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Abstract

In this thesis, the unique possibilities offered by a cryogenic scanning tunneling micro-
scope (STM) have been exploited to study aspects of the interaction of bulk conduction
band and surface-state electrons with adsorbates on noble metal surfaces: one topic
is the long-range lateral interaction between adsorbates mediated by a surface-state
electron gas, another the correlation of conduction electrons due to scattering at mag-
netic adsorbates, called Kondo effect, with special interest in the spatial extent of the
correlation for surface-staté and bulk conduction electrons.

Adsorbates interact via many types of interaction like the direct chemical interaction
and the indirect electrostatic (dipole-dipole), elastic (deformation of substrate lattice)
and electronic interactions (Friedel oscillation in the density of bulk conduction elec-
trons), but the range of all these interactions never exceeds a few atomic distances. The
only exception is the special case of the indirect oscillatory electronic interaction medi-
ated by a two-dimensional electron gas (2DEG). This type of interaction has been in-
vestigated here for the three systems Cu/Cu(111), Co/Cu(111) and Co/Ag(111), where
a 2DEG is present in the form of the surface-states of the noble metal (111) surfaces.
The interaction energy of isolated pairs of adatoms as a function of adatom distance has
been determined from nearest neighbor distance distributions of the adatoms. The dis-
tributions are from series of STM images recorded at temperatures (10 K to 20 K) where
the adatoms diffusion is sufficiently activated so that the adatoms probe the potential
landscape in their surroundings but are not able to overcome the energy barrier for nu-
cleation or trapping at steps. The comparison of the three adsorbate/substrate systems
suggests the general existence of long-range oscillatory adsorbate interactions and shows
up common characteristics. In all cases, the interaction energies manifest themselves
up to more than 60 A distance, they decay as 1/r?, and they oscillate with a period of
half the surface-state Fermi wavelength. The data are in good agreement with theory
and establish the link between the spatial variation of the interaction energy and the
adatoms’ scattering properties. Despite the fact that the observed interaction energies
are small (in the meV range), they are expected to influence every adsorbate/substrate
system with a two-dimensional electron gas present at the surface. The interaction can
potentially be employed for the creation of new ordered atomic and molecular structures.

Turning to the second main topic of this thesis, low temperature scanning tunneling
spectroscopy has emerged as an important local probe of the Kondo resonance of a
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variety of Kondo systems due to its high spatial and spectroscopic resolution. The
Kondo resonance of magnetic adsorbates on the noble metal surfaces invokes a sharp
Fano line shaped resonance of the tunneling conduction at zero bias. The measurements
presented here are about the strength and spatial decay of the Kondo resonance for Co
on Cu(100) and on the three noble metal (111) surfaces of Cu, Ag and Au. They
quantify the amount of direct tunneling into the LDOS of the magnetic 3d orbital and
they show a scaling of the Kondo temperature with the number of nearest substrate
atoms to the Co adatom. The analysis of the spatial decay of the amplitude of the Fano
line shapes reveals that the Kondo resonance of Co is dominated by the bulk electrons
and not the surface-state electrons. The coupling to the surface-state electrons of all
three noble metal (111) surfaces is substantially enhanced by hydrogen adsorption to
Co adsorbates. The resulting strong Kondo resonance of the 2D surface-state electron
gas can be detected on Ag(111) up to distances of more than 100 A away from the
adatom site. This long-range behavior enables the direct determination of the energy
dependence of the scattering phase shift at a single Kondo impurity showing the resonant
energy dependence expected from Fermi liquid theory.



Kurzfassung

Im Rahmen dieser Dissertation wurden mit einem  Tieftemperatur-
Rastertunnelmikroskop die Wechselwirkung von Adsorbaten mit den Leitungselektronen
von Edelmetallen lokal untersucht: ein Thema der Arbeit ist eine indirekte, extrem
langreichweitige Wechsclwirkung zwischen Adsorbaten, die durch die Streuung von
Oberflichenzustinds-Elektronen an den Adsorbaten iibertragen wird. Ein weiteres
Thema ist die Korrelation von Leitungselektronen aufgrund der Wechselwirkung
mit lokalisierten magnetischen Momenten von Adsorbaten, dem sogenannten Kondo-
Effekt, mit besonderem Hinblick auf die rdumliche Ausdehnung der Korrelation von

Volumen-Elektronen im Vergleich zu Oberflichenzustands-Elektronen.

Die iiblichen Adsorbat-Adsorbat Wechselwirkungen reichen nicht weiter als einige
wenige atomare Abstdnde. Ausgenommen davon ist eine spezielle, indirekte Art
der Wechselwirkung, die durch ein zwei-dimensionales Elektronengas iibertragen wird.
Diese langreichweitige Wechselwirkung wird hier an den drei Systemen Cu/Cu(111),
Co/Cu(111) und Co/Ag(111) untersucht, wobei die Oberflichenzustinde der dicht-
gepackten Edelmetall-Oberflichen eine gute N&herung an ein zwei-dimensionales
Elektronengas bieten. Die Adsorbat-Adsorbat Wechselwirkungs-Energie als Funk-
tion des Adsorbat-Adsorbat Abstandes r wurde statistisch iiber Néchste-Nachbar-
Abstandsverteilungen quantifiziert. Die Abstandsverteilungen stammen von Serien von
Rastertunnelmikroskop Topographien, aufgenommen bei Temperaturen zwischen 10 K
und 20 K, bei denen die thermisch diffundierenden Adatome zwar hinreichend angeregt
sind um das Potential ihrer Umgebung zu sondieren, aber nicht genug Energie haben
um zu nukleieren. Der Vergleich der Wechselwirkungs-Energien der drei untersuchten
Adsorbat/Substrat Systeme deckt die generellen Figenschaften der Wechselwirkung auf:
in allen drei Systemen manifestiert sich die Wechselwirkungs-Energie bis iiber 60 A mit
einem 1/r% Abfall und sie oszilliert mit einer Periode von der halben Fermi Wellenliinge
der Oberflichenzustinde. Die ermittelten Energien stimmen gut mit theoretischen
Werten iiberein und schaffen eine Verbindung zu den Streueigenschaften der Adsorbate.

Obwohl die hier untersuchten Wechselwirkung klein sind (im meV Bereich), beeinflussen
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sie die Diffusion, die Nukleation und das Wachstum aller Adsorbat/Substrat Systeme
mit einem zwei-dimensionalen Elektronengas an der Oberfliche und kénnen vermut-
lich genutzt werden, um neuartige geordnete Strukturen von Atomen und Molekiilen zu
erzeugen.

Bestimmte Kombinationen von magnetischen Adsorbaten auf Metallen zeigen eine
starke, lokale Korrelation der Leitungselektronen. Dieser sogannten Kondo Effekt verur-
sacht eine scharfe Fano-Resonanz der Tunnelleitfihigkeit fiir kleine Tunnelspannungen,
wenn die Spitze des Rastertunnelmikroskop iiber einem Adsorbat platziert wird. In
dieser Doktorarbeit wird das rdumliche Verhalten der Kondo-Resonanz als Funktion des
Adsorbat-Spitzen Abstandes r anhand der Systeme von Kobalt Adatomen auf Cu(100)
und auf den (111) Flichen von Cu, Ag und Au untersucht. Die Messungen quan-
tifizieren den Anteil des direkten Tunnelns in das 3d Orbital des Co Adatoms und die
Abhéngigkeit der Kondo Temperatur von der Anzahl der dem Co Adatom benachbarten
Substrat-Atome. Der Vergleich des Abfalls der Amplitude der Resonanz als Funktion
von r fiir Co/Cu(100) und Co/Cu(111) zeigt, dass dic Kondo Resonanz des Co Atoms
von Volumen-Elektronen dominiert wird. Die Kopplung zu den Oberflichen-Elektronen
aller drei (111) Edelmetall-Oberflichen wird durch Wasserstoff Adsorption erheblich
gestarkt. Die resultierende starke Kondo Resonanz des zwei-dimensionalen Elektro-
nengases kann bis zu 100 A Entfernung von dem Adsorbat detektiert werden. Diese
Langreichweitigkeit ermdglicht eine direkte Vermessung der lokalen Zustandsdichte der
stehenden Wellen der resonant gestreuten Oberflachen-Elektronen als Funktion der En-
ergie. Die Energieabhingigkeit der Phasenverschiebung der gestreuten Wellen zeigt
dabei ein resonantes Verhalten, wie es von der Theorie der Fermifliissigkeit erwartet

wird.
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Abbreviations and Common

Symbols

2D, 3D
2DEG
fwhm
(L)DOS
ML
RLM
rms
STM
STS
UHV

A
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E., Er, Er
En
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two, three dimensional

two dimensional electron gas

full width at half maximum/minimum
(local) density of states

Monolayer

Resonant Level Model

root mean square

Scanning Tunneling Microscopy
Scanning Tunneling Spectroscopy
Ultra-High Vacuum

minimum to maximum amplitude of the Fano resonance
annihilation and creation (}) operators of adsorbate and con-
duction electron states

tip-adsorbate distance

(background) phase shift of the [th partial wave

tunneling conductance

elementary charge, e = 1.60-107'% C

energy of discrete atom level, Fermi energy, surface-state band
onset energy, diffusion migration barrier

e= (B~ E)/(T/2)
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viii ABBREVIATIONS AND COMMON SYMBOLS

r energy width of virtual bound state
Gea(E +1m)  adsorbate projected Green’s function
GYE +m) free conduction electron projected Green’s function
HE(o) Hankel function, H(0) = J,(0) & :N;(0)
h Planck constant, fi = % =1.05-10"% Js
J exchange coupling constant
Ji(o) Bessel function, J;(g) = E‘t@—;H‘M
kp Boltzmann constant, kg = 1.38 - 10-% % = 0.0862%¢%

s, kb surface-state, bulk electron Fermi wave vector
Ly surface-state electron density, Ly = 1’:‘?
A energy shift of resonance

¥ surface-state electron Fermi wavelength
Me electron mass, m, = 9.11-107% kg
m* effective electron mass
Ni(o) Neumann function, Ny{g) = ﬁf(e)_;:ﬂ'_@
ng density of surface-state electrons
Ng, Ny number operator of adsorbate, conduction electron level
v(T), v hopping rate, attempt frequency
3, 9, adsorbate, tip wave function
g Fano line shape paramter
Taas Tia adsorbate-adsorbate, tip-adsorbate distance
Pbs Pss Pt bulk, surface-state, tip LDOS
T, Tk sample and tip temperature, Kondo temperature
Tor, Toy tunneling matrix elements
HE) t matrix
T lifetime, 7 =T'/k
(S adsorbate coverage
U Coulomb interaction energy
|4 voltage between biased sample and virtually grounded tip
Vo conduction electron - adsorbate hybridization matrix element
T, Y, 2 z-, y-coordinate (parallel to sample surface), and z-coordinate

(vertical to surface)
¢k Kondo correlation length

z vertical core to core tip-sample distance



Chapter 0
Introduction

Matter is made up of atoms. Proposed by ancient Greek philosophers, the existence
of atoms was still under discussion a hundred years ago. Since then, much has been
learned about them with experimental methods accessing their physical characteristics
in a more and more direct way. Fundamental to the properties of matter be it an atom, a
molecule or a macroscopic structure are the electronic states of the object. The electron
cloud makes up the volume of the object and the electrons mediate the interactions, the
chemical bonds, between the atoms. An unprecedented access to the local electronic
properties of materials on the atomic scale is offered by Scanning Tunneling Microscopy
(STM), invented by Binnig and Rohrer in 1982 [1,2]. The power of the tunneling
microscope lies in its ability to spatially and cnergetically resolve the electronic states
on a conducting surface. Spatially, the states can be observed with atomic resolution.
Energetically, states which lie within a few electron-volts on either side of the Fermi
level can be observed with an energy resolution of a few kgT. Besides its investigational
possibilities, the STM has been used for the engineering of atom sized structures by
controlled moving and picking up of single atoms and molecules on metal surfaces [3-6].
The development of the scanning tunneling microscope together with other scanning
techniques like the Atomic Force Microscope has been crucial to the rapid progress in
the understanding and engineering of atom sized structures, which has become a highly

funded interdisciplinary movement refered to as nanoscience.

The principle of the STM is beautifully simple: it’s an electric circuit made up
of a voltage source, the tunneling bias, applied to a tunable resistance, the tunneling
resistance, which is determined by the size of the vacuum- (or gas-, liquid-) gap between
the two electrodes of the STM. One electrode is tip shaped, i.e. microscopic, and can
be positioned relative to the second electrode, which is the sample under study. If the

gap is small enough such that electrons are able to cross (tunnel) the gap due to their

1



2 CHAPTER 0. INTRODUCTION

quantum mechanical wave character, a tunneling current flows. The current’s strength
increases exponentially on the overlap of the tip’s apex wave function with the wave
function of the substrate. Due to this sensitivity on the tip-probe distance, a highly
spatially resolved information of the studied object is achieved by scanning the tip and
measuring the tunneling current. Furthermore, the amount of current flowing for a
given potential difference depends also on the electron energy levels available, i.e. on
the local density of electronic states (LDOS) at the tip and the opponent object, and
thus contains valuable spectroscopic information about the probe. In many cases, the
LDOS can be determined by measuring the tunneling conductance signal, a method
called scanning tunneling spectroscopy (STS). The technological problems to master for
the operation of a STM have been the high precision needed in the placement of the
tip, the stabilization of the tunneling gap, the measurement of the small noisy tunneling

currents and the data collection, which powerful computers arrived just in time for.

An important step for the investigation of single adatoms was the development of
scanning tunneling microscopes running at cryogenic temperature [7]. Not only can
different physical phenomena like superconductivity be studied at low temperature, but
also the quality and reproducibility of the measured tunneling current is enhanced:
thermal noise in the current is small, thermal drifts of the piezo ceramics that move
the tunneling tip are reduced, and probably most important, unwanted adsorbates at
the tip and the surface are frozen so that they don’t diffuse into the tunneling region
and thereby disturb the tunneling current. All these points combined have made pos-
sible measurements like the mapping of the Abrikosov flux lattice at the surface of
the superconducting NbSe; [8] or the =10 meV Kondo resonance of a single magnetic
adatom [9,10], which is a topic addressed in the present thesis. At cryogenic tempera-
tures in an UHV, a single adatom can be observed for several days because it does not

diffuse and is not contaminated by other adsorbates

In recent years new developments in condensed-matter physics came from two-
dimensional (2D} electron systems like the quantum Hall effects and high-temperature
superconductivity. For the effects studied here, the fact that local interactions are less
effectively screened in two than in three dimensions is exploited. A good approach to
a two-dimensional electron gas are so called surface-states, present for example on the
noble metal (111) surfaces. Bulk forbidden electronic surface-states may arise at a crys-
tal surface because of the breaking of the translational symmetry perpendicular to the
surface {11,12]. An electron in a surface-state is confined to the first few layers at the
crystal surface, but can move freely parallel to it. Starting in 1991 with the work by

Davis et al. {13], STM has frequently been used to investigate noble metal surface-states



[14-33]. Surface-state electrons contribute strongly to the tunneling current because
of their high density at the surface and thus Fermi wavelengths are long enough to be
easily resolved by STM driven in the spectroscopic mode. These two features allow for
a fascinating insight into the wave nature of electrons: For example, the standing wave
solutions of an electron in a potential well, a problem known to every student of quan-
tum physics, can be directly mapped by STM by measuring the density of surface-state
electrons trapped on small atomically flat terraces {26] or artificial corrals build by STM

atom manipulation [14].

In this thesis, the unique possibilities of a cryogenic STM have been used to study
aspects of the interaction of bulk conduction band and surface-state electrons with ad-
sorbates on noble metal surfaces: one topic is the long-range lateral interaction between
adsorbates mediated by a 2D electron gas, another the correlation of conduction elec-
trons due to scattering at magnetic adsorbates, called Kondo effect, with special interest

in the spatial extent of the correlation for 2D and 3D conduction electrons.

Turning to the first main topic of this thesis, lateral interactions between adsorbed
species have a determining influence on heterogeneous catalysis, molecular self-assembly,
and thin-film epitaxy. The usually considered interactions like the direct electronic in-
teraction and the indirect electrostatic (dipole-dipole), elastic (deformation of substrate
lattice), and electronic (bulk conduction electrons) interactions have amply been stud-
ied in the past and lead to complicated behavior with high chemical specificity and a
range never exceeding a few atomic distances. For their investigation, STM has emerged
as a quantitative tool [34-37], supplementing the well established field ion microscopy
method [38-41]. However, for more than 20 years there has been the theoretical predic-
tion that there should exist oscillatory adsorbate interactions of extremely long range,
mediated by screening in a 2D electron gas [42]. The adsorbates interact indirectly
via oscillations in the substrate electron density, due to scattering of conduction band
electrons by the adsorbates. For a 2D electron gas, such an interaction for a pair of ad-
sorbates falls off with the square of the distance 1/7? between two adsorbates, compared
to 1/7® for a 3d electron gas. First qualitative indication of long-range interactions came
from equidistant bulk segregated impurities on Cu(111) [43], first experiments quanti-
fying such interactions mediated by surface-state electrons for Cu adatoms on Cu(111)
were recently reported by Repp et al. [44] and by the work of this thesis [45,46], where
in addition Co on Cu(111) and Co on Ag(111) have been investigated. The comparison
of the three adsorbate/substrate systems suggests the general existence of long-range
oscillatory interactions and shows common characteristics. In all cases, the interaction

energy E(r) manifests itself up to more than 60 A distance, it decays as 1/r?, and



4 CHAPTER 0. INTRODUCTION

oscillates with a period of half the surface-state Fermi wavelength. The data are in
good agreement with theory and establish the link between the spatial variation of the

interaction energy and the adsorbates’ scattering properties.

