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Tag der mündlichen Prüfung: 13. Januar 2005
Referenten: Prof. Dr. Klaus Kern

Prof. Dr. Günter Schatz





Zusammenfassung

In dieser Arbeit werden elektronische Vielteilcheneffekte an Metalloberflächen
mit einem Tieftemperatur-Rastertunnelmikroskop (STM) und insbesondere
auch mit Rastertunnelspektroskopie (STS) untersucht. Das STM wird so-
wohl zur Charakterisierung der Probe eingesetzt als auch zur Präparation
durch gezielte Manipulation von einzelnen Molekülen. Die Kombination von
Charakterisierung und Präparation auf atomarer Skala macht das STM zu
einem einzigartigen Werkzeug in der Oberflächenphysik. Der Hauptteil der
vorliegenden Arbeit beschäftigt sich mit der Untersuchung des Kondoeffektes
von einzelnen magnetischen Adatomen über Moleküle und Cluster bis hin zu
einem Kondogitter, es werden aber auch die Eigenschaften eines zweidimen-
sionalen Elektronengases an der Oberfläche studiert.
Dabei werden die Eigenschaften von Elektronen, die von der STM-Spitze
in die Bildpotenzialzustände der Substratoberfläche injiziert werden, stu-
diert. Die Bildpotenzialzustände bilden Quanteninterferenzmuster nahe De-
fekten, wie sie früher schon an den Oberflächenzustände der Edelmetall-
(111)-Oberflächen beobachtet wurden. Da die Bildpotenzialzustände sich re-
lativ weit ins Vakuum erstrecken, wird der Einfluß der Spitze des Mikroskopes
diskutiert. Vielteilcheneffekte äussern sich lediglich in der effektiven Masse
der Quasiteilchen sowie in deren begrenzter Lebensdauer.
Der Kondoeffekt beschreibt Phänomene an magnetischen Streuern in einer
nichtmagnetischen, metallischen Umgebung. Dabei bildet sich um ein ma-
gnetisches Atom bei Temperaturen unterhalb der charakteristischen Kondo-
temperatur eine Wolke von Leitungsbandelektronen, die mit ihrem Spin den
Spin des magnetischen Atoms abschirmen. Es bildet sich ein nichtmagneti-
scher Vielteilchenzustand aus. Die Auswirkungen dieses Zustandes auf ma-
kroskopische Transporteigenschaften wurde bereits vor 70 Jahren entdeckt,
während sie erst vor 40 Jahren durch J. Kondo theoretisch erklärt wurden.
Kürzlich hat der Kondoeffekt neues Interesse durch zwei Experimente, die das
Studium des Kondoeffektes von einzelnen magnetischen Einheiten erlauben,
geweckt: einerseits in Transportmessungen an Quantenpunkten, bei denen die
lokale Besetzung auf eine ungerade Anzahl von Elektronen eingestellt wurde,
so daß der Quantenpunkt einen Spin trägt, andererseits mit STS an einzel-
nen magnetischen Adatomen auf einer Edelmetalloberfläche. Die Signatur des
Kondoeffektes ist eine scharfe Resonanz in der lokalen Zustandsdichte, de-
ren Breite proportional zur Kondotemperatur ist. Aus der Kondotemperatur
können Rückschlüsse auf die Kopplung zwischen dem Spin des magnetischen



Atoms und den Leitungsbandelektronen gezogen werden. In dieser Arbeit
wird zunächst eine systematische Untersuchung des Kondoeffektes von ein-
zelnen Kobaltadatomen auf den Edelmetall (111)- und (100)-Oberflächen
durchgeführt. Die beobachteten Trends werden durch ein einfaches Modell
erklärt. Desweiteren wird gezeigt, wie die Kopplung zwischen dem Spin des
magnetischen Adatoms und dem Substrat durch die Adsorption von Ligan-
den beeinflußt werden kann. Dabei werden auf der Oberfläche durch Adsorp-
tion von Kohlenmonoxid Kobaltkarbonylkomplexe gebildet. Die Adsorption
der Liganden führt zu einer Delokalisierung der Elektronen im d-Orbital des
Kobaltatoms, und dadurch zu einer Erhöhung der Kondotemperatur. Diese
Erhöhung ist Ausdruck einer stärkeren Kopplung zwischen den Substratelek-
tronen und dem d-Orbital des Kobaltadatoms.
Über die spektroskopische Charakterisierung des Kondoeffektes der Komple-
xe hinaus kann mit Hilfe des STMs die Kondoresonanz auch räumlich auf
dem Komplex zugeordnet werden. Dadurch wird es möglich, den Spin des
Kobaltatoms im Komplex mit sehr hoher Auflösung zu lokalisieren.
Mit Hilfe des Kondoeffektes kann auch die magnetische Wechselwirkung zwi-
schen benachbarten Adatomen studiert werden. Es zeigt sich, das die ma-
gnetische Kopplung für Abstände größer als ∼ 6Å vernachlässigbar wird.
Eine Kette von drei wechselwirkenden Atomen zeigt in Übereinstimmung
mit theoretischen Vorhersagen die Ausbildung einer Lücke an der Fermiener-
gie.
Schließlich wird ein dreidimensionales Kondosystem mit Rastertunnelmikro-
skopie untersucht. Als Substrat wurde YbAl3 ausgewählt, das bereits mit
verschiedenen Methoden studiert wurde. Wir haben unsere Proben zunächst
anhand von SQUID Messungen charakterisiert um sicherzustellen, daß sie die
erwarteten Eigenschaften aufweisen. Die Ergebnisse sind in hervorragender
Übereinstimmung mit der Literatur. Die Untersuchung der Oberfläche mit
STM zeigt die Kondoresonanz, die bereits früher mit Photoemissionsspek-
troskopie gesehen wurde. Die Resonanz zeigt eine Substruktur, die auf die
Bildung eines Kondogitters, also eines kohärenten Zustandes der Kondowol-
ken hindeutet.
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Chapter 1

