [22, 24] and has been shown to be a spin-polarized
state related to the d-states of cobalt. The cobalt islands are found to expose a stable out-of-
plane magnetization at 14 K [23].

Scanning tunneling microscopy (STM) measurements have been performed in a purpose-
built low-temperature ultra-high vacuum (UHV) STM which operates at 6 K. Tunneling spectra
have been acquired with an open feedback loop recording the d//dV signal from a lock-in
amplifier (frequency 3.8 kHz and 3 mV modulation). For spectroscopic maps, spectra have been
taken on a regular grid at each point of the grid. The tip—sample distance has been stabilized at
each point and the spectrum has been measured after opening the feedback loop. The Cu(111)
single-crystal substrate has been prepared by cycles of argon sputtering and annealing to 800 K.
Silver and cobalt have been evaporated from a commercial electron-beam heated evaporator.
To prevent ions from the deposition source from hitting the sample and damaging it, either a
counter-voltage or a high voltage on a deflection shield has been applied.

A typical topography after deposition of a sub-monolayer coverage of cobalt and
subsequently silver at room temperature is shown in figure 1. The Ag-capped Co island exhibits
a Moiré pattern due to the lattice mismatch between the silver overlayer and the cobalt island.
The apparent corrugation of the Moiré pattern amounts to 0.4 A at a bias of 100 mV, but varies
only a little in the range +1 V around the Fermi level. Three distinct points of high symmetry
can be found as marked in figure 2(b). By comparison with the Moiré pattern formed by

New Journal of Physics 11 (2009) 113051 (http://www.njp.org/)
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Figure 1. (a) Overview STM topography (54 x 54nm?) showing triangular
cobalt islands either capped with Ag (A) or free of Ag (B). Ag directly on
Cu(111) (C) can also be seen next to the islands. (b) Close-up image of an
Ag-covered bilayer high Co island on Cu(111) acquired with a bias voltage of
50mV [25]. (c) Line cut through the topography in (b) with an atomic model
of the Moiré pattern along the same cut. The model is a sketch to illustrate the
positions of the atoms and some of the atoms are therefore omitted for clarity.

silver on Cu(111), as well as by symmetry arguments, we can assign these to the silver atoms
sitting in fcc, hep and on-top sites of the underlying cobalt island. Calculations for the Moiré
pattern of Ag on Cu(111) [26, 27] reveal in agreement with experiments [17] that the vertical
positions of the silver atoms above the substrate are modulated with the periodicity of the Moiré
pattern, i.e. the surface is reconstructed. It turns out that the silver atoms in on-top sites of the
substrate are the ones that exhibit the strongest displacement towards the surface and are also
imaged with the smallest apparent height by STM. The silver-covered cobalt islands expose a
strong spectroscopic feature in tunneling spectroscopy similar to that of bare cobalt islands on
Cu(111) [22]. This feature is shown in comparison with that of an uncovered cobalt island in
figure 2(a). The peak position shifts towards the Fermi energy when going from a bare cobalt
island to a silver-covered one and the peak energy depends on where in the Moiré pattern the
spectrum is measured; fcc, hep or on-top. This can be seen from the point spectra in figure 2(b).
The designation of the positions is explained in the model in figure 1(c) and defines whether
the Ag atoms of the overlayer reside in on-top, fcc or hep positions of the two cobalt layers.
Furthermore, a second peak (labelled peak B in figure 2(b)) appears with lower or comparable
amplitude depending on the position in the Moiré pattern. It becomes evident that the two
peaks exhibit their maximum amplitude at different locations. No similarly position-dependent
feature is found on the Moiré pattern formed by silver on Cu(111), where only the onset of the

New Journal of Physics 11 (2009) 113051 (http://www.njp.org/)
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Figure 2. (a) Spectra acquired on the bare Cu(111) surface, on Ag-covered
Cu(111) on cobalt islands on Cu(111) and on an Ag-covered cobalt island
on Cu(111) in the on-top site. The spectra are normalized at —800 mV, the
spectra for Cu(111) and Ag/Cu(111) are stretched vertically by a factor of 3
and the spectra for Co/Cu(111) and Ag/Co/Cu(111) are vertically displaced.
(b) Spectra on the fcc, hep and on-top positions in the Moiré pattern formed by
the silver cap layer on a cobalt island on Cu(111).

delocalized two-dimensional (2D) surface state of Cu(111) is shifted towards the Fermi energy
by the silver overlayer, as can be seen in figure 2(a) [17]-[19]. Thus we conclude that both
features stem from the cobalt island underneath the silver layer.