In the following, the reader is introduced to the second main topic of this thesis, the
Kondo resonance of single magnetic adsorbates on noble metal surfaces. In the 1930s, it
was observed that some metals have a shallow resistance minimum at low temperatures
(=10 K). Usually, the resistance of a metal drops monotonic as its temperature is lowered
because of decreasing electron-phonon interactions until it saturates due to scattering
at static defects in the material. The resistance minimum puzzled physicists until it was
realized that the strength of the minimum was related to the concentration of magnetic
impurities in the metal such as cobalt atoms. A first explanation of the phenomena was
given by Jun Kondo in 1964 [47]: Impurities that keep their magnetic moment in the
metal host have an internal spin degree of freedom that alters their scattering properties
qualitatively compared to non-magnetic lattice imperfections. Considering the scatter-
ing from a magnetic ion that interacts with spins of the conduction electrons, Kondo
found that higher order perturbation terms could be dominant resulting in a logarith-
mically increasing resistance with falling temperature. Kondo’s perturbation approach
correctly describes the resistance for temperatures above the Kondo temperature Tk,
but makes the unphysical prediction that the resistance diverges as 7' approaches 0 K.
The search for a more comprehensive theory became known as the Kondo problem [48].
Today, it is understood that the interaction of the localized d- or f-electrons of the
magnetic impurity with the delocalized conduction electrons generate a correlated non-
magnetic singlet ground state of the host and impurity electrons with the same energy
as the Fermi level. This state manifests itself in a sharp resonance of the quasi particle
density of states of width of order of kgTk at the Fermi energy, which explains the in-
crease of the resistance, i.e. the increased scattering of conduction band electrons, with
decreasing temperature. The resistance minimum together with other phenomena like
the complete screening of the magnetic moment of the impurity at 0 K are collectively

referred to as the Kondo effect.

Recently, the unprecedented control over Kondo systems [9, 10, 46, 49-73] provided
by new experimental techniques from the rapidly developing field of nanotechnology has
rekindled interest in the Kondo effect [74] starting in 1998, when the Kondo resonance
of single magnetic adatoms were locally studied by STS [9,10] and the Kondo resonance
in an artificial quantum dot was observed [60,61]. Quantum dots made for the study
of the Kondo effect [60-70] are small (0.1 yum?) puddles of charge containing a well-
defined number (~100) of electrons. They are typically fabricated by putting metallic



gates on a semiconductor region that behaves as a two-dimensional electron gas. If
an odd number of electrons is trapped within the dot, the localized spin, embedded
between large conductance electron seas in the two leads, mimics the magnetic impurity
in a metal system. In contrast to increasing the resistance in a metal by increasing the
scattering of the conduction electrons, the Kondo resonance increases the conductance of
the quantum dot by coherently superposing the localized states on the quantum dot and
the delocalized states in the two opposite electrodes, until the conductance reaches the
unitary limit of 2e?/h which implies that the electrons are transmitted perfectly through
the dot [65]. Low temperature STM has emerged as an important local probe of the
Kondo resonance of a variety of Kondo systems due to its high spatial and spectroscopic
resolution [9,10,46,49-59]. On noble metal surfaces, the Kondo resonance of magnetic
adsorbates typically invokes a sharp antiresonance of the tunneling conduction at zero
bias due to dominant tunneling into the perturbed conduction electron LDOS (and not
into the LDOS of the magnetic orbital). The measurements presented here are about
the strength and spatial decay of the Kondo resonance for Co on Cu(100) and on the
three noble metal (111) surfaces of Cu, Ag and Au. They quantify the amount of
direct tunneling into the LDOS of the magnetic orbital and they show a scaling of the
Kondo temperature with the number of nearest substrate atoms to the Co adatom. It is
further shown, that the surface-state electrons are essentially not involved in the Kondo
resonance for Co adatoms. This is changed by adsorption of hydrogen to the cobalt,
leading to a very long range Kondo effect, making the direct observation of the phase

shift of the scattered surface-state electrons possible.

The following is a short summary of the thesis. Chapter 1 describes the setup
and functionality of the low temperature STM system. In Chapter 2, some theoretical
points important to STM studies of adsorbate — conduction band electron interactions
are introduced: approximate expressions for the tunneling current, the relation of the
tunneling conductance to the surface LDOS, 2D scattering formulas, and Fano line
shapes derived from the resonant level model. Chapter 3 introduces the noble metal

(111) surface-states to the reader, their characteristics and their accessability by STM.

In Chapter 4, lateral long-range interactions between adsorbates on metal surfaces
with a surface-state are investigated. The chapter begins with the investigation of
the thermal hopping rate of isolated adsorbates in Section 4.1 in order to determine
the corrugation of a single adsorbate’s potential energy surface as well as to find the
temperature range where the interaction is observable. In the main Section 4.2, the
interaction energy of isolated pairs of adsorbates as a function of adsorbate distance is

determined from the nearest neighbor distance distribution of adsorbates. The distri-
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butions are determined from series of STM images recorded at temperatures (10 K to
20 K) where the adsorbate diffusion is sufficiently activated so that the adsorbates probe
the potential in their surroundings but are not able to overcome the energy barrier for
nucleation or trapping at steps. In the last Section 4.3, the potential of the interaction
to create a long-range order between adsorbates is investigated.

Chapter 5 is about local scanning tunneling spectroscopy investigations of the Kondo
resonance of single magnetic adsorbates on noble metal surfaces. After a theoretical in-
troduction to the Kondo effect in Section 5.1, where it is shown that the Kondo effect of
a magnetic adsorbate manifests itself as a Fano resonance at zero bias in the tunneling
conductance, the Kondo resonances of Co adatoms on Cu(100) and Cu(111) are quan-
titatively compared in Section 5.2: the higher Kondo temperature Ty of Co/Cu(100) is
ascribed to the scaling of Tk with the number of nearest substrate Cu atoms. While
at the Cu(100) surface both, tunneling into the hybridized localized state and into the
substrate conduction band contribute to the Kondo resonance, the latter channel is
found to be dominant for Cu(111). The analysis of the spatial decay of the amplitude
of the Fano line shapes reveals that the Kondo resonance is dominated by the Cu bulk
electrons. In Section 5.3 it is shown that the coupling to the surface-state electrons of
all three noble metal (111) surfaces is substantially enhanced by hydrogen adsorption to
Co adsorbates. The resulting strong Kondo resonance of the 2D surface-state electron
gas can be detected on Ag(111) up to distances of more than 100 A away from the
adatom site. This long-range behavior enables the direct determination of the energy
dependence of the scattering phase shift at a single Kondo impurity showing the reso-
nant energy dependence expected from Fermi liquid theory. Finally, Chapter 6 gives an
outlook on the possible impact and implementations of the effects studied in this thesis.



Chapter 1

The Instrument

1.1 The STM

All measurements presented in this thesis have been performed with a home built ‘He
bath cooled STM working in UHV. It has a high spatial stability (=0.5 pm in the vertical
direction) and a spectroscopic energy resolution better than 1 mV. The instrument was
completed in 1998 at the Ecole Polytechnique Fédérale in Lausanne [75,76]; the UHV
chamber has been redesigned on the occasion of a move of the group to the Max-Planck-
Institute in Stuttgart in the year 2000.

The STM is of the beetle type [77] (Fig. 1.1). It is placed in a cylindrical copper pot
for thermal isolation and good thermal coupling to the cryostat. The tip is attached to
the scan piezo pointing down towards the sample. The sample is placed at the center
of a sample holder which can be inserted with a wobble stick into a horizontal slit in
the STM body underneath the tip. The sample holder is pressed upwards against a
polished surface of the STM body by three spring-loaded Teflon plugs to fix the tip-
sample distance and to guarantee a good thermal contact to the STM body.

The scan piezo is a hollow cylindrical piezo ceramic with five concentric vapor de-
posited electrodes covering most of the outer piezo surface and a grounded electrode
covering the inner surface. The four electrode segments for the z-y-scanning movement
are located at the upper half of the piezo, the electrode for the vertical z-movement
covers the lower part of the scan piczo. By applying high voltages (£200 V) to the
outer electrodes, the piezo tube can be bent, stretched and compressed thereby placing
the tip at a desired position or scanning it across the sample surface. An area of &1 um?
can be reached and the tip can be vertically moved by about 200 nm.

Because the scan piezo can be retracted only nanoscopically, a coarse approach

mechanism is needed to avoid tip crashes during sample transfer: The scanning piezo

7
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is attached to a molybdenum disk which has three helical ramps at its boarder with a
height difference of 0.5 mm. The disk resides with its ramps on three ruby balls at the
end of three piezo legs. Those stand upward and are glued to the STM body at their
bottom. If the three piezos are controlled in the right way, the molybdenum disk can
be turned in both directions by a “stick and slip” movement thereby moving the tip up
and down via the helical ramps. Also, this technique allows for a macroscopic lateral
mm-scale displacement of the tip which is very useful when looking for particularly clean
areas of the sample, large atomic terraces, variation in adsorbate coverage or moving
away from scratches.

The tip is a ca. 1 cm long 0.2 mm thick polycrystalline tungsten wire (99% pure)
sharpened by chemically etching. The tip apex is cleaned in-situ by field-emission by
applying a voltage of —600 V to the tip and decreasing the tip-sample distance until a
current of about 200 pA is flowing. The high current density removes dirt from the tip
apex by heating it up. During operation of the STM, smaller dirt particles are removed

by dipping the tip several nanometers into the clean sample.

The STM is usually driven in two distinct modes, the topographic constant current
mode and the spectroscopic mode. In the constant current mode, the tunneling current
is compared to a preset current value and the difference is fed back to the voltage applied
to the z-piezo so that the tip-sample distance is adjusted to minimize the difference of
the measured and the preset current. During scanning of the surface with the tip, the
voltage applied to the z-piezo in order to keep the current constant is recorded by a
computer and assembled to a topographic image of the surface. In the spectroscopic
mode, called scanning tunneling spectroscopy (STS), the differential tunneling conduc-
tance as a function of the bias voltage is recorded for a fixed tip position. This is done
by opening the feed-back loop and ramping the bias voltage over the desired range.
The differential conductance is derived from the tunneling current by standard lock-in
technique with a high frequency modulation of =4 kHz to the bias voltage, which is
well above the bandwjdth of the feedback loop. Thus the z-piezo does not follow the
modulation of the bias voltage.

All the basic functions of the STM like the feedback loop or the coarse approach are
handled by a commercial electronics from RHK (STM 200 Control Electronics). The
user interacts with the electronics via a graphical user interface (STMCPS) running
on a Silicon Graphics Iris Workstation, which communicates with the electronics by an
ethernet.

The STM was designed for a spectroscopic energy resolution better than 1 mV,

limited by the operating temperature of the STM of =6 K. Thus grounding was done
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very carefully and all signal lines to the microscope (bias voltage to the sample, all piezos
connections, tunneling current from the tip) are filtered with radio frequency filters on
top of the cryostat. The current is pre-amplified on top of the cryostat with 107 V/A
gain, post-amplified alternatively with 1,10, or 100 gain and can be additionally low-pass
filtered with 10 to 0.3 kHz bandwidth. The bias voltage supplied by the RHK is also
low-pass filtered with optional 3 k, 1 k, 100 or 10 Hz bandwidth and can be devided by
1 to 100 to fit the voltage range of interest to the bit resolution of the DA converter of
the RHK electronics (£10 V, 12 bits).

1.2 The UHYV system and the cryostat

The UHV system is constructed along two major axes, one vertical axis given by the
cylinder of the longish cryostat (Oxford Instruments) and the STM, and a horizontal axis
given by the STM at one side and the sample manipulator on the other side (Fig. 1.1).
The cryostat is made up of two nested hollow-cylinder dewars, the inner for liquid helium
(42 1) thermally shielded by the outer dewar for liquid nitrogen (25 1). The dewars are
separated from each other and from the outside by the systems common vacuum. The
STM is located at the lower end of the cryostat in the center of a superconducting
split-pair magnet providing a magnetic field vertical to the sample surface of up to 5 T.
For good thermal anchoring of the STM to the cryostat, a copper cone at the top of the
STM body is pressed against its counterpart in the cryostat by a spring in the transfer
rod. The rod is thermally anchored to the LN, dewar at the top to reduce the thermal
flux to the STM. All signal lines to the microscope run along the rod.

Horizontally, the system is cut in two halves by a plate-valve in its center, separating
the preparation chamber from the cryogenic chamber. Closing the central valve makes
cleaning and preparation of the samples possible during low temperature operation of
the STM without adsorbing dirt and sputter gas to all cooled surfaces. The sample can
be moved on the manipulator from different preparation and analyzing stations within
the preparation chamber across the central valve into the cryogenic chamber, where it
can be picked up by a wobble-stick and transferred into the STM or put into a sample
storage with room for two samples.

The whole system is encapsulated in a sound insulation cubicle damping acoustic
noise by =20 dB to stabilize the tunneling gap. Additionally, three vibration isola-
tion stages damp the Jow frequency vibrations coming from the ground: the system is
mounted on an optical honeyweb table residing on four active dampers (HWL Bioana-

lytics/JRS) operating in the frequency region 1—40 Hz. A frame supporting the system
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Figure 1.1: Sketch of the UHV-chamber and the scanning tunneling microscope.
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stands on four passive pneumatic dampers (Newport). The last damping stage is made
up of three pneumatic dampers (Newport) decoupling the cryostat from the rest of the
system. A flexible bellow connects the two parts to retain the common vacuum. Since
the STM is firmly connected to the cryostat without a vibration isolation in between
to guarantee good thermal anchoring, vibrations coming from gas bubbles due to the
evaporation of liquid nitrogen have to be suppressed during measurements by pumping
the LN, dewar which solidifies the Nj.

An ultra high vacuum (UHV) with a base pressure in the upper 10~'! mbar region
is sustained in the system by several pumps. The preparation chamber is pumped by a
turbomolecular pump and an ion pump, the cryogenic chamber by an ion pump at the
bottom of the system, a titanium sublimation pump and, if filled with liquid helium, by

the cryostat itself.

1.3 Analysis and sample preparation tools

In the preparation chamber, standard UHV preparation and analysis tools are con-
centrically arranged around the sample transfer axis: a load-lock for sample insertion
without destruction of the UHV, a differentially pumped sputter gun (IQE 12/38 from
SPECS), two electron beam evaporators (EFM from Omicron), an Auger spectrometer
with cylindrical mirror analyzer (CMA 150 from Omicron), a mass-spectrometer (TSP
TH100 from Leybold) and a vacuum gauge.

The experiments described here have been performed on noble metal single crystals
supplied by MaTeck precisely cut and polished in the (111) and (100) plane with an
orientational misfit smaller than 0.1°. The hat shaped samples, Au(111), Ag(111),
Cu(111), and Cu(100), with a circular upper surface of 7 mm in diameter and a total
thickness of 3 mm are clamped into the sample holder (Fig. 1.1). Before measurements,
the surfaces of the samples are cleaned from contaminations like oxide layers and water
by sequential cycles of Ar+ sputtering at room temperate and subsequent annealing to
~800 K. The rather inert noble metal surfaces can be cleaned very efficient to impurity
coverages of less than 10~* monolayers and they stay clean in the UHV for several days.
Due to the small miscut of the samples, atomically flat terraces larger than 200 nm in
width can be easily found.

Low coverages of adatoms are deposited directly onto the cold sample surface with
a current heated line-of-sight filament evaporator located inside the cryogenic chamber.
Thin wires (@ = 0.1 mm) of high purity (99.996%) of the metal to be evaporated are

wired around a supporting tungsten filament (& = 0.25 mm). The filament-sample
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distance is 18 cm, the angle of incidence of the adatoms onto the sample is 10°. The
evaporated atoms access the sample only by passing small holes in the helium dewar
and the STM body. This way, the heat radiation on the sample during evaporation is
reduced and the pressure stays in the 107! mbar region.