Introduction

Miniaturization is a key issue of modern technology and research, whether
the silicon industry, magnetic recording or biotechnology is concerned. Nowa-
days, typical lateral structures on a computer chip are already smaller than
100nm [1]. As the length scales are further reduced, the limit where quantum
effects start to play a role comes closer. Thus it is of fundamental interest
to investigate and understand quantum effects in nanostructures. This work
is concerned with the investigation of magnetic effects occuring in the limit
of single spins or a few coupled spins. As for electronic effects in confined
structures, new phenomena occur near single spins and in small magnetic
structures due to electronic correlation effects. The study of these effects in
nanostructures became only possible by the advent of scanning probe tech-
niques [2] which enable the study of electronic structure locally. Recently by
low temperature scanning tunneling microscopy (STM), the study of many
body effects at surfaces became possible [3, 4] allowing to select well-defined
sample areas with atomic precision. Thus, low-dimensional systems can be
investigated, the spatial depence of correlation effects becomes accessible and
the STM can even be used to assemble and study novel nanostructures by
manipulation which would be impossible to prepare by self-assembly.
The body of this work is concerned with the Kondo effect, a typical low di-
mensional many body problem. The Kondo Effect of dilute magnetic alloys
is already known from experiments dating back to the 1930s, when the low
temperature behavior of the resistivity of noble metal samples with minute
amounts of iron impurities showed a minimum at a finite temperature [5].
This resistivity minimum could only be explained about 30 years later by
J. Kondo [6] by magnetic spin-flip scattering. The spins of the conduction
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band electrons interact with that of the magnetic impurity and eventually
undergo spin-flip scattering. The interaction strength between the spins be-
comes more and more important as the temperature is lowered. The interest
in the Kondo effect has revived recently – another 30 year later – through
two independent experimental developments. On one hand, in quantum dots
it became possible to study artificial atoms consisting of electrons confined
to the quantum dot and interacting with the electrons in the leads. The
occupation of the quantum dot can be tuned by a gate voltage, and for odd
occupation, the quantum dot carries a spin which forms a Kondo many body
state with the electrons in the leads [7, 8]. On the other hand, by low tem-
perature scanning tunneling microscopy (STM) and spectroscopy (STS) the
Kondo Effect of single magnetic adatoms became accessible [3, 9]. In this
way, the Kondo Effect can be explored in a very well-defined environment.
It is this latter technique, that this work is concerned with.
The thesis is organized as follows: STS as a surface analysis tool being still a
rather young technique, I propose and discuss ways to extract the density of
states of the sample from tunneling spectra (chapt. 3). The STM is not only
used to characterize the sample, but also for the preparation by manipulating
single molecules. A whole chapter is devoted to the study of the dissociation
process of single molecules with the STM tip (chapt. 4). As a warm-up for
the many body effects, the study of a two-dimensional electron gas formed
by the image states in front of a metal surface is presented (chapt. 5). Elec-
tronic correlation effects enter only through the effective mass of the states
and the finite lifetime of the electrons. The investigation of many body ef-
fects occuring near impurities at metal surfaces (chapt. 6-9) starts from the
Kondo effect of single magnetic adatoms (chapt. 6) and extends these results
to small molecules (chapt. 7). While these systems provide insight into the
coupling between the spin of the adsorbate and the conduction band of the
substrate, the study of the Kondo effect in one-dimensional nanostructures
(chapt. 8) offers a unique way to study magnetic interactions between impu-
rities. Having started from 0D (impurity) problems and 1D Kondo chains,
the last chapter is concerned with 3D many body effects in a Kondo alloy.
The Kondo Effect of a rare-earth bulk system which has been previously
investigated by photoemission, is studied (chapt. 9) to establish the connec-
tion to earlier results and pave the road towards the study of heavy fermion
compounds.



Chapter 2

Scanning Tunneling Microscopy

2.1 Principle

In fig. 2.1, the basic operational principle of an STM is sketched. Between
the sample and the tip a bias voltage U is applied. If the tip is sufficiently
close to the sample (within ∼ 20Å), a tunneling current I between tip and
sample on the order of 10−9A can be detected. To maintain a constant tun-
neling gap, the height of the tip above the sample is continuously adjusted
by a feedback loop which drives a z-piezo. Since the tunneling current is a
monotoneous function of the tip-sample distance, it has a well defined value
for a given reference current I. By moving the tip laterally, a topographic
image of the substrate surface can be acquired. For the acquisition of tun-
neling spectra, the feedback loop is typically deactivated and the tip-sample
distance maintained constant while the bias voltage U is sweeped.

The experimental challenge in setting up an STM is twofold: 1. in order
to reach the tunneling regime, the tip has to be brought very close to the
surface without crashing it into the surface, 2. once the surface is reached,
the mechanical stability of the instrument will determine its resolution.

2.2 Experimental

The STM which has been used for the experiments presented in this work is
a home-built low-temperature UHV STM [10]. It consists of two chambers
which are separated by a gate valve: A preparation chamber offering stan-
dard UHV techniques for sample cleaning, characterization and preparation
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sample

tip
I

U

z-piezo

feedback

Iref +

-

Figure 2.1: Principle of an STM: The bias voltage U is applied between
tip and sample and the tunneling current I is measured. To maintain a
constant I, a feed back loop controls the extension or contraction of the z-
piezo. Lateral movement of the tip and acquisition of the variation of z which
is neccessary to keep I constant gives a topographic image of the surface.

by metal deposition and gas dosing and a measurement chamber which con-
tains the liquid helium cryostat with the STM. Fig. 2.2 shows a schematic
drawing of the UHV chamber and cryostat.
Since STM is a technique where the tip-sample distance has to be adjusted

with an accuracy in the picometer-regime, it is extremely sensitive to me-
chanical vibrations. Therefore, a considerable effort has been undertaken to
decouple the instrument from any source of mechanical or acoustical noise.
The vibration isolation consists of three stages. The whole setup is placed
on a platform which is actively damped to reduce low frequency noise. Ad-
ditionally the chamber and the cryostat are passively damped by floating on
pressurized air. To make the system insensitive against acoustic noise, the
experiment is performed in an isolated hutch. The control electronics needed
to operate the STM and run the vacuum chamber are situated outside the
hutch so that the cryostat is not exposed to any external noise during the
measurement.
The cryostat consists of a liquid helium bath which contains a 5T supercon-
ducting split coil magnet. A second outer dewar is cooled by liquid nitrogen
to provide an effective radiation shield. The STM is connected to the bot-
tom of the helium bath. Typical sample temperatures during measurements
range between 5− 10K.
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Figure 2.2: Sketch of the UHV chamber housing the low temperature STM.
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coarse approach
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(b)(a)
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Figure 2.3: (a) Principle of a Besocke STM, (b) cut through the STM head.