In order to gain insight into the local modifications of the electronic structure and the
origin of the two peaks, we have acquired spectroscopic maps of the silver-covered cobalt
islands. For the spectroscopic maps, spectra have been taken at each point of a grid of
64 x 64 lattice points. These maps, consisting of ~4000 spectra, allow a detailed analysis
of the behavior of the two features as a function of position in the Moiré pattern. We
used a set point bias value of +50mV to stabilize the tip in each position. In this region
above the Fermi level there is only very little corrugation in the local density of states
(LDOS) across the unit cell, which could otherwise influence the amplitude distribution of
the spectra across the surface. For the analysis, we have fitted the two peaks by the sum
of two Lorentzians and a slowly varying background consisting of another two Lorentzians,
which are much wider and have a smaller peak height compared to those describing peaks
A and B (see figure 3(a)). Each spectrum in a map has been fitted by this function, allowing
us to analyze the behavior of the two peaks separately. We have also attempted to describe
the background by a polynomial up to the sixth order, which however did not describe the data
as well.

New Journal of Physics 11 (2009) 113051 (http://www.njp.org/)
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Figure 3. (a) An example fit to a spectrum acquired at an fcc site of the
Moiré pattern. The fit function consists of two Lorentzians to describe the
two pronounced peaks at —150 and —180 mV plus two broader Lorentzians to
account for the background. (b) Topographic image of the area in which the
spectroscopic map has been acquired from which the following maps have been
extracted. (c) Map of the amplitude of the lower energy peak (A) as extracted
from the spectra acquired at each position in the shown area. (d) Map of the
energy position and (e) of the FWHM. (f) Amplitude of the higher energy
peak (B). The inset in each panel shows a histogram of the respective quantity.
All data maps consist of 64 x 64 points.

The images in figures 3(b)—(f) display the topography and the maps resulting from the
analysis of the spectroscopy map. Figure 3(c) shows the amplitude distribution of the lower
energy peak (peak A) as a function of position within the Moiré pattern. It is evident that the
amplitude of the peak is strongly enhanced in on-top positions. Figures 3(d) and (e) show the
energy position and width of the peak. Both turn out to be correlated with the morphology of
the Moiré pattern. The peak position shifts by up to 10 mV between fcc and on-top positions,
whereas the full-width at half-maximum (FWHM) varies between 24 and 35 mV. The amplitude
map of the higher energy peak (peak B) shown in figure 3(f) also exhibits a modulation with
the periodicity of the Moiré pattern. However, in contrast to the lower energy peak (peak A)

New Journal of Physics 11 (2009) 113051 (http://www.njp.org/)
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its maxima appear in positions that correspond to silver atoms in hcp positions of the cobalt
island’. The parameters of the two Lorentzians which describe the background of the tunneling
spectra are only weakly correlated with the topography. The strong peak found in the tunneling
spectrum on bare cobalt islands is a d2-state of the cobalt [22], hence the strong peaks on
the silver-covered cobalt islands can be assumed to be derived from this d,.-state. This is
supported by the fact that a spectrum on a monolayer of silver on Cu(111), which forms a
very similar Moiré pattern if deposited at low temperature, does not show a similar feature in
the tunneling spectrum (cf the spectra in figure 2(a)). Instead of only one strong peak as on the
cobalt islands we find two peaks on the Ag-covered cobalt islands. The amplitude of the one
at lower energy is directly anti-correlated with the apparent height and shows a huge increase
in the d//dV signal; by more than a factor of two in on-top sites compared to the adjacent fcc
and hcp regions. The strong increase in amplitude in on-top sites (see figure 3(c)) means that
the wave function extends much further into the vacuum at these sites. It is therefore likely to
have substantial overlap with wave functions of atomic or molecular adsorbates and could play
an important role in bond formation at the surface. The peak is fairly narrow with a FWHM of
only 24-35 mV, which is much narrower than the d-resonance of the bare cobalt island, which
is 100 mV wide [22]. The peak found at higher energy has its maximum amplitude in positions
where the silver atoms occupy hcep sites of the cobalt island. From symmetry arguments, this
amplitude distribution cannot be rationalized by the presence of only two layers, the silver layer
and the upper cobalt layer, where fcc and hcp cannot be defined for the silver atoms. Thus the
difference between the spectra at the two positions as seen in figure 3(f) must be related to
the influence of the lower cobalt layer, i.e. we ascribe this state to the inner interfacial layer
at the Co/Cu interface. Note that a modulation of the morphology does not necessarily lead
to a spatial modulation in the electronic structure. We have also measured spectroscopic maps
on Ag/Cu(111), where a similar Moiré pattern as on Ag/Co/Cu(111) is seen. The electronic
structure across the unit cell shows only very weak variations (roughly an order of magnitude
smaller corrugation in the LDOS), which we mainly attribute to a setpoint effect.