A sample temperature of 5.6 K as measured by a temperature sensor (Cernox) re-
placing the sample is reached when inserting a copper plug into the sample transfer hole
of the cryostat to block heat radiation. The sample temperature can be precisely varied
by evaporating the liquid helium in the cryostat. After all the liquid He is gone, the
temperature slowly rises by about 1 K every two hours enabling a precise temperature
determination. During measurements, the sample temperature is measured by a sensor
at the bottom of the STM body. Temperatures of this sensor are calibrated to tem-
peratures which have been determined once by the sensor replacing the sample. The
calibration is necessary because the bottom of the STM is slightly colder than the sam-
ple by about 1 K, or 5 K without inserted copper plug, due to residual heat radiation

and heat flux to the sample.



Chapter 2

Theory

2.1 The tunneling current

The amplitude of the wave function of an electron bound to o substance like o metal does
not end abruptly st the surface of the metal but deeays exponentially into the vacunm
This is a consequence of the wave nature of matter similar to the evaneseent wave of
totally reflected light in optics. The exponential decay of the vaconm tail of the wave
function follows from the Schrodinger equation for a free particle with negative energy
When a second metal is brought very close, the tail of the electron's wave function
reaches into the second metal giving rise to a finite transition probability of the electron
L 11] fhl‘ \l’l'(}lll’ llu'lul “lh transition ACTOSS A« |-i-‘-ll'¢|||_\ energel Il'-|||\' fu!lm]llt-u reglon
15 known as the tunneling effect. Upon applying a potential difference between the two

metals, a net tunneling current flows. In STM, the two electrodes are the tip and the

| ~nA

I

bias ~ mV

Figure 2.1: Electric circuit of the tunneling current. The sample is hiased by the potential

V with respect to ground. Typical tip-sample (core-to-core) distances 3, are 5 A-10 A
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sample (Fig. 2.1). Because of the exponential dependence of the tunneling current on
the tip-sample distance, the current flows highly localized through the few atoms at the
apex of the tip basically causing the high spatial resolution of the STM. An expression
for the tunneling current I may be determined by time-dependent perturbation theory

using Fermis golden rule [78-82]:
= ZGZ |Tsu|?6(Es — €V — E}) x
(f(Es eV T) 1 - (BT - F(ET) 1 - F(B, - eV, T)]), (21)

where the summation goes over all unperturbed quantum levels of the sample s with
energy F, and of the tip ¢ with energy E, . T is the temperature of sample and
tip, V is the voltage between the biased sample and the virtually grounded tip. The
Fermi-Dirac distributions f make sure that only tunneling from occupied to unoccupied
electron levels occurs, for positively biased sample from the tip to the sample (2. term
of Eq.(2.1)) and vice versa (1. term of Eq.(2.1}). The delta function § assures that the
energy of the tunneling electrons is conserved, i.e. elastic tunneling is described. The
probability of transition from level t to level s is given by the tunneling matrix element

Tstz‘

. — U,V (2.2)

with the wave functions of the unperturbed sample ¥, and tip U, levels and the integral
running over an arbitrary surface ¥ within the tunneling barrier region. T;, depends
on the overlap of the two wave functions, i.e. roughly exponential on the barrier width
z as well as on the electron momentum perpendicular to the surface.

A common approximation in STM theory for Eq. (2.1) is the s-wave approximation
for the tip wave function introduced by Tersoff and Hamann [83-85]. The tunneling
current, is given by an energy integration over the products of an electron supply function,

an electron reception function and a transmission probability (Fig. 2.2):

I(VyTvxhyhzt) x /dEps(EvItyyt) pt(E—CV) X
T(B,V,2) [f(E - eV,T) — f(B,T)], (23)

where 2, is the distance between tip and sample measured between the virtual

planes passing through the uppermost atoms of tip and the sample (Fig. 2.1),

!Throughout this thesis, the convention is adopted that the energies are measured with respect to

the respective Fermi levels of the substrate and tip
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A
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Figure 2.2: Potential energy diagram of the tunneling electrons. For positive bias, the net
current, indicated by the horizontal arrows, is made up of electrons tunneling from occupied
states of the tip to unoccupied states of the sample. The current per energy, represented by
the density of arrows, depends on the tip and sample LDOS and increases with the energy

because states of lower energy decay faster into the vacuum.

ps(E vz, ) =Y, |®u(ze, 1) |26(E — E,) is the local density of states (LDOS) of the
sample in this virtual plane at the lateral tip position and p, the LDOS of the tip
apex. An often used expression for the tunneling transmission factor T disregards its

dependence on the electron momentum [85]:
T(E,V, ) = e~ 2/ B HAWIETD) (2.4)

with W, and W, the work functions of the sample and the tip (Fig. 2.2). Although this
is a crude simplification, the expressions Egs. (2.3) and (2.4) contain the essential and
are a good starting point for qualitative discussions. For eV « (W, + W,) the bias and
energy dependence of T can be neglected, leading to the following simplified expression

for the current:

IV, T, 2y, 90, 2) oc €722V aF (Vo) / dE p,(E,z,y:) p(E — V) g(E,V,T), (2.5)

where g(E,V,T) = f(E — eV,T) — f(E,T). At low temperatures, the Fermi edge is

sharp, further simplifying the expression for the current to:
eV
IV, 2y, 7) x e R AW+ W) /dE ps(E,zi,4) pi(E — eV). (2.6)
0

The tunneling current thus provides topographic information by its z dependence

mixed with spectroscopic information by its LDOS dependence. In the constant current
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mode, the z dependence is used to compose topographs of the sample surface. The
term topograph is misleading in the sense that not the positions of the atomic nuclei are
imaged but rather a surface of constant LDOS (in the topograph of Fig. 3.1 for example,
the oscillations in the LDOS around the adsorbates and steps have an apparent elevation
of the same order of magnitude as the topographic heights of the adsorbates).

In scanning tunneling spectroscopy (STS), the sample LDOS as a function of energy
is derived from the voltage dependence of the tunneling conductance dI(V)/dV. For low
bias voltages |V} < hv/2W,/2,\/m. it can be shown from Eq. (2.1) that the tunncling
conductance is a function of the sample LDOS times the tip LDOS [86]. Usually, one
is interested in the sample LDOS only, i.e. the sample LDOS has to be isolated from
the generally unknown tip LDOS in the tunneling conductance. If the tip LDOS is flat
over the energy range of interest, the dI/dV signal is directly proportional to the LDOS
of the sample as can be seen from Eq. (2.6). Before taking spectra, the tip LDOS is
modified by gently dipping the tip into the sample (1 nm) until the background spectra
are as flat as possible in the energy range of interest. The background spectra are taken
far away from any adsorbates and other objects like impurities and atomic steps, so that
the the sample LDOS is unstructured. If it is not possible to flatten the tip LDOS, the
sample LDOS can be determined by numerically unfolding the dI/dV spectrum from a
background spectrum.

Compared to other spectroscopic surface analysis tools like photo-emission spec-
troscopy, STS has the advantage of local probing with high spatial resolution, high
energy resolution and direct access to the two sides of the Fermi edge, i.e. for posi-
tive sample bias the hole-states of the sample above the Fermi energy are probed, for
negative sample bias the occupied sample states below the Fermi energy are probed.
Disadvantages are that states far from the Fermi level with low tip overlap are not

resolved and that the unknown tip LDOS is always folded into the spectra [86].

2.2 2D scattering theory in polar coordinates

As we will see, many aspects of the interaction of surface-state electrons with adsorbates
can be well described by scattering theory because the adsorbates are small compared
to the relevant wave lengths of the surface-state electrons. The time-independent 2D
Schrédinger equation in polar coordinates for a particle of mass m and energy E in a
potential V(r, ¢) reads:

[ 190 ( 9 ) + 1 (—h28—2> + V{r, tp)] U(r, o) = E¥(r, ). (2.7)

“amror \"or 2mnr? Oyp?
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The probability of finding the particle at (rg, @) in the infinitesimal area rydrdy is
given by 7o|¥(ry, )| dr dp. For a central potential V (), the Schrédinger equation can
be solved by a separation Ansatz

U(r, ) := R(r)®(p). (2.8)

With a separation constant /2, the normalized solution to the azimuthal equation
2 .
L) = Li(p) is
1

O(p) = —=e'*, 2.9

(0)= 7= (29)

where the angular moment quantum number { has to be integer, [ € {0,£1,+£2,...}, to

guarantee uniqueness of the wave function. The radial equation can be transformed to

% 18 2
|55+ 50+ (& =)= T2V Rustr) =, (2.10)

where p = kr and E = h%k%/2m. For a free particle with V(r) = 0, the radial equation
reduces to the Bessel equation, which has the linearly independent solutions J;(g), the
Bessel functions of the first kind, or simply Bessel functions, and N(g), referred to as
the Bessel functions of the second kind, Neumann functions, or Weber functions. The
linear combinations H;*(g) = J;(0) £1N,(p), called Hankel functions or Bessel functions
of the third kind are in the asymptotical limit outgoing (H;(g)) and incoming (H; (g))

circular waves: ‘
9 etHe—F-%)
HE — - 2.11
i (o) oo V 0 NG (2.11)

The general solutions of Eq. (2.10) for V(r) = 0 and positive energy E can be written as
Rfc(’),) (r) = e H; (p) + cte® H* () (times an overall phase factor). For zero absorption
¢~ = ¢* = ¢ because the incoming and the outgoing probability flux have to be the same
and &; = 0 because R;f,)(r) — oo as ¢ — 0 for §; # 0. Therefore the general solutions to

Eq. (2.7) for V(r) = 0 and positive E, the free circular wave functions are

[k
T (r, ) = EJ:(kr)e"‘” , (2.12)

with Ji(0) = (H; (o) + H;"(0))/2 and ¢ = k from normalization in the extended sense:
(Wg}hﬁgpl,) = §(k — k')8;y. It can be seen from Eq. (2.11) that the probability per unit
area of finding a free particle in the state \Ilf:?,)(r, ) falls off asymptotically as 1/r. In

comparison, in 3D space, the free spherical waves are [87]:

(0) 2k> m
Tk,l,m(rs ) = 'W_]l(kr)yl (,9), (2.13)
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with the spherical Bessel functions j;(kr) = W.flﬂ s2(kr) and the spherical har-
monics Y™ (¢p,d). The probability per volume of finding a free particle in the state
T,(C?,),m(r, ©,19) falls off asymptotically as 1/r? since jo(kr) = sin(kr)/(kr). This more
rapid decay in three dimensions, which assures particle conservation, is of purely geo-
metrical nature.

For a localized potential V(r,¢) that vanishes for r — co, the Hankel functions are
asymptotic solutions to the radial equation Eq. (2.10). The general solutions ¥, still
have to guarantee particle conservations (¢~ = ¢*), but the §; are not zero: their values
are determined by imposing continuity between the asymptotic solution

—tkr (41 akr ,—1 (L 4+ 1) 24

Uralrp) o () kARl :};’k—re Griles
and the full radial equation Eq. (2.10). The quantity & defined this way is called
the phase shift of the partial wave ¥y (r, ). This expression can be explained in the

(2.14)

following way: as the incoming circular wave of a particle with energy E and angular
momentum [ approaches the zone of influence of the potential, it is more and more
perturbed by the potential. When, after turning back, it is transformed into an outgoing
circular wave, it has accumulated a phase shift of 2§, relative to the free outgoing wave
for a zero potential.

If absorption occurs, the amplitude of the outgoing wave will be reduced. This
is described mathematically by a complex phase shift 7 = & + 20; with the factor
e?m = e~2g%% in Eq.(2.14) reducing the outgoing wave. ¢y = 0 means no absorption
and a; = oo total absorption. Note that for full absorption, the partial wave ¥y, (7, @)
differs from the free wave lllffl)(r, ©) by the missing outgoing wave, i.e. there are strong
scattering effects. In optics, this typical wave phenomenon is referred to as shadow or
black dot scattering.

The probability per area of finding a particle that is in the state of a free circular

wave function rises from the origin of the coordinate system like

Wl =, 2 (2 (2.15)
- kr—0 27 \ 24!

Thus particles with high angular momentum ! and small energy (small k) will be less
affected by a potential localized at r = 0. For the scattering of surface-state electrons
by adatoms with electron energies close to the fermi energy, it is sufficient to consider
s-wave (I = 0) scattering only, becanse kr ~ 0.1 A~! (Table 3.1) and the range 7o
of the scattering potential is typically roy = 1 A(basica]ly determined by one over the
Thomas-Fermi screening length of the bulk electrons), i.e. p-waves (I = 1) have more

then two orders of magnitude less overlap with the scattering potential.
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Whereas in scattering experiments only the flux of the ontgoing wave is accessible, it
is possible with STM to directly observe the space and energy dependence of the LDOS
of the scattered partial waves. The LDOS of a free 2DEG of independent electrons is
given by incoherent summation of the absolute values of the free circular waves over all

{ and the two spin directions (that are assumed to be degenerate):

POBr,p) = 2 Z Tl (r o
m*

which is a constant L, = ;"F in space and energy starting at the onset of the 2DEG
which has been set equal to zero in this section. The change in the LDOS due to
scattered partial waves of energy FE, with k(E) determined by the dispersion of the
2DEG, is given by:

8En = 2y (190,00 - 190 ) )
l=—00
XK1 fete-1 . . .
o 2 P [——5— + e “*sin(2kr + Im + 26;) — sin(2kr + )
o +00 k2 1
o= . .
o Z Py [sin(2kr + lr + 26;) — sin(2kr + I7)] , (2.17)

which is a function with period 7 of the phase shift valid for kr > 1. The change in
the electron density An(r) of the 2DEG is given by summation over the Ap(E, ) of all
occupied Uy ;. At low temperatures, the discontinuity in the electron occupation at the
Fermi surface causes oscillation of An(r) with wave number 2kg. Friedel examined such
oscillations to calculate the conductivity of dilute metallic alloys [88]. Whereas Friedel
oscillations escape from direct observation in the bulk, they become apparent at the
surface [89]. STM topographs taken at low bias directly reflect the oscillating LDOS
close to Ef, enabling direct observation of the Friedel oscillations. Such oscillations of
surface-state electrons can be scen in Fig. 3.1 where the scattering occurs at step edges

and impurities.

2.3 Scattering resonance and Fano line shapes

When an atom chemisorbs on a metal surface, an electron in an atomic orbit ®, has
a finite transition probability to the continuum of conduction band states because of

hybridization. The coupling to the continuum of states shifts and spreads out the
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discrete energy F, of the atomic level to a resonance of energy levels at E, = E, + A
of the combined substrate-adatom system [90,91]. This resonance is also referred to
as quasidiscrete level or virtual bound state: the electrons spend a relatively large
proportion of the time in the region of the adatom, but it is not a bound state because the
wave functions become Bloch states far from the adsorbate. For weak coupling, the width
T of the resonance is related to the lifetime 7 of the electron to stay in the atomic orbit
by I' = h/7. 7 is also referred to as the mean autoionisation time. Mathematically, the
lifetime of the quasidiscrete state can be described by a complex energy E = E, +1I'/2
of the electron: the time factor of the wave function e *Bt/h = ¢~*Ert/he=Tt2h from the
imaginary energy part damps the probability of finding the electron in the atomic orbit
exponentially with time by e~/

The LDOS of the atomic orbit is converted by the chemisorption interaction from
a discrete delta function at F, to a Lorentzian density around E,. The LDOS of the
conduction electrons as a function of energy depends on the distance to the adatom:
the quasidiscrete state gives rise to a scattering resonance of the conduction electrons
with strongly energy dependent phase shifts 6;(F) close to F,. For a small imaginary
energy, §,(EF) can be approximated by a resonance law [92,93] (similar to the law of the

phase shift of a damped swinging mass to an oscillating excitation force)
8o(B) = byy + g + arctane, (2.18)

where ¢ = (E — E,)/(T'/2) and &, is the background phase shift far away from E,
due to other adsorbate-metal interactions such as hybridization of the other adsorbate
electronic states. The total change of the phase shift over the whole resonance varies
from dy, at € = —00 to dpy 7 at € = co. The energy dependence of the change of the
conduction electron LDOS Apy(E,r) (Eq. (2.17)) with a resonantly increasing scattering
phase shift §;(E) given by Eq. (2.18) can be transformed to

K17, . 2 €+ 2.1
Ap(E,r) oo T T [sm(ri +lir + 2(5,’,y) — sin(2kr + lr) + 2a(ﬁ)%

(2.19)
with g(8) = sin(8)/cos(8), a(B) = cos®(8), and B = kr — & - T 4 84, For weak
dispersion within the resonance, i.e. k(E) = k(E.), ¢(k,r) and A(k,r) can be assumed
to be energy independent. The line shape of Eq. (2.19) as a function of ¢ is then
primarily determined by ¢(r) in the last term of the equation (Fig. 2.3). g is referred to
as the Fano line shape parameter after Ugo Fano who studied such line shapes in the

context of atomic excitation spectra [93,94].
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g

Figure 2.3: Fano line shapes ((¢ -+ ¢)?/(¢% + Figure 2.4: Energy scheme of the resonant
1) =1+ (2ge +¢% = 1)/(e% + 1), see Eq.(2.28)) level model. The adsorbate level E, is cou-
for different values of the Fano line shape pa- pled to the conduction levels Fx via the

rameter ¢. The Fano line shape is a negative hybridization matrices Vi,. The thick hor-

Lorentzian for ¢ = 0, a positive Lorentzian for izontal lines are the discrete energy levels
q = oo and most asymmetric for ¢ = +1. with no hybridization present. The inter-
The maxima are at € = 1/¢ with an ampli- action broadens and shifts the adsorbate’s
tude of 1 4+ ¢%. Reverse the scale of abscissas  density of states p,(E) and modifies the
for negative q. conduction electron density of states p.(E).