The STM head is a Besocke type microscope [11]. The setup of our STM is
shown in a pseudo 3D-image in fig. 2.3(a). It consists of three outer coarse
approach piezos which are distributed on a circle. On top of the piezos,
ruby balls are glued on which a disc with helical ramps rests. By rotation of
the disc, it is raised or lowered. In the center of the disc, the scan piezo is
mounted pointing downwards with the tip fixed to its end. By moving the
tip down, it approaches the sample surface. The maximum vertical travelling
length is limited by the range of the ramps. Originally, Besocke designed the
STM with a travelling length of 300µm which puts quite severe constraints
on the sample positioning inside the STM.
During this work, the original STM head [10] has been replaced by a new
version offering additional functionality. A first design goal was to facilitate
the exchange of the scan head during maintenance. All cables necessary
to control the STM are connected to spring loaded pins. Thus the scan
head can be changed easily. To allow for new experiments where the sample
is exposed to a lateral electric field or a current is flowing laterally during
the measurement, the sampleholders are now connected through three inde-
pendent leads, which means that not only the bias connection is supplied
within the STM, but also the two other contacts which are usually used for
thermocouple contact. Thus, combined STM/transport measurements are in
principle possible. The vertical traveling distance of the coarse approach has
been extended from 300µm to 1mm. This renders the sample mounting a
much simpler task than it used to be. Last but not least, the new setup com-
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(a) (b)

Figure 2.4: Shape of the coils implemented inside the STM.

prises an additional transverse magnetic field with up to 100mT. The coil
geometry has been optimized to get the maximum field despite the limited
space available. A cut through the new scan head is shown in fig. 2.3(b).
By insertion of a temperature sensor mounted on a sample holder, the sample
temperature has been found to be about 6.7K.

2.3 Magnetic field

Apart from the superconducting split coil magnet which is already imple-
mented in the cryostat, a second magnetic field with an orientation parallel
to the surface has been implemented. The geometry of the two coils intro-
duced into the STM has been optimized following two constraints: the space
available inside the cryostat, limited by the outer diameter of the central bore
and the geometry of the STM itself, consisting of the sample compartment
and the three coarse approach piezos.
The implementation of a conventional Helmholtz split coil magnet would be
the most straightforward way to include a lateral magnetic field. Due to its
geometry, the magnetic field in the center of a Helmholtz split coil magnet is
very homogeneous. Due to the limited space it was not possible to implement
a pair of coils in the Helmholtz geometry with a reasonable number of turns
of the wire in the STM body. Therefore, the geometry has been optimized
to yield a maximum magnetic field at the position of the sample with an
arrangement of coils which is compact enough to fit in the STM body. This
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Figure 2.5: Magnetic field produced by the coil geometry shown in fig. 2.4:
(a) in the sample plane, vertical lines show the limits of the sample surface,
(b) perpendicular to the sample plane, horizontal lines show the maximum
variation in the surface height (limited by the coarse approach).

has been achieved by modifying a Helmholtz split coil magnet: The coils
have been bent outwards as if they where pressed on a tube. The geometry
is shown in fig. 2.4. The magnetic field induced by the pair of coils has been
calculated according to the Biot-Savart law

d ~B =
µ0Id~L× ~r

4πr2
.

It relates the magnetic field B to the current I running through a piece of wire
d~L at position ~r relative to the position where the field is to be calculated.
This equation has been integrated numerically along the wire, assuming that
the effect of the STM parts (mainly the copper body) on the magnetic field
is negligible. The resulting modulus of the magnetic field in dependence of
the position is shown in fig. 2.5. The deviations of the magnetic field from
the main direction (along the axis of the coils) are smaller than 0.1%. The
size of the sample is sketched in fig. 2.5, the homogeneity of the field is found
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to be around 1%. It should be noted that area of the sample surface which
is accessible by the STM tip is only about 2mm2, so that the variation of the
magnetic field within the area of interest is even smaller.

2.4 Preparation

2.4.1 Samples

The noble metal samples Cu, Ag and Au used in this work are commercially
available single crystals with a polished and oriented surface. Typically,
the roughness is smaller than 30nm and the miscut angle is smaller than
0.1◦. In situ preparation of the sample surfaces consists of sputtering and
annealing cycles in UHV at a base pressure 1 · 10−10mbar. Sputtering has
been performed with Ar ions with an ion current of 0.02 A

m2 . Immediatly
afterwards the samples have been annealed to 800K. Samples oriented in the
(100)- and (111)- direction have been used in this work.

2.4.2 Evaporants

Evaporation of single cobalt atoms has been preformed from a high-purity
cobalt wire wound around a tungsten filament which is mounted close to the
STM. This facilitates evaportion of single adatoms onto the sample surface at
≈ 20K. On the (100) surfaces, single adatoms could alternatively be prepared
from commercial electron-beam heated evaporators. To avoid diffusion, the
samples had to be cooled to ≈ 150K prior to deposition. The electron-beam
heated evaporators have been equipped with high-purity (> 99.99%) cobalt,
copper, silver and iron.