As can be seen from figure 3(d), the lower energy peak is shifting down in energy at
positions where atoms in the silver adlayer are imaged at a lower height, while it is moving
towards higher energies when the topography shows a larger apparent height. This finding
becomes more evident from a two-dimensional histogram (see figure 4(a)), in which the energy
of the peak is plotted against the apparent height from the topography. The darkness of each
pixel in the histogram represents the number of occurrences within the spectroscopic map of
the specific combination of peak energy and height. Although there is some scatter, a clear
trend can be observed. We find a similar correlation between the width of the peak and the
apparent height as that displayed in figure 4(b). For lower apparent height, meaning the silver
atoms are closer to the substrate, we observe a larger width of the peak. We note that also for the
reversed case, cobalt grown on an Ag(111) surface, a Moiré pattern with a similar periodicity but
reversed contrast in the topography is observed [28]. In this case, we see a similar behavior of
the cobalt-related peak [29]. The behavior observed in the correlation plots can be rationalized
by the so-called d-band model originally developed by Ruban et al [2] to explain the reactivity
of bimetallic surfaces. In their model, the d-band center of an adlayer shifts away from the Fermi
energy with increased hybridization, with the bulk sp-bands to maintain a constant occupation

> The pattern could come from the topography as the hep and fec sites are imaged with different heights. We made
sure that the same contrast is observed in quantities that do not depend on the setup condition [33].
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Figure 4. (a) 2D histogram of the energy position of peak A against the height
extracted from figures 3(d) and (a), (b) 2D histogram of the FWHM of peak A
against the height extracted from figures 3(e) and (a). (c) Sketch of the model
by Ruban and coworkers [2] for a d-band hybridizing with the sp-states of a
host metal. (d) 2D histogram of the FWHM against the energy position. The
histogram shows a trend consistent with the model by Ruban and coworkers.

of the d-band (cf sketch in figure 4(c)). Specifically, the model proposes a linear relationship
between the energy position of the d-band center and the width of the d-band. Transferred to
our system, we apply the model to the d-state which is found in tunneling spectra. If we
hypothesize that the hybridization between the cobalt d-states and the silver sp-states increases
with the silver atoms moving closer to the cobalt layer, as evident from the measured lower
apparent height of the silver adlayer (see figure 1(c)), the peak should get wider due to the
increased hybridization and move further away from the Fermi energy. This is consistent with
the correlation plots displayed in figures 4(a) and (b). To allow a direct comparison, in figure 4(d)
the correlation between energy position and width of state is shown. A trend that is consistent
with the model discussed above is found, where the state shifts away from the Fermi energy
as it becomes wider. Note that the amplitude of the measured spectra does not follow the
model sketch of figure 4(c), where a decrease in amplitude with increasing hybridization is
expected. In figure 3(c) it can be seen that the amplitude increases at the on-top sites where
the hybridization is strongest. Although the LDOS at the Ag—Co interface may behave as in
figure 4(c), the difference to the measured spectra at the surface—vacuum interface could be
explained by a decrease in distance between tip and Co-layer, but also by varying tunneling
matrix elements across the unit cell originating from the varying atomic geometries of the first
layers (see figure 1(c)). These would affect the amplitude but not the energy position or width
of the resonance.
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The formation of Moiré patterns is observed for a number of metallic heteroepitaxial
systems with a lattice mismatch between the substrate and the deposited material (see
e.g. [5, 17, 28]). It can be expected that quite generally a modulation of the electronic
structure occurs in these systems similar to the one reported here. For example, we have also
investigated Co islands on Ag(111) [29], where we have observed similar effects to those
found on Ag/Co/Cu(111). We thus believe that our results can be generalized by varying the
metal adlayer on top of the Co, but also expect to see similar effects in other metallic Moiré
systems. This is also corroborated by the recently observed correlations between morphology
and electronic structure in non-metallic Moiré systems like FeO(111), NaCl/Ag(100), boron
nitride/Rh(111) and graphene/Ru(0001) [9], [11]-[15].