2.3.1 The non-interacting resonant level model

The electronics of an adsorbate on a metal surface can be described by a very general
Hamiltonian specifying all the electrons and their interactions, but first principle calcu-
lations based on such a Hamiltonian would be difficult due to the strong Coulomb inter-
actions. Instead, adsorbate effects are commonly calculated from a simpler phenomeno-
logical model Hamiltonian, the resonant level model (RLM) Hamiltonian [90,93,95, 96],
which describes the low energy excitations associated with the adsorbate and ignores
features that are not directly relevant to the calculation of the adsorbate effects. The
Fano resonances can be derived from the RLM Hamiltonian, also called Newns-Fano
Hamiltonian or non-interacting Anderson Hamiltonian, using the Green’s function tech-

niques. The RLM Hamiltonian reads, in the non-degenerate second-quantized form:

H= z Eyng + E,ng + Z[Vkac}‘(ca + Vi ched s (2.20)

k k
where the first term represents the conduction band of the metal substrate, Ey is the
energy of the conduction band electronic state of wavevector k, (;L and ¢ are the cor-
responding creation and annihilation operators, and ny = chk is the electron number
operator. The conduction states are characterized by their density of states given by
OUE) = Y. 0(E — Ey). The second term in Eq. (2.20) represents the single localized
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adatom orbital ®,(r) of energy E,, n, = clc, is the number operator for the adatom
orbital. The third term in Eq. (2.20) represents the hybridization energy between the
localized state and the conduction band wave functions of the metal. The products
of the creation and annihilation operators describe the hopping of electrons away from
(first term) and to (complex conjugate of the first term) the adatom, with a weight

given by the hybridization matrices Vi, (Fig. 2.4).

2.3.2 The adsorbate LDOS

The retarded one-electron Green's operator of the Hamiltonian H, fourier transformed
to the energy (frequency) representation, is given by
_
E+wm-H’
with infinitesimal positive n — 0%. The adsorbate projected Green’s function
Gua(E + 1) = (a|G(E + m)|e) may be renormalized to

1

G(E +1m) = (2.21)

Gual B + 1) = E+wm—FE,— S, (E+wm)’ (222)
with the complex self-energy
Via
SuBrm) = ¥l
_ I'(E)
=, ME) -, (2.23)

where T(E) = 2r Y, [Viu|?0(F — Ex) is a weighted density of states (replacing
[Vial® by its average value (V?2) gives I'(E) = 27(V2)ng(E), where ng is the den-
sity of conduction states in the absence of the adsorbate). The shift of the resonance

A(E) = (1/x)P [*_ T(E')/(E — E')dE' is the Hilbert transform of I" according to the
Kramers-Kronig relatlon. ’P denotes the Cauchy principle value of the integral. Thus,
the renormalized Hamiltonian is complex H™(E) = E,+A(E) —'(F)/2 with a life time
given by 7 = K/T, as explained in Section 2.3. The adsorbate projected LDOS is

pa(E) = lim ——ImGaa(E-Mn)J

A 1
T 2 (E-E,— AE))2+ (T(E)/2)?
= __2.__1_ (2.24)
mI(E)1 +¢?
with
£ = E-F. - ME) (2.25)

/2
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In the wide band limit, T(F) =~ I'(E,) and A(F) =~ A(FE,) are only weakly dependent
on energy and p,(FE) is a Lorentzian shaped resonance at E, = E, + A(E,) of full width
T'(E,) at half maximum (fwhm). Thus, the effect of the hybridization is to shift and

broaden the discrete energy level of the adatom, as described in Section 2.3.

2.3.3 The conduction band electron LDOS

The change AG. of the free conduction electrons Green’s function G, = G® + AG, due

to the presence of the adsorbate can be determined by the ¢ matrix technique:
AG, =GtG°. (2.26)

For V' = Vi, (s-wave scattering), the ¢ matrix is proportional to the adsorbate projected
Green’s function G,, [48,95]:

T

t(E) = %Gm(E). (2.27)

The perturbation in the conduction electron LDOS Ap, is given by:

n—=0

Ap(E) = lim [—%Im AG(E + zn)]

= —(mGI(E)? [(¢" ~ imi(E) ~ 2qRet(E)]

1 2q(E)e + q(B)? — 1

B : (2.28)

P07l'2a
where Ret(E) = —eImt(E) = #Tfﬁ’ a(E) = (ImG?(E))? and the Fano line shape
parameter .

_ ReGY(E)
9E) = B

If the adsorbate resonance is sharp, the energy dependence of g can be neglected within

(2.29)

the resonance. But g will vary strongly with the distance to the adsorbate because of
its dependence on the conduction electron Green’s functions. For example, the Green’s
function G? = ¥, G (B, r,1') of free 2d electrons of positive energy E = hk?/2m in

the r-representation are [97)]:
GY(E,r,r) = —%H(‘,*(k(r -r)). (2.30)

The corresponding q(r) oscillates between —oo and oo, i.e. the Fano line shapes change

from Lorentzian dips to peaks with an oscillation period given by the wave number

k(E,).
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2.3.4 The tunneling conductance

For the atomic physics processes like light ab-
sorption studied by Fano [93,94], both the dis-
crete state under investigation and the probe
state, that is the initially excited decaying or
autolonizing state, are atomic states spatially
localized at the same site by the same atomic

central potential. This means that only the

value of ¢ with the probe’s focus fixed at the
Figure 2.5: Measurement geometry. site of the discrete state can be determined.

In contrast, the spatial degree of freedom the
STM, i.e. the possibility to move the probe (the tip) with respect to the adsorbate,
introduces the possibility to measure the distance dependence of g. Tunneling may take
place directly into the adsorbate LDOS as well as into the perturbed conduction band
LDOS, dependent on the strength of the corresponding tunneling matrices. The tunnel-
ing matrices depend on the overlap of the tip wave function ®,(r) with the adsorbate
®,(r) and conduction electron wave functions. Tunneling into the adsorbate LDOS will
be localized close to the adsorbate site with an approximately exponential drop off with

the tip-adsorbate distance:

Ti(r,1s) = /d3 r®(r — 1, )vse (1745 70) BT — 1,)

x e e (2.31)

L

where v, is the potential representing the mutual interaction of the tip and the adsor-
bate, dy, the tip-adsorbate distance (Fig. 2.5), and « an effective decay constant. The
presence of the adsorbate effects the conduction LDOS over a long range. Tunneling into
the perturbed conduction LDOS can be interpreted as an indirect tunneling into the
adsorbate LDOS via tunneling into the conduction states, conduction state propagation
and hopping to the adsorbate state. Both tunneling channels, the direct one into the
adsorbate LDOS and the indirect one via the conduction states, interfere, i.e. ¢ can be

approximated as the sum of two terms [55,98]:

_ Re G.(rw) + D(di)
q(ry) = —Im*—‘, (2.32)

where D(dy,) = Dge__'«lf"'. Dy is a constant dependent on the strength of the coupling of
the conduction states to the adsorbate and the tip, and G, is the Green’s function of

the conduction electrons as seen by the tip [98].
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The s-p-derived noble metal (111)
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Figure 3.2: (A) Calculated bulk bands of Cu. No band crosses the Fermi energy along the
direction I'L. It is in this so called L gap that the s-p derived surface state exists. (Figure
from Ref. {99].) (B) First Brillouin zone for an fcc lattice and the corresponding surface
Brillouin zone (SBZ) for the {111) surface. The distance T'K is given by 47/3a, where a is
the next neighbor distance. (Figure from Ref. [100].) (C) Electronic band structure of the
(111) surface of Cu in the SBZ center around T. There exist bulk states in the gray regions.
The dispersion of the surface state (solid line) is parabolic with a positive effective mass of
m* = 0.38 m,. (Reproduced from Ref. {101}.)

the corresponding wave functions grow exponentially and can thus not be normalized.
But at a surface, exponentially growing wave functions can be matched to exponentially
decaying vacuum tails. Parallel to the surface, the surface state electrons are free to move
and consequently constitute a good approach to a dynamically two-dimensional electron
gas (2DEG). Since the 2D translational symmetry parallel to the surface persists, the
surface states can be characterized by the Bloch wave vector kj. A prerequisite for the
existence of a true surface state is the absence of bulk states with the same energy and
same k (Fig. 3.2). When a surface state band crosses a bulk band, so-called surface
resonances appear, which are extended states with an enhanced probability amplitude
at the surface.

The total number of bulk states in a real sample is comparable to the number of
atoms, i.e. ~10%, whereas the number of surface states is of the order of the num-
ber of surface atoms of the sample, i.e. ~10*. Thus there are about 10® bulk states
per surface state in a macroscopic sample. Therefore the surface states can be com-
pletely neglected when one is interested in bulk properties. However, surface properties
are influenced by surface states because they contribute a considerable fraction to the
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Er(meV) 2 k3, kb, minkd (5) EA) no(l%F) 1a () By (eV)

e cm?
Cu(111) -445 0.38 0.21, 1.36, 0.26 15 7.1 27 0.96
Ag(111) -67 0.40  0.083, 1.20, 0.15 38 11 120 0.35
Au(111) -505 0.27 0.17,1.21,0.22 20 5.7 35 1.20

Table 3.1: Characteristics of the s-p-derived noble metal (111) surface-states: STS values for
the band onset energies Er [31], effective masses m* [31], Fermi wave vectors &% as well as the
bulk Fermi wave vectors k% [128] and their smallest components kf,” parallel to the surface [101],
Fermi wavelengths \%/2 = #/kf, total surface-state electron density ng = |Eg|lm*/(nh?),
and quasi surface-state electron life times 7g at the band onset energies [31] as well as the

calculated bulk — surface-state band crossing energies Ej,. [101].

local density of states at the surface. For example, they affect the physisorption poten-
tial [12,102,103], their contribution is relevant for the total energy balance of surface
reconstructions [104,105], they play an important role in the epitaxial growth on metal
surfaces [103, 106}, and even the equilibrium crystal shape may be influenced through
surface-state mediated interactions between step edges [107], in a way similar to the
adsorbate-adsorbate interactions described in Chapter 4.

Surface states are present on many different crystal surfaces of metals and semi-
conductors [11,12,100,108]. The noble metal (111) surfaces harbor s-p-derived surface
states placed in a bulk band gap around the Fermi energy. The gap results from an
s-p band crossing in the I'L projected bulk band structure in the SBZ center around
T (Fig. 3.2). There are two further surface states on the noble metal (111) surfaces
but their bands are far away from the Fermi energy, i.e. they are difficult to access
by STS and they are irrelevant to physical effects happening at the Fermi edge like
the ones studied here. The s-p-derived surface states have been extensively studied by
angle-resolved photoemission spectroscopy [86,109-123] and k-resolved inverse photoe-
mission spectroscopy [124-127], and STM [14-33]. The fact that similar dispersions of
the surface states have been found by photoemission spectroscopy and STS establishes
the STM as a new spectroscopic surface analysis tool. In the surface plane, the surface

state’s dispersion is parabolic and isotropic:
B,
E=FEr+ Py kjj . (3.1)

with positive effective masses m* and an energy onset Er below the Fermi energy (Ta-
ble 3.1).
Deviations from the parabolic behavior only start at energies higher than 1 eV above

the Fermi energy, band crossing with bulk bands occurs at =1 eV (Table 3.1). As derived
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Figure 3.3: Probability density p of Figure 3.4: Spectrum taken in the center of a clean

a surface-state electron. 2z denotes Wide Ag(111) terrace showing the onset of the surface-

state (T' = 6 K, bias = 91 mV, I = 1 nA). Close

to Er, the surface-state contributes strongly to the

the direction perpendicular to the sur-

face, the black dots are the atomic
layers of the substance. (Figure from tunneling current I (up to 2/3 of I). (Reproduced

Ref. [129]). from Ref. [76].)

in Section 2.2, the LDOS of a 2DEG with a frec dispersion like in Eq.(3.1) sets on with
a step at Ey and is constant for higher energies, pp(F) = Ly O(E — Er), where O is
the step function. STS spectra taken on flat terraces far from impurities show such a
behavior (Fig. 3.4). That the onset is not abrupt is due to the limited lifetimes of the
surface-state quasiparticles [31]. Thermal excitations (~0.5 meV at 6 K) at the operating
temperature of the STM are negligible. Lifetimes of the surface-state electrons at Br
derived from the width of the surface-state onset are given in Table 3.1.

From Eq. 2.1 one could argue that the surface-state electrons hardly contribute to
the tunneling current because they have no momentum perpendicular to the surface,
i.e. little momentum towards the tip. That they do contribute and even dominate
the tunneling current at the onset of the surface-state (Fig. 3.4) is due to their limited
lifetimes: For a typical tunneling current of 1 nA, one electron tunnels on average every
0.16 ns which is about three orders of magnitude longer than the lifetimes of the surface-
state electrons (Table 3.1). As a consequence, the electron can easily scatter into other
single-particle states during the "slow” tunneling process, i.e. the relaxation rate is
faster than the tunneling rate so that current may flow [130].

The total density ng of the surface-state electron gas is given by ng = |Ex|Ly (Ta-
ble 3.1). Compared to other 2DEG systems, the noble metal (111) surface-states consti-
tute a high-density 2DEG (ng ~ 16" electrons/cm?} of low-mobility x = er /m*. Other
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2DEGs are realized for example in the metal-oxide-semiconductor field effect transistor
(MOSFET) with ng tunable form 0 to 10'3 electrons/cmz, in semiconductor heterojunc-
tions with ng /&~ 10" — 10'2 electrons/em® [131], or on the surface of liquid helium with
ng = 10° — 10° clectrons/ch, where the electrons are trapped by a combination of an
electric field and an image potential {132, 133].

The surface-state electrons are surrounded by the highly polarizable bulk electron
gas. It screens the Coulomb field of each surface-state electron by a positively charged
depletion cloud of bulk electrons. The screening is very efficient because on the one
hand there are about 10% bulk states for every surface-state and on the other hand
because the Thomas-Fermi screening length of the bulk electrons is about one order of
magnitude shorter than the one of the surface-state electrons (Table 3.1). The surface-
state electrons thus effectively behave like uncharged and independent particles. As
a consequence, external potentials are not screened by the surface-state electrons in a
Thomas-Fermi way (which in the reason for the pronounced LDOS oscillations around
scatterers as seen in Fig. 3.1) and the lifetimes of surface-state quasiparticles with en-
ergies far above the Fermi energy are mainly governed by inelastic electron-electron

scattering with bulk electrons [28].






Chapter 4

Long-range adsorbate interactions
mediated by a two-dimensional

electron gas

4.1 Thermal hopping rate of individual adsorbates

The dynamics of an atom adsorbed on a surface is fundamentally a complex quantum-
mechanical problem. An important simplification is obtained by using the Born-
Oppenheimer approximation to separate the motion of the nuclei from the electronic
degrees of freedom and by neglecting quantum-mechanical effects of the adatom like
tunneling and zero-point motion, which are good approximations for the massive Co
and Cu atoms studied here. Due to the periodic arrangement of the surrounding sub-
strate atoms, the adsorbed atoms experience a periodic potential along the surface. In
order to diffuse, the adatom must pass over the energy barrier that separates regions
of lower energies from each other, the surface lattice sites. The barrier region, called
bridge site or saddle point, is a transition state, a state that must be visited during
the passage from one site to another and it acts as a bottleneck for the transition reac-
tion. The migration barrier E,, for diffusion is the difference between the barrier energy
and minimum energy of the potential along the surface. If E,, is large compared with
the thermal energy kpT, the adatoms are mainly localized at fixed surface lattice sites
with occasional hops to neighboring sites driven by the substrate’s heat bath providing
stochastic excitations. With the assumption of E,, > kgT', the hopping rate of uncor-
related jumps between adjacent lattice sites can be quantified according to transition
state theory (TST) [134-137] in the form of an Arrhenius law:

v(T) = VO(T)e_'%% , (4.1)

31
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where the Boltzmann factor is given by one over the exponent of the proportion of the
migration barrier E,, to the thermal energy ksT. Eq. (4.1) can be derived from thermal
equilibrium considerations about the speed and the position of the adatom within the
potential landscape of the substrate. The prefactor of Eq. (4.1), the attempt frequency

vy, is given by the frequency-product formula of Vineyard for a single adsorbate [138}:
w(T) = ==l (4.2)
i

where v/ and »] are all the harmonic-vibration frequencies of the whole system with
the adsorbate in the initial lattice site and in the transition state, respectively, and N
denotes the number of atoms of the substrate. The attempt frequency is a measure of the
entropy at the transition state, as compared to that of the initial state. The frequencies
v! and v} that are most strongly coupled to the motion of the adatom are roughly
proportional to the harmonic-vibration frequency of the potential-energy minimum at
the initial site and the maximum at the transition site, respectively. If the substrate
is not strongly perturbed by the motion of the adatom, the dependence of vy on all
frequencies other than those associated with the adatom may be neglected (139, 140],
i.e. N = 0. Usually the frequencies lie in the range 1-10 THz, and v, is expected to
lie in that range, as well [141,142]. v, essentially determined by the curvature of the
potential energy minimum and maximum, scales weakly as vy o« v/E,, on the distance
of the minimum of energy to the maximum of energy, i.e. the migration barrier. This
counteraction of the prefactor to the Boltzmann factor is referred to as the compensation
effect.