2.4.3 Gases

For the gas adsorption experiments, a leak valve is connected to the UHV
chamber, which has been used for hydrogen, oxygen and carbon monoxide.
All three were supplied with a purity of at least 99.9%.
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2.4.4 Tips

The experiments discussed in the following have been performed with two
types of tips. Either a tungsten tip, electrochemically etched in KaOH-
solution from a tungsten wire and dipped into HF to remove residual oxides
has been used or an iridium tip cut from an iridium wire and mechanically
ground. In situ preparation of the tips is restricted to field emission at 600V
between tip and sample (at either polarity) with a current of ≈ 20µA and
gentle indentation of the tip into the single crystal surfaces. Both types
of tips yielded similar topographic and spectroscopic results hence in the
following the type of tip used will only be mentioned occasionally. The fact
that both types of tips exhibit only minor differences in their properties is to
be expected since they are prepared by indentations into the surface. This
will cover the apex of the tip with the material of the substrate.



Chapter 3

Theory of Scanning Tunneling
Spectroscopy

3.1 Introduction

The body of this work is concerned with the characterization of the sample
surface by scanning tunneling spectroscopy (STS). In this section, I present
the basic theory of STS based on the model developped by Tersoff and
Hamann [12]. Since in the present context the determination of the elec-
tronic structure locally is of central interest, the main part of this chapter is
devoted to the dI/dV (V )-spectroscopy, where the conductivity of the tun-
neling gap is measured using a lock-in detection as a function of the applied
sample bias. This signal is shown to be proportional to the local density of
states (LDOS) of the sample. From the theory, model spectra are calculated
and discussed. A special emphasis is put on the influence of the tip on the
tunneling spectra and possibilities to remove tip effects.

3.2 Tersoff-Hamann Theory

A simple and successful model to calculate the tunneling current between
tip and sample is the Tersoff-Hamann picture [12]. It provides a relation
between the tunneling current I(V ) and the LDOS of the tip ρt(ε) and that
of the sample ρs(ε). The latter depends also on the position of the tip on the
surface. Tip and sample are supposed to be in thermal equilibrium at the
same temperature T . The tunneling current I(V ) between tip and sample at
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a bias voltage V can be approximated by

I(V ) ∝
∫ ∞

−∞
ρs(E)ρt(E− eV )T (E, V, z) (f(E − eV, T )− f(E, T )) dE. (3.1)

In this equation T (E, V, z) is the transmission matrix of the tunneling gap.
It is commonly expressed as

T (E, V, z) = exp

(
−2z

√
me

h̄2 (Φs + Φt − 2E + eV )

)
. (3.2)

The tunneling probability depends mainly on the tip-sample distance z. Fur-
thermore it contains the work functions Φs and Φt of tip and sample, quite
often it is assumed that they are the same since the tip is prepared by dip-
ping it into the surface and thus coating it with the sample material, i.e.
Φ = Φt = Φs. The strong dependence of the tunneling gap on the tip-sample
distance s requires the tunneling gap to be maintained very stable during
the acquisition of tunneling spectra.
The two Fermi functions contained in eq. 3.1 lead to a broadening of fea-
tures in the LDOS of tip and sample. The temperature of the tip limits the
spectral resolution of an STM. The broadening of the Fermi function is on
the order of kBT . However, the temperature broadening of the spectra can
be neglected if the spectroscopic features under investigation have a width
Γ � kBT . At 6K, this limit is fulfilled for Γ > 1meV. Then eq. 3.1 can be
simplified to give

I(V ) ∝
∫ eV

0
ρs(E)ρt(E − eV )T (E, V, z)dE. (3.3)

Most of the work presented here deals with phenomena occuring close to the
Fermi level, i.e. at bias voltages V much smaller than the work funtion Φt

of tip and sample. In this limit, the transmission coefficient eq. 3.2 can be
approximated by

T (z) = exp

(
−2z

√
m

h̄2 (Φs + Φt)

)
. (3.4)

Thus, expression 3.3 can be rewritten to yield

I(V ) ∝ T (z)
∫ eV

0
ρs(E)ρt(E − eV )dE. (3.5)



3.3 Topography 13

3.3 Topography

For the acquisition of topographic images, the STM can be operated in two
modes: the constant current mode, where the tunneling current I is main-
tained constant and the variation of the tip-sample distance is recorded and
the constant height mode, where the height is kept constant and the tunnel-
ing current is measured.
In constant height mode, the resulting (current) image can be simply calcu-
lated from eq. 3.1. The work presented here has been done exclusively using
the constant current mode, where the image maps the tip-sample distance
s. Topographic images can be calculated from eq. 3.1 by setting the current
to a constant I0 and adjusting the tip-sample distance z in the transmission
coefficient T (eq. 3.2) accordingly. In the limit of small bias voltages V , an
analytical expression for the tip-sample distance can be derived. Assuming
a constant tunneling current I0 in eq. 3.5, the tip-sample distance z is given
by

z(V, x, y) = z0 +
1

2
√

me

h̄2 (Φs(x, y) + Φt)
log

∫ eV
0 ρs(E)ρt(E − eV, x, y)dE

I0

.

(3.6)
While the work function typically depends only weakly on the lateral position
of the tip, the LDOS can change considerably at different spot on the surface.
An STM image thus contains information on both the topographie and the
electronic structure of the surface.

3.4 Spectroscopy

3.4.1 I(V ) and dI/dV

The tunneling current as recorded under open feedback loop conditions can
be easily calculated from eq. 3.5. The same is true for the differential con-
ductance dI/dV . The dI/dV signal can be approxmated assuming that ρt

and the transmission coefficient T are independent of V by

dI

dV
∝ ρs(eV )ρt(0). (3.7)

This equation states, that the dI/dV signal is proportional to the LDOS at
the position of the tip for small bias voltages at low temperature and with a
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Figure 3.1: (a) Sketch of inelastic and elastic tunneling processes. (b-d)
Resulting I(V ), dI/dV and d2I/d2V -signals.

good tip. A good tip means that it has a high spatial resolution (e.g. imaging
atoms spherically symmetric) and no strong features in its LDOS ρt.