The observed modulation of the cobalt-related d-state invoked by the silver adlayer can be
expected to result in a modulation of the local reactivity at the surface due to the change in the
energy position, but also due to the spill-out of the state towards the vacuum making it more
accessible for adsorbates. It should be mentioned that the observed changes in energy position
on the order of tens of mV are most likely too small to significantly change the reactivity [4], and
the variation in amplitude is therefore expected to be more important for this particular system.
Besides the interesting local modifications of reactivity of these nanostructures, we can expect
to observe modulations of the spin density across the surface. If some of the elements in the
multilayered structures are magnetic and involve spin-polarized electronic states, a variation
in local density of states will lead to a modulation of magnetic properties. The effects of
the modulation can range from a locally modulated spin polarization at the Fermi energy to
complicated spin structures. Such influences on magnetic properties have been discussed in
terms of a modulation of the density of states by quasiparticle scattering from subsurface
defects [30], or by the interaction of an overlayer with a substrate [31]. Since the prominent
resonance found on bare cobalt islands is known both from theory [22] and spin sensitive STM
measurements [23] to be spin polarized and of minority spin character, the magnetic properties
of the cobalt/silver heterostructure will be modulated on a nanometer scale. This might be useful
for the fabrication of novel magnetic phases or the self-assembly of ordered arrays of magnetic
nanostructures or molecules [8, 32].

In conclusion, we have shown how the deposition of a metallic adlayer can modulate
the electronic landscape of a heterostructured interface consisting of Ag/Co/Cu(111). By
spectroscopic mapping of the local density of states we measure the electronic structure of the
silver-capped cobalt nanoislands on Cu(111). We observe a modulation of the energy position,
width and amplitude of the cobalt d-state which is correlated directly with the morphology of the
silver Moiré pattern. Analysis of the amplitude distribution of the electronic states allows us to
relate them to the inner and outer cobalt interface layers. By choosing a different metallic Moiré
system, we expect that it is possible to shape the periodicity of the potential energy landscape.
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Technical Setup

E.1 Aalborg STM

STM and LEED measurements for the article in appendix A and STM measurements
for the article in appendix C are carried out at the Omicron STM at the Department
of Physics and Nanotechnology, Aalborg University in Denmark. The system consist
of a standard UHV chamber (base pressure 1-10~1! mbar) with separated preparation
and analysis chamber containing a sputter gun with neon gas, annealing possibilities,
E-beam evaporator from Oxford Scientific, two mass spectrometers for different mass-
ranges, a combined LEED/Auger system and a variable-temperature STM with tip-
exchange from Omicron.

E.2 Aarhus synchrotron

ARPES and LEED measurements for the articles in appendices B and C are done at
the SGM-1 beamline [126] at the ASTRID synchrotron at the Institute of Storage Ring
Facilities, Aarhus University in Denmark. The monochromator for the beamline gives
a usable energy range from 30 eV to 400 eV and the end station is a RT-UHV chamber
with separated preparation and analysis chamber. The preparation chamber contains
a sputter gun, LEED optics, mass spectrometer and the same E-beam evaporator as
in the Aalborg STM (installed when needed). The analysis chamber contains access
to the synchrotron radiation as well as an Mg-K, X-ray tube and a Scienta 200
mm mean radius spherical electron analyser (Scienta SES-200) with a channelplate
detector.

E.3 Stuttgart 4K-STM

The STM/S measurements done for the article in appendix D and for chapter 4 are
done at the 4K-STM at the Nanoscale Science Department, MPI-FKF in Stuttgart,
Germany. It is a UHV chamber split in a preparation and analysis chamber with a 4
K cryostat containing a home-build STM head.

The preparation chamber contains an argon sputter gun, sample annealing and
cooling to ~50 K, a mass spectrometer and two single Omicron evaporators together
with the possibility to mount an extra evaporator on the load lock. In the analysis
chamber, the cryostat is a liquid helium cryostat with a liquid nitrogen shield and a
5 T superconducting magnet perpendicular to the sample. The STM head allows for
direct optical access to the sample so single Co atoms can be evaporated from a Co
wire wound around a tungsten wire onto the sample at 15-20 K.
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The operating temperature of the STM head is 6-8 K and the hold time of the
cryostat is limited by the nitrogen shield to maximum 40 hours.

Figure E.1: The 4K-STM in MPI-FKF Stuttgart