The hopping rate v{T) of isolated adsorbates as a function of temperature is mea-
sured here in a most direct way by tracing their trajectory on consecutive STM images
taken from the same surface area. In comparison to other, established techniques for the
determination of the diffusion rate, the direct STM method used here has the advantage
of the control of the surface quality, the high number of systems that can be investigated
and the close link to the transition-state theory. Much care has to be taken to avoid tip
influences on the diffusion rate. That the tip might interact strongly with adsorbates
is known from atom manipulation experiments, where the tip is used to move adsor-
bates [143-147). Here, the tip influence was minimized by increasing the tip-surface
distance, i.e. lowering the electric field (/ ~ 50 pA with U = 300 mV, R = 6 GQ}) and
by increasing the scanning speed, i.e. the time of influence of the electric field on the
adsorbate, as much as possible without loosing the necessary resolution to resolve the
single hopping events. The influence of the tip on the hopping rate was controlled by

comparing the diffusion rates determined with different image recording rates: As soon
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Figure 4.1: Arrhenius plot of the hopping rates of isolated Co adatoms (v = 3 x 10'3 Hz,
Eq = 50+ 2 meV) and H-Co adsorbates (g = 2 x 10° Hz, E,, = 38 £ 2 meV) on the Ag(111)
surface as well as Cu adatoms (v = 1x 10120405 Hz F, . = 40::1 meV) on the Cu(111) surface.
The data in gray has been determined from a series of STM images which can be seen animated
under: http://www.mpi-stuttgart.mpg.de/KERN/Res_act/supmat_3.html

as the image recording rate is high enough to record every hopping event, increasing the
image recording rate should not influence the observed hopping rate unless there are tip
influences. We found that for R > 100 M(Q increasing the image recording rate four fold
did not alter the hopping rates more than within the statistical error.

The average hopping rate v(T) of a single adatom is given by the total number of
hopping events within a series of STM images taken at temperature T divided by the
number of adsorbates on the scanned surface area and the time elapsed during the series
of images. An animated series of STM images used to determine the hopping rate of
Cu adatoms on Cu(111) at 13.5 K can be found at:
http://www.mpi-stuttgart.mpg.de/KERN /Res_act/supmat_1_1.html
The frames of this movie (35 nm x 35 nm, bias=100 mV, I =1nA, T =135K,120s
per frame) are topographs of the Cu(111) surface, the white spots are Cu adatoms, the
black spots are impurities. Each data point v(T) in Fig. 4.1 is from such a series of
220 STM topograph. Generally, low adsorbate coverages § = 10~¢ ML have been used
to minimize the effects of adsorbate-adsorbate interactions on the hopping rate. The
image sizes (=50 nm) were chosen to include as many adsorbates as possible to improve
the statistics under the restriction that the jumps of the adsorbates are resolved (for
example 4 A for jumps from fec to fec sites on Cu(111)). To simplify the analysis care
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by thermal diffusion experiments [149,150] and calculations {150, 151]. Figuratively,
the strong hydrogen bond to the adatom pulls the adatom away from the substrate,
sometimes referred to as the ”skyhook-effect”. Here, the same effect is observed when
hydrogenating Co adatoms on the noble metal (111) surfaces. As a consequence, the
migration barrier E,, for the thermal diffusion of the H-Co complexes is reduced.
Hydrogenated Co adsorbates are obtained by establishing a background pressure of
10~® mbar H, during the evaporation of the cobalt. On the Ag(111) surface, this pro-
cedure results in 90% H-Co complexes that are easily distinguishable from the pure Co
adatoms in STM topographs by their apparent height of ~0.6 A compared to ~0.8 A for
the pure Co adatoms (Fig. 4.2), with similar results on the Cu(111) and the Au(111)
surface (Fig. 5.7). The diffusion parameters E,, and v, for the two kinds of adsorbates
were determined as described above. To avoid relative errors in the temperature and
other systematic errors, the measurement was done simultaneously for the two kinds of
adsorbates by choosing a coverage of half Co and half H-Co adsorbates. As expected,
the migration barrier E,, = 38 £ 2 meV of H-Co/Ag(111) is reduced by the skyhook
effect with respect to E,, = 50 3= 2 meV of Co/Ag(111) (Fig. 4.1). The faster diffusion
of the H-Co complexes on Ag(111) as compared to the Co adatoms at a substrate tem-
perature of 11 K can be seen in a STM movie at:
http://www.mpi-stuttgart.mpg.de/KERN /Res_act /supmat_3.htm]
The frames (55 nm x 55 nm, bias= 80 mV, I = 100 pA, T = 16 K, 130 s per frame)
are topographs of the Ag(111) surface, the brighter spots are Co adatoms, the darker
spots are H-Co adsorbates. The hopping rate data points in gray in Fig. 4.1 have been
determined from this movie. Apart from the reduction of the migration barrier, also
the attempt frequency is strongly reduced (v, = 2 x 10° Hz for H-Co/Ag(111) com-
pared to vy & 10'#! Hz for Co/Ag(111)) and falls well below the common value of
vy = 10'2~3 Hz (Fig. 4.1). The reason for this reduction might be the new elastic
degree of freedom between the H and the Co which complicates the migration process
of the H-Co complex. TST is not valid if several migration steps for a hopping event

are relevant. The compensation effect is too weak to explain the strong reduction in vy.

4.2 Surface-state mediated adsorbate interactions

Lateral adsorbate-adsorbate interactions have attracted theoretical [152] and experi-
mental [38] interest since the 1970’s. The interactions have several origins which can be
divided according to the mutual adsorbate separation. At small interatomic distances

direct electronic interaction dominates leading to the formation of localized chemical
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bonds. This interaction falls off exponentially and is therefore of very short range. At
larger separations adsorbate interactions are predominantly indirect and may be me-
diated in three ways: electrostatically (dipole-dipole) and elastically (deformation of
substrate lattice), which both lead to non-oscillatory interactions which decay mono-
tonically with separation r as 1/r% [153]. The third way of mediation, which is the
subject, of this chapter, is by substrate electrons leading to an oscillatory interaction
energy: the adsorbates interact via Friedel oscillations through the fact that the bind-
ing energy of one adsorbate depends on the substrate electron density, which oscillates
around the other. Such oscillatory interactions depend on adsorbate-adsorbate distance
as cos(2kpr)/r® for the density oscillations of a 3D electron gas at the surface of the
substrate and as cos(2krr)/r? for a 2D electron gas [42]. !

Hence the bulk (3D) electron mediated adsorbate interactions fall off much faster
than the dipole-dipole and elastic interactions. The superposition of all three indirect
interactions, dipole-dipole, elastic and bulk-electron mediated, leads to complicated be-
havior with high chemical specificity and a range never exceeding a few atomic distances.
In contrast, for substrates with a surface-state band present at the Fermi level, the slow
fall off of the interaction mediated by the 2DEG should lead to interactions of extreme
long range. First experimental indication of long-range interactions, possibly mediated
by surface-state Friedel oscillations, came from equidistant bulk segregated impurities
on Cu(111) [43]. Quantitative interaction energies have first been reported by us [45,46]
and by Repp et al. [44] for the system Cu/Cu(111). The results of ref. [44] clearly show
the predicted oscillation period of A% /2 and the 1/r?-decay for large distances. However,
there are significant deviations from theory in the distance regime where the interactions
are expected to be strongest, namely at r < 20 A. Quantitative experimental informa-
tion down to short distances is crucial for two reasons. First, the interactions at these
distances become sufficiently strong to delay nucleation and to stabilize an ordered su-
perlattice of adsorbates. Second, experimental data on this length scale are important
for comparison with theory since recent DFT-calculations [148,156,157] can now address
this distance range, whereby they meet the validity range of scattering theory [158].

Here the disagreement with theory is removed for Cu/Cu(111) by careful analysis
of the data in terms of two body interactions only. Furthermore, by investigating the
interactions also for Co atoms on Ag(111), it is observed that the oscillation wave

length changes according to the surface-state band structure of the respective substrate.

INote that the asymptotic cos(2kpr)/r®-decay of this reference only holds for isotropic Fermi-
surfaces. In the general case, one must figure out which k-vector along the Fermi surface to use.
It is the one pointing in the direction of the interaction [154,155].
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Figure 4.3: (A) STM topograph {100 mV hias) of Cu sdatoms on the Cal111) surface. The
white dots are the Cu ndatoms, the hlack dots are impurities of unknown chemical identity
The image was taken at 6 K after cooling down the sanple from 19 K where the Cu adatoms
wern rapidly diffusing. The Cu adatoms are prevalently frozen close to certain distances r
to each other which are favored by the ascillatory surfacestite mediated interaction. The
nnmbers in the image are the distances in A of the adjacent adatoms pairs. The interaction
in due to the ascillations in the surface-state electron donsity, which are imaged as coneentrie
vhggs nronnd the adatoms. The surface-sinte density patterns are reprodoced by seatboring
theory calealstions using K, (2.17) with full absorption (o = ac) and s-wave seattering only:
The maps (B)-(E) show the ealealated surfnosstate density for two scattering conters with
vertical sepaeations r,':'h' corresponding to the nth internction energy minima in Fig, 44(A):
B)rf =124, (C)rf*" =27 A, (D) rf™ =492 A, and (B) 1" =72 A
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This unambiguously identifies the cause of the interaction as mediation by surface-state
electrons. Comparing different adsorbates, Cu and Co atoms, on the same substrate,
Cu(111), reveals the insensitivity to the adsorbate’s chemical identity and suggests the
general existence of long-range interactions on surface-state substrates.

The lateral adatom interaction is quantified by analyzing extensive STM time se-
quences in terms of site occupation probabilities as function of adatom distances.
In order to focus on two body interactions only nearest neighbor nn-distances r are
counted, i.e., a distance r from a selected atom to a nearby atom is counted only if no
third scatterer (adatom or impurity) is closer than r. For the low adatom coverages
(® = 1 x 1073 ML) and the low defect densities (6 = 2 x 10~% ML) this is a good
approximation to the idealized situation of two isolated, interacting adatoms.

A distance histogram f(r) obtained that way from an STM series recorded at
15.6 K (Fig. 4.4(A)) shows significant oscillatory deviations from random site occu-
pation frn(r), shown as full curve. One finds the following expression for fi,,(r) at
coverage ©, image size L X L, with N = L?©/Aynii_cen atoms per image, and a set of n

images:

N? 2 (rL? + (4 — w)r? — 4rL)
fran(r) = 27r'rA1‘n—L—2 x (1— WE)N X T2

The first factor is the linearly increasing probability to find a pair of atoms being distance

. (4.3)

7 apart (the width of the histogram classes is A7), the second factor accounting for the
nn-statistic is the probability of finding such a pair with no third atom in the area 7r?
around the first, and the third factor accounts in a good approximation for the finite
rectangular image size. This function was tested successfully with kinetic Monte-Carlo
simulations for statistical growth. Boltzmann statistics yields the differences in adatom
binding energy

E(r) = —kgTln frfa (’8) . (4.4)

The curve shown below the histogram in Fig. 4.4(A) is the result of an average of

E(r)-curves obtained from histograms at various temperatures (14.3 < T < 16.2 K).
The reason to include a range of temperatures is that at higher T, the statistical inde-
pendence of consecutive images is sufficient also for adsorbates mutually bound in the
first profound minimum 7}, of the interaction (Fig. 4.7), whereas the smaller energy
variations in the tail of the interaction can better be studied at lower T.

The E(r)-curve for Cu/Cu(111) clearly shows oscillations in binding energy extend-
ing up to 60 A. For r > 20 A, E(r) behaves as in ref. [44]. However, the data agrees with
the scattering theory [158] way down to the first minimum in the interaction energy,

where the study [44] found a decrease of the interaction strength. The low count rate
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Figure 4.4: nn-distances histograms for (A) Cu/Cu(111) (© = 1.4 x 1073 ML, T' = 15.6 K),
(B) Co/Cu(111) (© = 2 x 10~* ML,T = 10.2 K) and (C) Co/Ag(111) (6 = 4 x 10~* ML,
T = 18.5 K) and pair interaction energies E(r) according to Eq. 4.4. Fits to the E(r) data

according to Eq. 4.5 are shown as gray lines with ro = 10 A in (A), 14 A in (B), and 3 A in

(C), respectively.
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of adatoms separated by ~ r} . of this study might be due to an insufficient statistical
independence of consecutive STM images due to a too low coverage of adatoms at the
spotted surface region: if the diffusion of the adatoms is not fast enough and the time
between consecutive images is too short, the adatoms may not be able to get close to
each other and may thus not probe their mutual interaction. Also, from the published
histogram and from the number of distances analyzed, as well as from their formula for
frans 1t can be concluded that the authors of ref. [44] analyzed all interatomic distances
and therefore included many-adatom interactions.

For a quantitative comparison with theory the asymptotic 1/r2-model by Hyldgaard
et al. [158] is used, establishing a link of E(r) with the scattering properties of the
adsorbates. The fit reveals good agreement between theory and experiment up to the
second maximum of the interaction. For smaller r, the 1/r%-law predicts a deeper first
minimum than the experimental data. To extend the model to small values of r a
parameter 1o is introduced as follows:

B . 2sindy 2 sin(2kpr + 28p)
O e (45)

Fits to the experimental data are shown in Fig. 4.4. Note that similar values for the
adsorbate’s scattering phase &, and for the wave vector kp are obtained when fitting
without o and starting from the second maximum of E(r). The position of the first
minimum determines the s-wave scattering phase § = (0.50 & 0.07)7 and a scattering
amplitude of C = 0.134:0.01, which are in good agreement with the properties expected
of a black-dot scatterer. The best fit is obtained with ro = 10 A, meaning that the
first minimum is slightly attenuated with respect to a 1/r2 behavior, which may be
indicative of the onset of repulsive interactions at short distances (see also Fig. 4.5).
Notice, however, that the first minimum of E(r) is clearly more attractive than the
second one in contrast to ref. [44]. The wave vector k = (0.20 + 0.01) A~! is in good
agreement with Fermi surface-state wave vector k% = 0.21 A~ of Cu(111) (Table 3.1).
For short distances, there is a strong repulsion E,.x between the Cu adatoms, before
they become bound as dimer at the distance of neighboring fec sites (the dimer bond
energy was calculated to be E, = 520 meV [159]). The repulsion is evidenced by the
following observations permitting to establish lower bounds of E,,,, by comparison with
KMC simulations: the absence of dimer formation at 16.5 K after 20 min observation
time (6 = 1.4 x 10~° ML, image size 800 x 800 A?) yields Enae > 13 meV. The
observed absence of dimer formation, beyond the few ones expected from statistical
growth, for deposition of 3 x 1072 ML at 19 K equally yields Eyax > 13 meV. From the

observation of the onset of dimer formation at 19-21 K reported in ref. [44] one derives
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Figure 4.5: Comparison of ab-initio calculations [157] to the experimental determined
adsorbate-adsorbate interaction energies for Co on Cu(111). The gray line is a fit of the
asymptotic 1/r2-law (Eq. (4.5) with ry := 0) to the experimental data. The fit, starting at the
second zero-crossing of E(r), yields C = 0.104, k = 0.192, and &, = 1.68.

22-28 meV as upper bounds for E,,, under the assumptions of © = 3.0 x 10-3 ML and
that ”onset of dimer formation” corresponds to 10 % of the monomers having formed
dimers and trimers after 20 min time. In ab-initio calculations a slightly larger value
of Eqax = 40 meV has been reported [148]. For reasons of scale on the energy axis
this short-range repulsion is not included in Fig. 4.4. For systems where Ey.y is of
the order of E,,, the interaction is of importance in delaying nucleation to much higher
coverages than in classical nucleation and growth scenarios [148,156, 160], which can
explain the small apparent diffusion prefactors systematically deduced for systems with
small barriers E, [159,160].