3.4.2 IETS

If the electronic states into which a part of the tunneling current flows are
coupled to other excitations e.g. vibrational [13, 14] or excitation of spin-
flip processes[15], these excitations lead to an increased conductance if the
tunneling electrons carry sufficient energy. Thus inelastic tunneling occurs if
in addition to the direct (elastic) tunneling channel an inelastic channel opens
as shown in fig. 3.1(a). It leads to steps in the dI/dV -signal at the energy
of the inelastic transition. In order to increase the sensitivity, typically the
d2I/dV 2-signal is recorded using a lock-in amplifier. In the second derivative,
the conductance steps are seen as peaks. In fig. 3.1(b-d) this situation is
sketched for an inelastic transition at the energy h̄Ω and its influence on the
signals. Features in the LDOS can be distinguished from inelastic scattering
due to vibrational transitions by their symmetry: since vibrational excitation
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is independent of charge, the conductance steps are found to be symmetric
with respect to the Fermi level in the dI/dV signal and antisymmetric in the
d2I/dV 2 spectrum.

3.4.3 z(V )-Spectroscopy

While dI/dV spectroscopy is the method of choice for energies close to the
Fermi level, at higher bias voltages the dynamic range needed to acquire
dI/dV -spectra grows due to the exponential dependence of the transmission
through the tunneling gap (eq. 3.2) on the bias voltage. This can be cir-
cumvented by either keeping the feedback loop closed while acquiring the
spectrum, thus the tunneling gap is increased while recording the spectrum
to keep the tunneling current constant or by recording directly the tip-sample
distance z while ramping the bias voltage (with closed feedback loop). z(V )
increases with every new state which becomes available to the tunneling
electrons. This method is particularly useful for states at the sample surface
which are on a similar energy scale as the work function. For bias voltages
comparable to the work function, the conductivity rises strongly with rising
bias voltage, so that a high dynamic range is necessary to record a spectrum.
This is the case for the image potential states, which are discussed in detail
in chapter 5.
For small bias voltage V � Φ, the z(V )-signal can be calculated from the
same expression as used for the topography (eq. 3.6). It shows, that the z(V )-
spectrum is related to the LDOS by an integration and taking the logarithm.
For larger bias voltages comparable to the work functions of tip and sample,
the variation in the transmission coefficient can no longer be neglected.

3.4.4 Discussion

Fig. 3.2 shows a comparison of simulated STS spectra recorded in the vari-
ous ways discussed above (except IETS). The initial LDOS consists of four
lorentzian peaks as plotted in fig. 3.2(a). The features in the LDOS can be
found as steps in the tunneling current (fig. 3.2(b)), but they are relatively
weak due to the exponential rise of the tunneling current with increasing bias
voltage. The dI/dV -signal (fig. 3.2(c)) reproduces the LDOS for small bias
voltages around the Fermi level rather well, peaks at high negative or high
positive bias voltages are suppressed or enhanced respectively. This enhance-



16 Theory of Scanning Tunneling Spectroscopy

0.5

1.0

1.5
-4 -2 0 2 4

0
2
4
6
8

-4
-2
0
2
4

-4 -2 0 2 4
7
8
9

10
11

Bias (V)

Bias (V)

L
D

O
S

 (
1
/e

V
)

d
 /
d

(a
.u

.)
I

V
I
(n

A
)

z
(Å

)
(a)

(b)

(c)

(d)

Figure 3.2: Comparison of the various spectroscopies with STM assuming a
constant tip LDOS. (a) initial LDOS, (b) I(V ) calculated from eq. 3.1 (work
function for tip and sample 5eV, tip height 10Å), (c) dI/dV -signal for a
lock-in modulation of 0.1V (with open feedback loop) obtained from (b) by
application of eq. 3.8, (d) z(V ) with closed feedback loop (numerical solution
of eq. 3.3 with I = 1nA).

ment at high bias voltages can be avoided by measuring z(V ) (fig. 3.2(d)),
where the transmission through the tunneling barrier is adjusted by increas-
ing the tip-sample distance. The height of the steps in z(V ) appears similar
for comparable peak heights in the LDOS. All STS spectroscopies have in
common that the sensitivity is reduced for negative bias voltages and en-
hanced for positive ones due to the transmission of the tunneling barrier
(eq. 3.2). STS is most sensitive for unoccupied states [16].
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3.5 Evaluation of tunneling spectra

In this section, the possibilities to quantitatively evaluate STS spectra are
discussed. Especially the extraction of the sample LDOS - which is usually
the goal of doing spectroscopy - and the influence of the tip is treated but
also more technical details such as the broadening due to the detection with
a lock-in amplifier.

3.5.1 Lock-in derivative

In order to enhance the dynamic range when recording the spectroscopic sig-
nal, typically the dI/dV -signal is recorded. This is achieved experimentally
by employing a lock-in technique. The bias voltage is modulated with an
AC signal with an amplitude between 1 − 100mV. The exact choice of the
amplitude depends on the width of the spectral features to be resolved since
the lock-in technique introduces additional broadening which is on the order
of the amplitude of the AC signal. Analytically, the lock-in signal can be
calculated from the tunneling current I by the lock-in derivative [17]

dI

dV
(V ) =

2

π∆VPP

∫ 2π

0
sin t · I

(
V +

∆VPP

2
sin t

)
dt. (3.8)

The second derivative regularly encoutered in IETS is given by a similar
expression:

d2I

dV 2
(V ) = − 16

π∆V 2
PP

∫ 2π

0
cos(2t) · I

(
V +

∆VPP

2
cos t

)
dt (3.9)

Apart from the sign, the main difference between eqs. 3.8 and 3.9 is in the
phase of the reference signal from the lock-in amplifier.

3.5.2 Background subtraction

A variety of new and challenging experiments could be performed mainly due
to the unique spatial and spectroscopic resolution of STS, which allows it to
map spectroscopic features with atomic resolution. The main disadvantage
of STS however is that the chemistry and shape of the apex of the tip -
the “detector” of the STM - can hardly be controlled. Although a lot of
recipes have been proposed for the preparation of the tip (see e.g. [18] and
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references therein), its very end will still vary considerably from tip to tip
and it even changes during a measurement. It is therefore of fundamental
interest to develop standard methods for the treatment of STS spectra as
they exist already for a long time for photoemission spectra [19, 20]. In
the past, the possibilities to extract the LDOS of a uniform sample from
tunneling spectra has been discussed [21, 16, 22]. Background subtraction
for STS spectra which “calibrates” the tip on a spot of the surface with a
known LDOS has only been proposed and used in the context of a specific
experiment [23, 24].
The basic idea of the background subtraction schemes presented here is to
characterize the LDOS of the tip ρt(E) on a clean spot of the surface thus
allowing to recover the LDOS ρs(E) at the point of interest on the sample
from a spectrum acquired with the same tip. It is assumed that the LDOS of
the clean surface ρs0(E) = ρs0 is known and constant. This arrangement is
sketched in fig. 3.3. In principle, the same ideas can be applied if the LDOS
of the surface were not constant however then the formalism becomes more
complicated.
The dI/dV -signal - neglecting lock-in broadening - follows by calculating the
derivative of eq. 3.5.

dI

dV
∝
(
−
∫ eV

0
ρs(E)

dρt

dE
(E − eV )dE + ρs(eV )ρt(0)

)
(3.10)

We will denote the spectrum acquired on the object under investigation Mon

and the spectrum on the clean surface Moff . Since the LDOS of the clean
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sample ρs0 is assumed to be constant, the “off”-spectrum is

Moff(V ) = Coffρs0ρt(−eV ), (3.11)

were the transmission coefficient and constants are absorbed in Coff . The
“off”-spectrum gives direct access to the LDOS of the tip ρt. Placing the
same tip on top of the object of interest gives

Mon(V ) = Con

(
ρs(eV )ρt(0)−

∫ eV

0
ρs(E)ρ′t(E − eV )dE

)
. (3.12)

Simple background subtraction

Using a Taylor expansion for ρs(E) around E = 0,

ρs(E) = ρs(0) + ρ′s(0)E +O(2), (3.13)

allows us to replace ρs(E) in the integral in eq. 3.12. In the zeroth order
approximation, the integral can be solved analytically. It is valid under
the assumption that ρs is sufficiently flat, or - more rigorously - that E ·
ρs(0)′ � ρs(0). In that case, we can perform a background removal by
simple subtraction:

ρs ∝Mon(V )− Mon(0)

Moff(0)
Moff(V ) + C (3.14)

The prefactor Mon(0)
Moff

of the “off”-spectrum will generally be close to 1 if “on”-
and “off”-spectra are recorded under similar stabilization conditions. This
method determines ρs up to a factor and an additive constant and as we will
later see, it is surprisingly successful and in most cases sufficient.

Deconvolution

A more sophisticated way to perform background subtraction is to deconvo-
lute the “on”-spectrum with the “off”-spectrum. This is achieved by partial
integration of eq. 3.12 and numerically solving the resulting integral equation
for ρs. We can replace the tip LDOS in eq. 3.12 by application of eq. 3.11
giving

Mon(V )− Mon(0)

Moff(0)
Moff(V ) =

Con

Coffρs0

∫ eV

0
Moff(eV − E)

d

dE
ρs(E)dE. (3.15)
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Apart from the boundary values ρs(0) and ρ′s(0), this equation only depends
on the measured spectra Mon and Moff . It can be solved in a discrete form,
giving an algorithm for numerical background removal

d

dE
ρ̃s(n∆V ) =

Mon(n∆V )− M̃off(n∆V )−∑n−1
k=0 M̃off((n− k)∆V ) d

dE
ρ̃s(k∆V )e∆V

Mon(0)∆V
,

where M̃off(E) = Mon(0)
Moff(0)

Moff(E) and ρ̃s(V ) = ρs(V )
ρs(0)

. The LDOS is determined

up to an additive and a multiplicative constant and the initial value d
dE
ρ̃s(0).

The latter will generally be close to zero for metal surfaces as discussed above.
The final step in the algorithm consists of a numerical integration to obtain
ρ̃s.

Comparison

First, I will consider simulated STS spectra and show how the two methods
perform to recover the initial sample LDOS. In the second part, experimental
data will be used to show how background removal improves the quality and
reproducibility of STS spectra.
The STS spectra have been calculated using a tip LDOS consisting of two

Lorentzians and a sample LDOS which is composed of four Lorentzian peaks.
The Tersoff-Hamann model has been employed (eqs. 3.1 and 3.2) assuming
T = 0K but taking into account lock-in broadening with a modulation of
10mVPP. The widths and positions of the peaks differ between tip and sam-
ple LDOS, both are plotted in fig. 3.4(a). The “on”-spectrum (fig. 3.4(b))
shows a complicated structure with dominant features due to the tip LDOS.
These artifacts consist of dips and peaks, dominantly at the positions of the
features in the tip LDOS but also at other energies. The results of both
the simple background subtraction and the full deconvolution are depicted
in fig. 3.4(c). While the simple background subtraction performs well on
the main features it fails to remove the satellites of the tip spectrum. The
situation becomes considerably better for a full deconvolution, which also
suppresses the satellite features.
However for a more realistic tip LDOS, the simple background subtraction
performs almost equally well as the deconvolution algorithm. This can be
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Figure 3.4: Background subtraction and tip deconvolution for STS spectra.
(a) initial LDOS of the tip, of the sample at the position of the object of
interest and of the clean surface. (b) calculated dI/dV -signal for a lock-in
modulation of 10mV (with open feedback loop) for “on” and “off” spectrum,
(c) spectrum after simple background subtraction and full deconvolution. (d)
shows spectra from an experiment, the “on”-spectrum (open symbols) has
been taken on a CO molecule on Cu(100), the “off”-spectrum (full symbols)
on the clean surface, while (e) shows them again after background removal.