To investigate how the long-range interactions relate to the adsorbate’s chemical na-
ture, pair correlations are in the following explored in the very same way as for Cu also
for Co adatoms on Cu(111) (Fig. 4.4(B)). The results are within error bars identical
to Cu/Cu(111): & = (0.49 4+ 0.03)x, C = 0.12 + 0.01, and ke = (0.20 £ 0.01) A,
and the interaction decays again as 1/r2. This suggests the generality of surface-state
mediated interactions between adsorbates. The interaction energies determined here for
Co adatoms on the Cu(111) surface are in good agreement with recent ab-initio calcu-
lations based on the density functional theory and multiple-scattering theory using the

Korringa-Kohn-Rostoker Green’s function method for low-dimensional systems [157].
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The agreement is remarkable considering the minute values of the interaction compared
to the binding energies and the statistical experimental method used (Fig. 4.5).

To unequivocally prove the electronic origin of the interaction, its period for Co on
Ag(111) is investigated, which has a different surface-state band structure resulting in
an expected E(r) period of \/2 = 38 A [27]. In agreement, the wave length of the
interactions is more than twice as long as for Cu(111), as is evident from the E(r)-curve
(Fig. 4.4(C)), the fit yields o = (0.33£0.02)7 and kg = (0.104+0.02) A" in agreement
with k§ = 0.083 A-"). Co atoms repel each other for r < 20 A and the first minimum
in interaction energy is at around 27 A. The absolute values for E(r) are much smaller
than for Cu and Co on Cu(111). This can be attributed to the lower total electron
density in the surface-state of Ag(111) as compared to Cu(111) (Table 3.1).

4.3 Long-range order

Let us now turn to an important implication of the observed long-range interactions:
they may lead to “superstructures” and long-range order between molecular and atomic
adsorbates which might be exploited in manifold ways [161]. For system with a low
migration barrier as the ones studied here, the effects of the interaction on the mutual
adsorbate distances can directly be observed during the diffusion process at low temper-
atures over a wide range of hopping rates. But even for systems with higher migration
barriers, the interaction will influence the mutual adsorbate distances if the adsorbate
have enough time to thermally equilibrate at low temperatures. Thus, not too high mi-
gration barriers should not impede the formation of stable long-range ordered structures
if the adsorbates are frozen slowly. This has been demonstrated by the distance distri-
bution at room temperature of non-diffusing adatoms on Cu(111} [43] {probably sulfur
adatoms with a relatively high migration barrier E,, =~ 200 meV [162]), which have
been segregated from the bulk by annealing the sample to 900 K. We have tried to grow
superstructures of adsorbates by depositing an increasing coverage of adsorbates onto
the substrates at temperatures where the adsorbates diffuse, but are not able to over-
come the repulsion Eg,, to form dimers. For low coverages (1073 ML), an often found
structure are curved chains of adsorbates with a nn-distance of the first minimum r"® of
the interaction energy (Fig. 4.6(A,C)). Such chains are energetically favorable because
for a scattering phase shift of 7/2, the second nearest neighbor distance falls within the
second minimum of the pair interaction energy (Fig. 4.7). In principle, additional to the
pair interaction studied so far, for structures of more then two adsorbates interactions

produced by interference of electrons which propagate the entire superstructure have to
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Figure 4.6: Attempts to crente ordered superlattioss. The small white dots are Co ndatoms
larger white spots wre first nucléations of islands. The seattering phase of & w2 favors
atomic chains but dislavors hexagonal lattices (A)-(B) Co/Cullll) with & 0005 ML in
(A) and & 0021 ML in (B) (50 mm x 50 um, T 19 K). (C)-(D) Co/Agllll) with

B = 0003 ML in (C) sl & D012 ML in (D). For Co/Ag(l111) the interactions are about

§ thnes weaker (100 pom = 100 nm, T, 19 K The white line in (C) s from an sds

dragged along the surface by the tip




" CHAPTER 4. LONG-RANGE ADS. INTERACT. MEDIATED BY A 2DEG

-?:a rm’i' rml rrm 'fm
- - =11 A =13 A =13A ' =22A
.“* * e e A 2 0 R y
S 2 i : i
£ o/~ e
Lu_z_ &!_ | | — 'x.: * TEX
0 1 2 3 4 ossseves LX
r(nm)

Figure 4.7: Somn possible mdsorbate "super-structures” on Cu(111) with sdsorbate-adsorbute
ne-distances rog approximately equal to the first minimum distance v"'™ of the pair interaction
energy of the surfacestate mediated interaction. v} is the first minimum of the long-range
internction energy apart from the minimom of dimer formation. ry, s the second-nerest-

ueighbor adsorhate-adsorbate distance.

e considernd, But, as recently shown for three adsorbates [163, 164], trio interactions
are weak (about one forth of the pair interaction strength) and they fall off with the
ndsorbate distances faster than the pair interactions. Even though equilatoral vrinngles
of three adsorhbates with a no-distance of £ are energetically favorable, only few are
observed (Fig. 4.6(A,C)). The reason might be that they are less likely o form in the dif-
fusion process: o third adsorbate approaching a pair of adsorbates which are separated
by r]""“. has to overcome the second maximum of the interaction with the other two
adsorbates in order to reach the favorable distance where it is separated from the two
other adsorbates by v For the formation of hexagonal units and superlattices, the
oscillating character of the interaction has to be considered. For example, for a lattice
constant given by £, the /3 x rf".distance appearing as second-nearest-neighbor dis-
LANCE Ty in a hexagonal lattice falls close to the second maximum of the pair interaction
energy if the seattering phase shifi is close to = /2 (Fig. 4.7). Another point to consider
is that the lattice of adsorbing sites offered by the underlying substrate lattice might not
match with the distunces of the minima of the interaction, especially for sharp minima

when AL /2 is not much larger than the lattice constant of the substrate

4.4 Summary

In swmmary to this chapter, the potential landscapes of adatoms on the three noble

metal (111) surfaces have been investigated. For isolated adsorbates, the migration bar-
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rier E,, to neighboring fcc sites has been determined (E,, = 50 meV for Co/Ag(111)
and E,, = 40 meV for Cu/Cu(111)) by direct observation of the adsorbates’ hopping
rates at different temperatures. The E, values are in good agreement with theory [148].
Weak, long-range modulations of the potential landscapes due to adsorbate-adsorbate
interactions for low adsorbate coverage have been quantified by the analysis of the distri-
bution of nearest-neighbor adsorbate distances. Using this statistical method, we have
been able determine oscillating pair-interaction energies E(r) in the meV range for Cu
on Cu(111) and Co on Cu(111) and Ag(111) up to distances of 60 A. The mediation of
these long-range adsorbate-adsorbate interactions by Friedel oscillations of the surface-
state electron charge density expresses itself in the link of the oscillation period A of
the interaction energy with the surface-state Fermi-vector as A/2 = 7 /k§. This rela-
tionship was demonstrated for Co on Cu(111) and Ag(111), which have very different
kg, clearly excluding a mediation of the interaction by other means like elastic lattice
deformation. Comparison between Co and Cu adatoms on Cu(111) shows within the
error margin similar E(r)-curves, suggesting only little effect of the adsorbate’s chem-
ical identity on E(r). Thus, as opposed to short-range interactions the surface-state
mediated interactions are far less adatom specific and therefore of general significance
since they predominantly reflect the surface-state band structure. The E(r) data enable
quantitative comparison with theory; the short range data agree reasonably well with
recent ab-initio results [148,157], in the long range the theory of Lau and Kohn and the
scattering model derived from it by Hyldgaard and Persson have been confirmed: The
interaction decays asymptotically as 1/r2 and scales with the density of surface-state
electrons. The Fermi energy phase shifts of the surface-state electrons scattering at
the adatoms are all close to 7/2, which is the value expected for black dot scattering.
For the systems investigated here, there is a significant short-range repulsion superim-
posed on the oscillatory long-range interactions, which acts as attachment barrier and
delays island formation. A lower bound of this repulsion has been determined from
the absence of dimer formation at higher temperatures during the observation period.
The adsorbate-adsorbate interactions can potentially be employed for the creation of
superstructures like ordered atomic and molecular lattices. In the symmetry of such
structures the adsorbate’s scattering phase, the favorable adsorbtion sites offered by the
substrate and presumably also trio and higher order interactions play a role. We observe
chains of adatoms with nearest neighbor distance about equal to the distance of the first

minimum of the pair interaction.






Chapter 5

Kondo resonance of single magnetic

adsorbates on noble metal surfaces

5.1 The Anderson model

Many aspects of the interaction of a localized moment, of a chemisorbed magnetic ad-
sorbate with the conduction electrons of a metal substrate can be understood within
the Anderson model [48,95,165]. The Anderson model, also called interacting resonant
level model, adds to the phenomenological parameters of the RLM discussed in Sec-
tion 2.3.1 a short range intrasite interaction energy term U for the coulomb repulsion
of two electrons within the localized adsorbate level:

U= /<I>;(r)<l>;(r')—?ﬁ)@a(r)éa(r’)drdr’. (5.1)

b3

U usually ranges from 1 — 10 eV for 3d and 4f electrons in an impurity or adsorbate in
a metallic environment. The Anderson Hamiltonian reads, in the single-orbital second-

quantized form under consideration of the electron spin o:

H= Z Exnke + Z Enes + Z[Vkac;‘(’gca,a + Viel o] + Unagnia, - (5.2)
k,o o k,o

Whereas the RLM Hamiltonian can in principle be diagonalized to an independent
electron Hamiltonian, the additional coulomb term in the Anderson model introduces

subtle many-body correlation.
For U = 0 and E, < Ep, the ground state of the system is non-magnetic with a
double occupied adsorbate level. In the following, the local moment parameter regime
(also called Kondo regime) is discussed, where E, < Er and E,+U > Er (Fig. 5.1). For

Vie = 0, the localized state is decoupled from the conduction electrons and will be single

47
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occupied with a spin ¢ =1,}. The corresponding ground state has two-fold degeneracy
corresponding to spin 1/2 with an associated magnetic moment. For non-zero Vi, the
localized state and the conduction states are mixed.

The hybridization broadens the discrete energy of the localized state to spin-split
resonances of width I' = 27 3", |Vi|?8(E — Ei) (as seen in Section 2.3.2) at ~ E, and
~ E, + U, thereby equalizing spin up and spin down occupancies of the localized level.
Thus, stronger hybridization favors a non magnetic ground state, in competition to the
U term, which favors an unbalanced occupation of the localized level, i.e. a magnetic
ground state. The local moment survives for |E, + U — Eg|,|Er — E,| »» I'. The
moment has an antiferromagnetic exchange interaction with the conduction electrons:
the exchange interaction originates in lowest order in Vi, from virtual excitations from
the n, = 1 ground state to the n, = 2 and the n, = 0 subspaces (Fig. 5.1). It can
be shown that the Anderson model is equivalent to a Heisenberg type model (called
s-d-model)

H,= Z Jk,k:(S“LcLlck;,T + S‘cfkn.ck:,l + SZ(CLTCk’,T - CI(,ick',i)) , (5.3)
Kk’
where S, and St = S, +15, are the spin operators for the localized state of spin S.

The effective exchange coupling Ji ) is given by [166}

. 1 1
Jk,kl = VkaVkla [U-{—E — Fw + Er— E ]
r 1 1
= e 5.4
ExvBEr  2mnyg [U—{- E, + —E‘a] ’ (54)

with the Fermi level energy set equal to zero. In the local moment regime, E, +U > Ey
and E, < Ep, the exchange is antiferromagnetic, J > 0, for scattering of conduction
electrons in the region of the Fermi level.

The spin exchange qualitatively changes the energy spectrum of the system. When
many such processes are taken together, one finds that a new state, a weakly bound non-
magnetic many-body singlet ground state is generated with about the same energy as the
Fermi level. This Kondo ground state is unusual for it is generated by exchange processes
between a localized electron and free electron states. The preserved magnetic moment
of the localized level is completely compensated by the spins of the conduction electrons.
In contrast to the static screening of a firmly aligned magnetic moment by static RKKY-
oscillations, the spin-density correlations of the adsorbate spin to the conduction electron
spins are lost after the spin-flip time 7« = h/(ksTk). The many electrons that are
involved in the spin-flip processes combine to build the Kondo resonance, which has a
very small weight in the LDOS p,(E) (Fig. 5.1). The so-called Kondo cloud consists
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Figure 5.2: (A) The average 3d orbital elec-
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dependent electron scheme, i.e. the energy
pulsion.(Figure from Ref. [167]).

of an electron in the adsorbate orbit depends

on its occupation.

of electrons that have previously interacted with the same magnetic impurity. Since
each of these electrons contains information about the same impurity, they are mutually
correlated. The size of the Kondo cloud is given by the distance £k = vpTk the electrons
with the Fermi velocity of vp = hkr/m* can travel during the spin-flip time 7x. No
experiment has ever directly detected the size of the Kondo cloud, probably due to the

large values of £x =~ 100 nm for typical Kondo systems.

The behavior of the Anderson model in the low temperature range can be understood
in terms of interacting quasi-particles within a Fermi liquid theory [48]. The quasipar-
ticles can be described by an Anderson model with a renormalized hybridization V,
intrasite interaction term U and energy E,. The renormalized Anderson Hamiltonian
describes quasi-particle excitations from the interacting many-body singlet ground state.
The quasi-particle density of states p,(E) corresponds to a resonance of width kgTk close
to the Fermi level, the Kondo resonance. If the weak interquasi-particle interaction is
ignored, U = 0, the model for the quasi-particle becomes a RLM which qualitatively
describes the correct low T behavior. The situation is then similar to the single parti-
cle description of an impurity with a narrow virtual bound state of width of order of

ksTk at the Fermi level. Thus, in the low temperature limit 7 < Tk the magnetically
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screened impurity scatters the conduction electrons like a non-magnetic impurity with
a resonance at the Fermi level with an energy width of order of kgTk [168]. The Kondo
temperature T is given by [169]
@CWE,;(PE;+UL

2
= Tye w7, (5.5)

Tx =

where Ty, = W/T/(xW) and W is the conduction electron band width.

The degeneracy of the 3d and 4f orbitals of magnetic atoms is taken into account
by the degenerate Anderson model, also called ionic model [48]. Usually, for a magnetic
adatom, the orbital degeneracy is lifted due to crystal field splitting and the confign-
rations with different numbers of electrons are separated by an energy of order of U.
It is then sufficient to consider only fluctuations between the three lowest configura-
tions, the ground state configuration and the configurations with one electron more
and one electron less. This leads to an effective non-degenerate Anderson model. For
Co on Au(111), the average 3d orbital electron occupation is n, = 8.8 (Fig. 5.2(A))
as determined from the semirelativistic, screened Korringha-Kohn-Rostoker method in
combination with the local spin-density approximation [167]. The lowering of the Co
d-levels leading to the higher occupancy compared to n, = 7 of an isolated Co atom
is mainly due to hybridization with the conductance electrons. The excess charge of
the Co adatom is compensated by a positive conduction electron depletion cloud. The
LDOS of the Co 3d-orbital shown in Fig. 5.2(B) has been calculated with an effective
spin-1/2 Anderson model considering only the n, = 8,9, 10 configurations.

The Kondo resonance in the LDOS of the local orbital effects the conductivity of
the conduction electrons. Therefore, it is obvious that the Kondo resonance can be
examined by measuring the tunneling conductance with the tip placed close to a mag-
netic adsorbate. From the analysis of the tunneling spectra, the Kondo temperature
for example can be determined with a much higher accuracy then previously possible.
In the following, tunneling spectra taken close to a magnetic adsorbate are analyzed
in the framework of two competing tunneling channels: For T << T, local Fermi
liquid theory can be applied and the Kondo resonance in the LDOS of the d-level has a
Lorentzian shape [48,167] (Fig. 5.2). Tunneling into this LDOS, which is hardly acces-
sible due to the strong localization of the 3d-orbital at the atomic core, makes up only
one part of the tunneling current; the other part is from tunneling into the conduction
electron LDOS of the substrate modified by the presence of the Kondo impurity. These
two tunneling channels interfere as described in Section 2.3.4 and the resulting tunneling
LDOS, which is proportional to the measured df/dV signal, has a Fano line shape. The
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tunneling conductance close to zero bias is

glria)? — 14 2¢(ria)e (5.6)

dI(ry, V)/dV = const. + ary,) e2+1 ’

with € = (eV + AE)/kgTx. The constant is the background dI/dV signal and AE a
small shift of the resonance from the Fermi energy due to level repulsion between the

d-level and the Kondo resonance. The Fano line shape parameter q is given by [98]

Re Ge(rew) + D(ria)

q(re) = i Golre) s (5.7)

where D(r;) = Doe__dtg(_r"), and Dy is a constant dependent on the strength of the
coupling of the conduction states to the adsorbate and the tip. o is a decay length and d,
the overall tip-adatom distance, G.(r1,) a modified Green’s function of the unperturbed
conduction electron as seen by the tip [98). D(r,) depends on the overlap of the tip
wave function with this state and will fall off rapidly with r,,. With g(r,,) defined as in
Eq. (5.7), a(ry,) is proportional to (Im G.(r4,))? (see Eq. (5.6)). Even for D = 0, i.e. no
direct tunneling into the localized state, different Fano line shapes can result due to the
first part of g(ry,), Re G¢/Im G,, which describes an indirect tunneling from the tip to
the adsorbate by conduction electron propagation. For free conduction electrons, this
first part gives rise to rapid oscillations of ¢(r) between asymmetric Fano and symmetric
Lorentzian line shapes with a period of 7/kg (for example, 7/kb = 2 A for the free bulk
electrons (Table 3.1)) [167,170].- But these oscillation are not resolved by the STM in
the usual spectroscopic tunneling conditions with the tip about 5 A < z, < 10 A above
the surface. By modelling the host metal electrons with a jelliumn model, the oscillations
in G, are found to be lost for z, > 5 A [98]. For true conduction electrons of a real band
structure, the ¢(ry,) behavior may be much more complicated. To study the spatial
decay of the Fano resonances, we further define the overall amplitude A of Eq. (5.6) as

the distance from the lower minimum of the Fano curve to the upper maximum

A(Tiﬂ) = a(Ttn) (1 -+ q(rla)z) . (58)

5.2 Kondo resonance of single Co adatoms on Cu
surfaces

The Fano line shaped [93] tunneling spectra taken with the STM tip positioned on top
of magnetic adatoms have been interpreted by an interference of two tunneling channels,

one direct channel through the resonance localized on the magnetic impurity and another
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Figure 5.3: Constant current STM images (~50 mV bias, J = 2 nA) of Co adatoms on the
Cul 100) (3 stoms) snd the Cul(l11) surface (2 atoms). The Friedel oscillations of the Cu(111
surfnce-stite electrons can be easily detected up to 10 nme. The mset compares line culs o

(417} signal over the adatoms on the two ditferemt surfaces for -'\|-||.|l Lipr « onditions

channel ioto the conduction band of the substrate, but gquestions remain about the
strength of the direct channel and the spatial changes of the Fano line shapes [167 170}
Also, so far predominantly systems with n surface-state present at the Fermi energ
have been investigated |9, 10,52, 53], yer the role of the surface-state electrons i the
Kondo resonance needs to be examined. In this section these questions are addressed

by o comparative study of the imtersction of Co adatoms with the conduction hand

olectrons of the Cu(100) and (111) surfaces. The spatially resolved STS measurements
of individual adatoms are quantitatively analveaed at and in the vicanity of isolated
Co adatoms with the model of Plihal and Gadzuk [98]. In both svstems, the Kondi
resunance is detectable only within 10 A of lsteral np-adatom distance signifving
an infenior role of the Callll rin i 1 the formation of the Kondo resonane
The 1 dependance of the line shape and amplitude of Lhe tTunneling specira reveals
that direct tunneling into the localized state is negligilile L 11 i npOrtan I
{ 100). 1t is farther demonstrated the correlation of the Kondo temperature Ty with
the host electron density at the magnetic umpunty

[he tip apex wavelunction was modified by gently dippang the tip mio the substrate

=1 nm} uutil the Co adatoms are imaged sphenically and the dI(V)/dV spectra on the
bare surface have no sharp features near zero bias. This way the tip apex wavefunction
is symmetric and optimized for spectroscopy at the expense of high spatial resolution

(he, minimizing the radius of the tp apex wavelunction Tips prepared in this way
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Figure 5.4: On atom differential conduc- Figure 5.5: Spatial dependence of the Fano
tance (dI/dV) spectra for Co/Cu(100) and line shape parameter g(ry,) for Co/Cu(100) and
Co/Cu(111). The tunneling resistance was Co/Cu(111). Each data set presents averaged
10 MQ. The spectra are normalized to their values from measurements on four atoms. The
lowest values. The solid lines are Fano line dotted lines are from calculations with no di-
shape fits according to Eq. (5.8), average pa- rect tunneling into the localized state, for the
rameters are summarized in Table 5.1. solid line D(r;,) was fitted as described in the

text.

reproducibly image the Co adatoms as bumps in the constant current images ~1.1 A
and ~0.6 A high with a diameter (FWHM) of ~8 A and ~6 A for Co on Cu(100)
and Cu(111), respectively (Fig. 5.3). Co on Cu(100) and (111) are Kondo systems
characterized by Fano type scanning tunneling spectra near Ep (Fig. 5.4). Eq. (5.6)
is fitted to on-atom (r,, = 0) dI(V)/dV curves taken on different adatoms and with
different tip structures. Prior to fitting, the dI(V)/dV curves are normalized to their
minimal value. The form of the spectra did not change for different tunneling resistances
in the range of 0.2 MQ to 100 Mf2. Average Fano line shape parameters from fitting
10 different on-atom differential conductance spectra for Co on Cu(100) and (111) are
summarized in Table 5.1. The Kondo temperatures are Tx = (88+4) K and (54+2) K
for Co on the Cu(100) and (111) surface, respectively. The Cu(111) value is in very
good agreement with the Tk value of (53 + 5) K reported by Manoharan et al. [52].

The Kondo problem is essentially determined by only one relevant energy scale,
kgTk. Once the Kondo temperature is known, predictions for all relevant physical ob-
servables can be made, e.g. Tk determines the parameters U, E4 and T of the Anderson
model. The Kondo temperature itself should depend only on the strength of the ex-

change coupling J and the density of the conduction electron states ng at the magnetic
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Co/Cu(111) Co/Cu(100) Co in bulk

Tk (K) 5442 88+4 ~500 [165]
53+ 5 [52]
n 3 4 12
q 0.18+0.03 1.13+0.06

AE (meV) 18+06 —13+04

Table 5.1: Mean Fano line shape parameters and Kondo temperatures Tk from fits of Eq. (5.6)
to scanning tunneling spectra of 10 different Co adatoms on Cu(100) and (111). n is the number

of nearest neighbor Cu atoms.

impurity [48] (see Eq. 5.5). The increase in Tk from Cu(111) to Cu(100) to bulk Cu (see
Table 5.1) is due to an increase in Jng which is in turn related to an increase of the num-
ber of nearest neighbor Cu atoms n. From atomic resolution images for Co/Cu(100),
the Co adatom site is determined to be the four fold hollow site (n = 4), for Co/Cu(111)
the adsorption site is known to be the three fold hollow site [46], i.e. n = 3. We find
that the logarithm of the Kondo temperature falls off linear with n. A fit of Tk to
Eq. (5.5) under the assumption of Jng ~ n and a constant Ty yields Ty = 103-00+0-12 K
and Jng = (0.055 £ 0.007)n.

We now turn to the influence of the surface-state electrons on the Kondo resonance.
To this end the change of the Fano resonances with the in-plane tip-adatom distance
T, has been investigated by scanning over the adatoms and taking tunneling spectra
for different ry4. ¢(ria) and A(ry,), as determined from fits of Eq. (5.6) to spectra taken
on four different Co adatoms on Cu(111) and Cu(100), are shown in Figs. 5.5 and 5.6.
The errors are due to different tip structures, variations for different adatoms and noise
in the dI/dV signal for larger r,,. For both systems, as well as for Co on Ag(111) and
Au(111), the Kondo spectra are only detectable for r, < 10 A (Fig. 5.6). The similar
decay of A(ry,) clearly indicates that the Cu(111) surface-state does not significantly
contribute to the formation of the Kondo resonance: Due to their 2D character, A(ry,)
for the surface-state electrons should fall off only with 1/r,,, whereas A(r,,) for the bulk
electrons falls off as 1/rZ or even faster due to band structure effects [98]. On the bare
Cu(111) surface, about 2/3 of the current tunnels into the surface-state. This can be
seen from the corresponding increase of the dI/dV signal at the onset (—440 mV) of
the Cu(111) surface-state similar to the onset on Ag(111) in Fig. 3.4. But it is known
that close to strongly bound adsorbates, the tunneling channel into the surface-state
is lost: the surface-state onset can no longer be detected on the adsorbate and the

adsorbates Friedel oscillations of the surface-state are those of a highly absorbing (black
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Figure 5.6: Spatial dependence of the normalized amplitude of the Fano resonance
A(rt2)/A(D) on the in plane tip-adatom distance ry, for (A) Co/Cu(100) and (B) Co/Cu(111).
Each data set presents averaged values from measurements on four atoms. The solid lines are
from model calculations described in the text. Similar spatial decays of A are found for (C)
Co/Ag(111) and (D) Co/Au(111).
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dot) scatterer [171-173], as also presumed in the previous chapter from the phase shift
of the adsorbate-adsorbate interaction energy. The surface-state electrons thus scatter
into bulk states at the Co adatoms [171] which can explain why their share in the Kondo
resonance is below the experimental resolution. That they are not entirely uninvolved
was demonstrated by Manoharan et al. [52,172] in an ellipse corral experiment where a
Fano spectrum was found in one focus about 8 nm away from the Co adatom in the other
focus. In agreement with a weak surface-state contribution to the Kondo resonance, the
spectrum in the empty focus was strongly diminished and only detectable for ellipse
corrals formed in a way that the Fermi energy surface-state density at the adatom is
enhanced. Weak traces of the Kondo resonance of Co with the Ag(111) surface-state
electrons have also been found by investigating the dependence of the amplitude of the
standing Friedel surface-state electron density oscillations on the bias for biases close
zero [59)].

Whereas g(ry,) for Co/Cu(111) keeps its small on-atom value ¢(0) within the error,
q(rta) for Co/Cu(100) falls off strongly within r,, < 6 A (Fig. 5.5). In both systems no
oscillations in g(r¢,) are observed as expected for tip distances z, > 5 A [98]. Accordingly,
the difference in the spatial behavior of the asymmetry in the Fano line shape can be
ascribed to substantial differences in the relative weight of the two competing tunneling
channels for the two surfaces. In order to analyze the contribution of the tunneling
channels into the resonance localized on the Co adatom and into the Cu substrate states
quantitatively, A(ry,) and g(ry,) are modelled with a jellium model for G,(r;,) under
consideration of the tip-surface distance z, according to a recent model by Plihal and
Gadzuk [98]. This is done by first fitting (Im G,(r,,))? to the measured a(r,,). Then,
Re Ge(ri) + D(ry,) is fitted to Im G(ry,) times the measured g(ry,) (see Eq. (5.7)). In
the case of Co/Cu(111), this can be done with D(ry,;) = 0. In contrast, in the case of
Co/Cu(100), the direct channel D(r;,) has to be considered to describe the measured
¢(r). With the decay constant a = 0.75 A (98], Dy = 170 and z = 9.1 A. The
calculated g(ry,), with and without the direct tunneling channel, are shown in Fig. 5.5.
Finally, A(r,,) as calculated according to Eq. (5.8) with the Im G.(ry), Re G {r.s),
and D(ry,) as obtained above nicely follows the experimental data for both systems
(Fig. 5.6).

5.3 Suface-state electron Kondo resonance

The Kondo resonances of 3d and 4f adatoms on the noble metal (111) surfaces [9, 10,

52,53,174] are localized to 10 A around the adatoms, as seen in the previous section.
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Figure 5.7: STM topograpls of Co and H-Co adsorbates (not labelled) on the noble metal
(11]) surfaces. AL low bias, the Co adatoms are boaged with a larger appacent height than the
H-Co adsorbates due to their higher LDOS close wo By (Fig. 5.8). (A) Cullll), bias 60 mV
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Figure 5.8: Diffrentinl conductance spoctra taken with the STM tip centerod on top of Co

il H-Co adsorbates on (e different noble metal (111) faces. Tunneling parameters prior 1o
opening the feedback loop were =100 mV hias and 1 1 uA, the dl/dV eurves are taken
using standard lock-in technique with a 4 kHz woltage modulation o | mV RMS applied
Ly the sample The grey lines are Fano line shape fitss average fit results for the Kondo

temperatures are shown iu Table 5.2 The arrows in the H-Co spectra indicate the full widths

at half minimum of the overall dip. The spectra are normalized to their minimal value
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Ty of Co (K) Txk of H-Co (K) &y (nm)

Cu(111) 54+3 175+ 7 27.9
53 + 5 [52)

Ag(111) 92+6 325+ 12 5.6

Au(111) 7648 334 +£15 16.7
75 % 6 [55]

Table 5.2: Kondo temperatures Tx of Co adatoms and H-Co complexes and their Kondo
correlation lengths on the noble metal (111) surfaces. The values of the Co adatoms are
from Fano line shape fits to the tunneling spectra recorded on-top of the atoms, the Kondo
temperatures of the H-Co adsorbates are determined from the full width at half minimum of
the corresponding tunneling spectra. All temperatures are average values from 10 different
spectra taken on different adsorbates with different tip structures. The correlation length can

be estimated with £x = hvg /kpTk, where vp = hkf is the Fermi velocity of the surface-state.

Thus for these systems the interaction with bulk electrons and not the surface-states
electrons dominates. The surface-state electrons are scattered into the bulk at the
adsorbates and therefore do not contribute significantly to the Kondo resonance [59,174].
As will be shown in the following, the interaction with the surface-state electrons can
significantly be enhanced when hydrogen is bound to the Co adatoms: The charge
transfer associated with the H-Co bond weakens the Co bond to the substrate and
thereby reduces the quenching of the surface-state in the vicinity of the Co atom. This
allows for a stronger interaction of the 2D electron gas with the magnetic adsorbate and
leads to a substantially increased spatial extent of the highly correlated Kondo state as
well as to a fourfold increased Kondo temperature.

H-Co complexes (Fig. 5.7) are obtained as described in Section 4.1.1. Typical low
bias dI/dV spectra taken with the tip centered on either the Co adatoms and the H-
Co complexes on the noble metal (111) surfaces are shown in Fig. 5.8. The Fano line
shaped spectra with low ¢ of the bare Co adatoms (Fig. 5.8) are a consequence of the
STM being more sensitive to the extended conduction band states than to the more
localized d- or f-orbitals. For all three systems, the Kondo resonance is detectable only
within 10 A of lateral tip-adatom distance g, signaling that bulk and not surface-state
electrons dominate the Kondo resonance [174]. The Kondo temperatures of Co adatoms
on the three noble metal (111) surfaces as determined from fitting Fano line shapes to
tunneling spectra are given in Table 5.2.

The dI/dV spectra taken on top of the H-Co complexes are quite different (Fig. 5.8):

For H-Co on Cu(111), there is a symmetric antiresonance of =30 meV at zero bias, for
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H-Co on Au(111) and Ag(111), a dip-like feature at zero bias similar to the one of the
pure Co is embedded in a broader and more prominent reduction of the conductance
with a FWHM of ~60 mV. We first turn to this dominant feature: it can be interpreted
to be due to a Kondo effect of the hydrogenated Co with a strong involvement of the
surface-state electrons. Since the Kondo temperature depends exponentially on the
electron charge density at the Kondo impurity, on the coupling strength, and on the
energy of the hybridized d-level (see Eq. (5.5)), small changes in these quantities alter
Tk substantially [48]. The Kondo temperatures of the H-Co spectra for the three noble
metal (111) surfaces, determined by the full width at half minimum of the spectra, are
given in Table 5.2. At all three surfaces the Kondo temperature of the hydrogenated
cobalt is found to be substantially increased with respect to Tk of the bare Co adatoms.