seen from the following experimental examples.
The first example deals with the IETS (inelastic electron tunneling spec-
trosopy) features of a CO molecule [23]. The second example shows for
comparison spectra taken on the same cobalt adatom with two different tips,
to demonstrate the reproducibility of the resulting background subtracted
spectrum.
The “on”-spectrum shown in fig. 3.4(d) has been acquired on a CO molecule,
while the “off”-spectrum has been recorded on the clean surface a few nanome-
ters away from the CO molecule and other contaminations. It is expected
to show steps in the conductance due to inelastic tunneling processes [23] as
shown in fig. 3.2. The steps are expected to be symmetric with respect to
the Fermi energy. The “on”- and the “off”-spectra are both rich of features.
In the raw “on”-spectrum, the vibrational features can be recognized readily,
but they are obscured by the tip-related structures. In the background sub-
tracted spectra shown in fig. 3.4(e) only the vibrational features are found,
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while the tip-related structures have been eliminated. The energies of the
vibrational modes are consistent with previous work [25] and the spectrum
shows the expected symmetry. The numerical deconvolution does not im-
prove the spectrum compared to the simple subtraction method, which is to
be expected since the condition for the simple subtraction to perform well,
i.e. E ρ′s(0)

ρs(0)
� 1 is fulfilled.

Fig. 3.5 depicts a second example. The object under investigation is a sin-
gle cobalt adatom on the Cu(100) surface. The cobalt adatoms are magnetic
impurities and at low temperature the Kondo effect leads to the formation
of a resonance in the LDOS at the Fermi level (see chapt. 6). Fig. 3.5(a)
and (b) show a set of “on”- and “off”-spectra recorded with two different
tips on the same cobalt adatom. Different means that the very end of the
tip has been modified by dipping the tip into the surface. Although the
“on”-spectra show comparable features at the Fermi energy, their overall be-
haviour is strongly influenced by features due to the LDOS of the tip. After
background removal, the artifacts due to the tip have disppeared as can be
seen from fig. 3.5(c). While again the full deconvolution does not improve
the spectrum compared to the subtraction, this example shows the power
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of background removal: after treatment of the data as decribed, the spectra
are almost identical for the two different tips thus eliminating any tip-related
features. For comparison, in fig. 3.5(c) the fit of a Fano function is plotted
for one of the deconvoluted spectra. The observed line shape of the Kondo
resonance is in excellent agreement with the fit – in constrast to the raw
spectra.
It should be noted that both methods fail, if the LDOS of the substrate is
strongly modified by the adsorbate within the energy range of the spectra
recorded. For example, this could be the case for the surface state onset of
the noble metal (111)-surfaces which can be shifted by adsorbates [26].
In conclusion, I have presented two background removal algorithms for STS
spectra. The simple background subtraction offers in most cases a consider-
able improvement by removing the most prominent tip-related features from
the spectrum. The full deconvolution algorithm is able to remove also satel-
lite features due to the tip which cannot be handled by the simple background
subtraction. The reason for the success of the simple method can be found
in the condition for the validity of the approximation eq. 3.13. The variation
of the LDOS of a metal is typically rather small compared to the total LDOS
for energies close to the Fermi energy - which is basically the condition. So
in most cases a simple subtraction of the background spectrum will be suffi-
cient to recover the sample LDOS from the tunneling spectra. This has been
demonstrated on real data for the inelastic tunneling spectrum recorded on
a CO molecule on Cu(100) and for the Kondo spectra on a cobalt adatom.
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Chapter 4

Single Molecule Chemistry

The development of low-temperature STMs has enabled in the past years the
study of chemical reactions at a single molecule level. Especially the possi-
bility to characterize chemical bonds and to trigger chemical reactions by the
application of voltage pulses [14] has made STM a powerful tool for chemical
analysis. This chapter concentrates on the topographic characterization and
chemical analysis of organometallic cobalt complexes. Their spectroscopic
properties will be discussed in the context of their magnetic properties in
chapter 7.

4.1 Organometallic complexes at surfaces

Organometallic complexes exhibit a very rich chemistry in free space. Their
common link is the existence of one or more metal-carbon bonds. If the metal
center is a transition metal ion, up to six ligands can connect to it. These
ligands can be either terminal or bridging. The latter enable the formation
of huge organometallic clusters which can easily contain up to 20 transition
metal ions [27]. Here I will only consider the simplest class of organometallic
complexes, where the ligands are CO molecules and the transition metal ion
is cobalt, iron or copper. Complexes with only one metal center are named
mononuclear as opposed to binuclear complexes with two metal centers.
Previously, carbonyl complexes have been prepared and investigated by Lee
and Ho [28], however they assembled their carbonyls by manipulation of sin-
gle CO molecules with the STM tip. Our approach of growing the molecules
is by using conventional UHV techniques as described in the next section.
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The molecules are formed by self-assembly resulting in the surface being cov-
ered by the molecules. In addition, we find more than one species and also
multinuclear species, which would be difficult to prepare with the STM tip.
The study of Lee and Ho was restricted to mono- and dicarbonyl molecules.

4.1.1 Preparation

The Cu(100) single crystal surface has been cleaned as described above. After
cleaning, cobalt has been evaporated from an electron-beam heated cobalt
rod onto the sample at a substrate temperature of ∼ 150K, where diffusion
and hence island formation is inhibited. The onset of diffusion of cobalt on
Cu(100) is around 200K. After evaporation of minute amounts of cobalt
(∼ 0.001ML) leaving single cobalt adatom on the sample, the surface was
exposed to 0.1 to 0.5L carbon monoxide and subsequently annealed to 200−
300K. This final annealing leads to a desorption of excess CO from the clean
areas of the substrate [29]. Subsequently, the sample was transferred in situ
into the STM. The preparation of copper and iron carbonyls follows the same
recipe.