The strongest support of the idea of a Kondo resonance being due to the involvement
of the two-dimensional electron gas of the surface-state electrons comes from its large
spatial extent. The Kondo resonance as function of the lateral tip-adsorbate distance
Tia for the Co and H-Co adsorbates on the Ag(111) surface is investigated by taking
dI/dV spectra for r, up to 20 nm and assembling them to a greyscale map (Fig. 5.9).
In these maps the dI/dV spectra discussed so far are vertical line cuts. If one analyses
horizontal line cuts the energy resolved Friedel oscillations due to the surface-state
electrons scattering at the adsorbates become apparent (Fig. 5.9(C,D)). These "standing
waves” are also visible in the topography of Fig. 5.7. In contrast to the case of the Co
adatom (Fig. 5.9(B)), the dI(r,)/dV spectra taken in the vicinity of the H-Co complex
(Fig. 5.9(A)) show a very long range disturbance (=100 A) of the dispersion relation
E(k) of the Ag(111) surface-state. This" disturbance can be described in terms of a
scattering resonance of the surface-state electrons with an energy dependent phase shift
around Fp as described in Section 2.3. The change in the LDOS due to scattering
of 2D electron waves at an adsorbate is given by Eq.(2.17). Only s-wave scattering
has to be considered because the spread of the scattering potential of the adsorbate is
small compared to the relevant wave lengths. Whereas a 2D scattering wave falls off
slowly with = 1/r, a 3D scattering wave as from bulk conduction electrons falls off more
rapidly with »~ 1/r2. In accordance, the bulk electron dominated Kondo feature of the
Co adatoms cannot be detected for r,, > 10 A. For more remote r,, the dispersion of
the Ag(111) surface-state is seen to be preserved due to the dominance of absorptive
scattering (Fig. 5.9(B)) {171]. The LDOS near the Co adatoms can be fitted by Eq.(2.17)
with @ = 00, i.e. total absorption of the surface-state electrons at the Co adatom. The
adatoms thus acts like “black dot” scatterers with the impinging surface-state electrons
scattered into bulk states [171]. The fitted k values follow a parabolic dispersion with an
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Figure 5.9: Color-scale LDOS(E, r)-maps around a H-Co- (A) and a Co-adsorbate (B) on
Ag(111), ncquired by assembling d/(V') /dV spectra for tip-adsorbate distances r up to 20 nm
with one spectrum every 2 A. The spectra are normalized o background spectra taken far
from any scatterer. The LDOS around the Co adatom (B) unveils the dispersion of the
surface-state via the energy dependence of the wavelength of the electron standing waves The
dotted lines are calculated hyperbolas following the maxima of the standing waves with an
effective mass m* = 0.36, an onset at —65 mV and full absorption o = oc. The standing waves
in (A) have the same dispersion relation, but in addition they reveal an energy dependent
scaltering phase shift, best seen by the discontinuity of the first maximum of the scattered
waves. The right column shows cuts of (A) for two different energies plotted against kr to
make the change in the phase shift become apparent. The gray lines are fits of Eq. 2.17 with
phase shifts §{-0.2meV) = 1.21 and §{43.3meV) = =0.20. Only data points with r > 2 nm
were used in the fits to assure the validity of the asymptotic scattering wave formula (Eq. 2.17)

and to prevent the interference of topographic effects on the spectra close to the adsorbate
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Figure 5.10: Grayseale LDOS(E, v -maps aronnd a H-Co- (A) and a Co-ndsorbate (13) on
Ag(111). The same data as v Fig. 5.0 s plotted against klry, to eliminate the dispersion
effects. Wherens the phase shift of the surface-stnte waves seattered by the Co adatom is
independent of energy, H-Co seatters the surface-state wives with an energy dependent phase
shift.

effective mass of m* = 0.36, which compares well with published data for the Ag(111)
surface-state of m* = 0.40 l??] (Table. 3.1).

In contrast, the surface-state waves scattered by o H-Co adsorbate have an energy
dependent phase shift 4;(E) as seen most strikingly at small distances in the color
seale plov (Fig. 5:9(A)). The change in the phase shift is clearly revealed by comparison
of two scaltered waves at different encrgy (Fig. 5.9(C.D)). The energy dependence of
8y( E') obtained from fits of Eq.(2.17) with absorption o = .47 to the df(ry, ) /dV data in
Fig. 5.9(A) are shown in Fig. 511, The phase shift drops off rapidly close to the Fermi
mergy with a total change close to #. It can properly be described by a resonance law,
Eqp. (2.18). The change of the phase shift occurs in an energy range of £30 meV around
Ey consistant with the width of the observed on-atom spectrom (Fig. 58) This resonant
phase shift is a direct consequence of the spin sereening as deseribed by Fermi liguid
theory of the Kondo effect [48] Unlike the situstion in the Anderson single impurity
model we are dealing here with a renl seatterer which also acts as a simple potential
scattorer resulting in 62' # 0. In comparing e the positions of the minima in the
two line-cuts in Fig. 5.9(C") and Fig. 5.9(D) or the maxima in Fig. 510, it can be seen
thit the change in the phase shiflt is gradually reduced for v, > 100 A as one goes
away from the Kondo impurity. The reason might be a loss of coherence in the electron

correlition, The tesonant phase shift should only be observable where the seattered
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Figure 5.11: Energy dependence of the phase shift §(E) in the standing surface-state waves
scattered by a H-Co adsorbate complex on the Ag(111) surface. The phase shifts are from fits
of the scattering wave Eq.(2.17) with o = 0.47 to horizontal cuts in the LDOS(E, r)-map as
shown in Fig. 5.9 (the gray dots are from the fits shown in Figs. 5.9(C) and 5.9(D)). The black
line is a fit of Eq. (2.18) with 6,?g = —0.96, AE = 7.6 meV and I' = 46 meV.

electrons are correlated with the impurity spin. The correlation length can be simply
estimated with £k oc hvr/kgTk, which gives £k =~ 5.6 nm using the parameters for the
H-Co on Ag(111) system (Table. 5.2) consistent with the observed range of the resonant
phase shift. Therefore this might be the first experimental indication of the extent of
the Kondo cloud in a correlated electron system with a rather small (k.

Turning back to the H-Co spectrum (Fig. 5.8) it has to be noted that for H-Co on
Ag(111) and Au(111), there is a spectral feature observable on the same energy scale
as the Kondo resonance on the pure Co adatoms. The width and the spatial extent
of this additional resonance is the same as that of the pure Co resonance, however,
the line shape is not the same. The possibility of a switching of the Hydrogen from
adsorbate to tip and consequently an overlapping of the pure Co spectrum with the H-
Co spectrum is thus unlikely. For a double Kondo feature to appear there must be two
independent spin states involved as shown recently for the case of a degenerate S = 1
and S = 1/2 system in a quantum dot [68]. From its fast spatial decay (within 10 A),
this narrow feature can be ascribed to an interaction with the bulk electronic system of
the substrate. Further theoretical investigation will have to show whether the binding
of H to a Co adsorbate can give rise to two independent Kondo systems that couple
differently to surface-state and bulk conduction band electrons and hence are screened

on different length and energy scales.
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Figure 5.12: Differential conductance spectra taken with the STM tip centered on top of
H-Co and D-Co adsorbates on Ag(111). Tunneling parameters prior to opening the feedback
loop were 60 mV bias and I = 1.7 nA, the dI/dV curves are taken using standard lock-in
technique with a 4 kHz voltage modulation of 3 mV RMS applied to the sample. The spectra

are normalized to their minimal value.

Another conceivable explanation of the H-Co dI/dV spectra would be in terms of
inelastic electron tunneling (IETS). It is known that an excitation of vibrational modes
of molecules by the tunneling current leads to small, sharp increases of the tunneling
conductance when the energy of the tunneling current reaches the energy of a vibrational
mode of the molecule in the tunneling junction [175]. This increase is due to a new
tunneling channel for electrons which loose energy in the tunneling process by exciting
a vibrational mode of the molecule. The increase of the tunneling conductance is at
symmetric voltages for positive and negative tunneling bias because the direction of the
tunneling current is not important. Thus, a vibrational mode which is excited by the
tunneling electrons leads to a box-shaped dip in the dI/dV signal centered symmetrically
around zero bias. The double-dip shaped H-Co spectra could accordingly be thought of
as a superposition of a small Kondo antiresonance at zero bias and an extremely strong
excitation of a vibrational mode at = 40 meV related to the bond of the hydrogen to
the cobalt. To check this interpretation, we performed the same kind of experiment
with Ds instead of Hy. The two times higher isotopic mass of the deuterium should
decrease the energy of the vibrational mode by a factor of 1/v/2 [175]. The isotope
experiment (see Fig. 5.12), however, clearly reveals no difference between the H-Co
and D-Co spectra discarding an vibrational origin of the effect and thus supporting the

electronic interpretation discussed above.
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5.4 Summary

In summary to this chapter, spatially resolved scanning tunneling spectra taken on top
and in the vicinity of individual Co adatoms and H-Co adsorbates on noble metal sur-
faces have been quantitatively analyzed. The Fano line shaped tunneling spectra close
to zero bias are interpreted as fingerprints of the adsorbates’ Kondo resonances. The
comparison of the Fano resonances of Co adatoms on Cu(100) and Cu(111) reveals
insight in several aspects of the physics of the Kondo effect: the higher Kondo temper-
ature Tx = 88 of Co/Cu(100) compared to Tx = 54 for Co/Cu(111) can be ascribed
to an increased embedding of the Co adatom in the copper host. Under consideration
of Tk for a Co impurity in the bulk of a Cu host, a logarithmic scaling of Tk with the
number of nearest substrate Cu atoms is found. From the rapid decay of the Fano line
shape parameter q for Co/Cu(100) within a tip-adatom distance of 5 A, it is concluded
that for Co/Cu(100) both, tunneling into the hybridized localized state and into the
substrate conduction band contribute to the observed spectra. In contrast, the latter
channel is found to be dominant for Cu(111). The similar spatial decay of the ampli-
tude of the Fano line shapes for Co on Cu(100) and Cu(111) reveals that the Kondo
resonance is dominated by the bulk electrons and not the surface-state electrons. For
Co on the other noble metal (111) surfaces of Ag(111) and Au{111), we observe similar
Fano line shapes with Tx = 92 for Co/Ag(111) and Tk = 76 for Co/Au(111). Changing
the chemical surrounding of the Co adatom by hydrogen adsorption strongly affects the
bond of the Co to the noble metal substrates as concluded from the reduced migration
barrier £, = 38 meV for H-Co/Ag(111) as compared to &, = 50 meV for Co(ag(111),
as well as the tunneling spectra: the H-Co spectra have a double dip structure with an
overall fwhm about four times increased as compared to the respective Co spectra. The
coupling to the surface-state electrons is enhanced by the hydrogen adsorption: whereas
the Co adatoms scatter the surface state electrons with an energy independent phase
shift of about 7/2 characteristic of a black dot scatterer, the resulting strong Kondo
resonance of the 2D surface-state electron gas can be detected for Co/Ag(111) up to
distances of more than 100 A away from the impurity site. This long-range behavior
allows for a direct determination of the energy dependence of the scattering phase shift
of a single Kondo impurity showing a resonant energy dependence close to the Fermi

energy as expected from Fermi liquid theory.



Chapter 6

Outlook

The comparison of the adsorbate interactions of the three adsorbate/substrate systems
which has been presented here suggests the general existence of long-range oscillatory
adsorbate-adsorbate interactions and unravels the electronic origin and other common
properties. Despite the fact that the observed interaction energies are small, they are
expected to influence every adsorbate/substrate system with a 2DEG present at the
surface. Particularly important for nucleation and growth processes is the short range
region of the interaction energy E(r) for adsorbate-adsorbate distances smaller than
10 A. We have tried to experimentally determine this range of E (r) more precisely by
increasing the adsorbate coverage and thereby improving the statistic for small adsor-
bate distances. The problem to this method has been a stronger deviation from the
assumption that the pair interaction of two isolated adsorbates can be determined by a
nearest neighbor distance distribution. Third adsorbates close to a pair of adsorbates
under survey generally increase the repulsion between the pair. A proper way to deter-
mine the short range region of the interaction energy would be to keep low coverages of
adsorbates but increase the substrate temperature to get relatively more counts for the
energetically unfavorable small distances. A high speed STM with an image recording
rate of more than 10 Hz would then be needed to accurately determine the adsorbate
positions of the rapidly diffusing adsorbates. Such an instrument might also be capable
of tracing the diffusion of the single adsorbates until they nucleate or until they attach
themselves to islands or substrate steps, allowing for the determination of the attach-
ment barrier and giving direct insight in the effects of the interaction on nucleation and
growth processes.

The observed adsorbate~adsorbate interactions can potentially be employed for the
self-organized growth of ordered adsorbate superlattices. The obstacles to the formation

of such structures, like misfits of the distances of the minima of the interaction energy
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to the adsorbtion sites or an unfavorable proportion of the first minimum distance of
the interaction energy to the second maximum distance, can probably be circuamvented
by using substrates with different types of surface-states and by using adsorbates of
different shapes and with different scattering properties. Also, it is possible to tune the
surface-state parameters of a substrate and the scattering properties of the adsorbates:
For example, we have been able to adjust the Fermi wavelength of the Au(111) surface-
state by epitaxially growing monolayers of Ag onto the Au(111) surface, whereby the
surface-state Fermi wavelength changes gradually from the Au(111) value to the one of
Ag(111) within a few atomic layers. The phase shift of an adsorbate is linked to the
charge state of the adsorbate by Friedel’s sum rule [176], i.e. the phase shift can possibly
be tuned by co-adsorption of electronegative or —positive species. That co-adsorption
may strongly influence the scattering properties of an adsorbate has been demonstrated
here by a the reduced surface-state electron absorption at H-Co complexes compared to
Co adatoms. Interactions between different kinds of adsorbates or with other scatterers
may also be exploited to grow superstructures. For example, the surface-state electron
density oscillation due to scattering by steps are stronger and more long-ranged because
of the increased dimension of the scatterer. These LDOS oscillations at atomic steps
may be used to grow chains of adsorbates separated by half the surface-state Fermi
wave length on vicinal surfaces. Similar effects might be achieved with large, longish

molecules.

The adsorbate interaction studied here has been interpreted in terms of conventional
Friedel oscillations. Anomalous correlation-enhanced Friedel oscillation have been pre-
dicted for a high density of randomly distributed scatterers with mean distances of
about the Fermi wavelength [177]. These enhanced Friedel oscillations have been used
to explain the unusual thermal stability of certain amorphous alloys [178]. An enhance-
ment, of the standing surface-state density Friedel oscillations may be directly analyzed
with the methods and systems described here by evaporating an increasing coverage
of adatoms onto the noble metal (111) surfaces and comparing the amplitudes of the
surface-state density oscillations in the topographic STM mode. Care would have to be
taken that the tip does not change its structure between the evaporation steps to en-
able a comparison of the amplitude of the oscillations. Also, the substrate temperature
would have to be kept low enough during evaporation so that the adatoms are frozen

and cannot arrange themselves due to their long-range interaction.

Questions remain about the origin of the strong effect that hydrogen absorption has
on the electronic properties of the Co adatoms on the three noble metal (111) surfaces.

Neither the huge increase of the Kondo temperature nor the double-dip structure of the
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tunneling spectra are well understood. Since the Kondo resonance is a resonance in the
LDOS of the 3d orbital of the Co, the hydrogen absorption most probably has a strong
effect on the 3d orbital. A trend related to the occupation and magnetic moment of the
3d orbital might be revealed, if similar effects of hydrogen absorption could be observed
for other magnetic 3d adatoms. The local character of the magnetic moments of the
pristine Co adatoms compared to the H-Co adsorbates can be investigated by X-ray
magnetic circular dichroism. To learn more about the chemical bonds of the hydrogen
and the cobalt, it might also be instructive to examine the H-Co adsorbates by surface

vibration spectroscopic techniques like electron energy loss spectroscopy.

Instead of modifying the local magnetic moment, altering the conduction electron
spectrum has a strong effect on the Kondo resonance as well. For example, it has
been predicted that by reducing the extensions of the metallic host so far that the
mean energy level spacing becomes comparable to the Kondo energy kgTx, the Kondo
resonance of a magnetic impurity in the metal grain splits up into a series of subpeaks
corresponding to the discrete box levels [179]. Such a splitting of the Kondo resonance
has been observed for Co clusters on short nanotubes [56]. A system investigable by
STS with a high control over the size of the “Kondo box” may be realized by growing
metallic islands on conducting substrates, with a thin insulating layer in between to
reduce the conduction electron coupling, and subsequently evaporating low coverages
of magnetic adatoms onto the islands. The effect of the energy level discretisation on
the Kondo resonance may then be analyzed by taken tunneling spectra on magnetic

adatoms sitting on islands of different diameter and thickness.

Atomic manipulation provides new means for the investigating of the physics of the
Kondo effect. Chen et al. [51] have studied the interaction of two Kondo resonances by
moving together in increments a single pair of magnetic adatoms. It was found that
the resonances disappear abruptly for interatomic distances of less than 6 A, which
has been explained with a drop of the Kondo temperature due to a reduced exchange
coupling to the conduction electrons. The same kind of measurement could be done with
the H-Co complexes studied here. The strong interaction with the surface-state should
lead to a long-ranged interaction of two complexes making possible a more detailed
analysis of the distance dependence of the interaction of two Kondo impurities. Also,
the increased coupling to the surface-state electrons should enhance the mirage effect
observed by Manoharan et al. [52], where the surface-sate LDOS of a magnetic adatom
was projected from one focus of an ellipse corral to the other, empty focus. Another way
to use atomic manipulation is to modify the magnetic adatom’s substrate surrounding.

The scaling of the Kondo temperate with the number of nearest neighbor substrate



68 CHAPTER 6. OUTLOOK

atoms shown here might be further investigated by moving the magnetic adatoms to
step edges or embedding it with an increasing number of substrate atoms.

A non-ambiguous test for the spin related origin of the resonance would be the
quenching of the Kondo singlet state in a strong magnetic field. We have not been able
to observe any effect on the tunneling resonances for magnetic fields up to 5 T, what is
probably a consequence of the relatively high thermal energy of kgT" at 6 K compared to
the Zeeman energy of ppB. The new Scanning Tunneling Microscopes running at sub
Kelvin temperatures with magnets providing fields of more than 10 T that are currently
being build in several groups, might be capable of observing this effect for systems with

low Kondo temperature.
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