4.1.2 Topography

After preparation, the surface is covered predominantly with cobalt tetracar-
bonyl molecules. In addition we find more complicated binuclear species. The
occurence of different species can be controlled by two parameters: 1. the
cobalt coverage, which leads to the formation of more multinuclear species
with increasing coverage, 2. the post-annealing temperature where a lower
temperature leads to more different mononuclear species at the surface. It
is interesting to note that the attachment of the CO ligands inhibits nucle-
ation and island formation. If the sample had not been exposed to CO prior
to the final annealing step, the cobalt atoms would have formed islands for
annealing temperatures above 200K. The ligands either inhibit diffusion or
are responsible for a repulsive interaction between the molecules.
In fig. 4.1(A-D), the mononuclear species which we find on the surface are

shown together with ball models. The dominant species on the surface are
Co(CO)4-molecules, in addition some Co(CO)3-molecules can be found on
the surface. DFT calculations show that the cobalt atom sits in a hollow
site with the four CO molecules pointing towards the nearest neighbour Cu
atoms of the underlying substrate.
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Figure 4.1: Mononuclear cobalt carbonyl complexes: (A) pure cobalt atom,
(B) Co(CO)2, (C) Co(CO)3, (D) Co(CO)4. All images and models drawn to
the same scale, image size is (1.5nm)2.

The cobalt dicarbonyl molecules are a product of a partial tip-induced dis-
sociation of a cobalt tetracarbonyl complex. For comparison, also the image
of a single cobalt adatom is shown. It should be noted, that the attachment
of the CO ligands leads to a strong suppression of the LDOS at the Fermi
energy: a cobalt tetracarbonyl molecule is imaged by the STM with an ap-
parent height of around 20pm, while a cobalt adatom is found to be around
100pm high. Fig. 4.2 shows the main multinuclear species which are found
on the surface. (B-G) show binuclear, (H) even a complex consisting of three
cobalt atoms. The list could be extended to species with four atoms, but as
the number of metal centers increases they become more and more rare.

4.2 Chemical analysis

The chemical identity of the molecules can be studied by tip-induced dissoci-
ation. At comparatively high positive or negative bias voltages, the injection
of electrons into the molecule leads to its dissociation. Typical bias voltages,
where the dissociation occurs are around 2− 4V.
Fig. 4.3(a) shows the surface after dissociation. At the position of the bright
spherical object in fig. 4.3(a) used to be one of the clover-leaf shaped ob-
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Figure 4.2: Binuclear cobalt carbonyl complexes: (A) shows for comparison
the tetracarbonyl molecule (Co(CO)4), (B) and (C) are molecules consisting
of 2 cobalt atoms and four CO molecules, in (B) the complex consists of
two dicarbonyl molecules ((Co(CO)2)2), in (C) a compact dimer with four
CO molecules is formed (Co2(CO)4). (D) and (E) contain again two cobalt
atoms with six CO molecules attached to it ((Co(CO)3)2), in (D) the CO
molecules are rearranged while in (E) the molecules look like two tricarbonyl
molecules. (F) and (G) are complexes with two tetracarbonyl molecules close
together ((Co(CO)4)2), in (F) the CO molecules are again rearranged and can
be in two equivalent configurations with mirror symmetry along a horizontal
line (only one shown), while in (G) the shape of the tetracarbonyl molecules
becomes apparent again. (H) shows a trinuclear carbonyl molecule, probably
Co(CO)3Co(CO)2Co(CO)3. All images and models drawn to the same scale.
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Figure 4.3: (a) Image of the destroyed carbonyl showing a cobalt adatom, two
CO molecules (imaged as depressions) and another carbonyl. (b) Spectrum
taken on the cobalt adatom and (c) IET spectrum taken on one of the CO
molecules. (d) Spectrum with the dissociation of the carbonyl taking place
at 2.02V or equivalently 1.12s.

jects, while in the lower half of the image another still intact molecule can
be seen. Apparently, two types of objects remain at the position of the
destroyed tetracarbonyl. Both can be identified by performing scanning tun-
neling spectroscopy. The dI/dV -spectrum as depicted in fig. 4.3(b) recorded
on top of the bright protrusion shows the typical Kondo feature of a cobalt
adatom at the Fermi level [30]. The two depressions next to the cobalt
adatom in fig. 4.3(a) can be identified by inelastic electron tunneling spec-
troscopy (IETS). The d2I/dV 2-signal is shown in fig. 4.3(c). It reveals the
frustrated translation mode at ±4mV and the frustrated rotation mode at
±35mV and allows to identify the objects as CO molecules [23]. Apparently,
a part of the CO molecules originally attached to the cobalt atom desorbs
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Figure 4.4: (a) Model for the dissociation induced by electron transfer. (b)
and (c) Experimental curve and calculation of the dissociation voltage in
dependence on the initial tunneling current for positive and negative bias
voltage respectively.

upon dissociation or is attached to the tip.
Since the apparent height of the cobalt adatom is about five times larger
than that of a tetracarbonyl molecule, the dissociation leads to a sudden
increase in the tunneling current and in the dI/dV -signal. This increase
can be exploited to detect the dissociation. A tunneling spectrum recorded
on a cobalt tetracarbonyl molecule where a dissociation occured is shown in
fig. 4.3(d). The spectrum is a usual dI/dV -spectrum, but as soon as the
molecule underneath the tip dissociates, the increased electron density leads
to a jump in the spectrum. Typically, the lock-in output is saturated af-
ter dissociation. In order to quantitatively analyze the dissociation of the
molecule induced by tunneling electrons, we have recorded several spectra of
the type shown in fig. 4.3(d) to measure the dependence of the voltage at
which the dissociation occurs on the initial tunneling conditions. For equiva-
lent initial tunneling conditions, we have averaged the bias voltage, at which
the dissociation occurs. As a general trend, the molecules are found to dis-
sociate at lower bias voltages for higher initial tunneling currents. Typically
the bias voltage at which the dissociation occurs is smaller for negative then
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for positive bias.
The dissociation process can be described by a similar model as has been pro-
posed previously for the desorption induced by electronic transitions (DIET)
as it occurs in photodesorption [31, 32]. The basic idea of the model is
sketched in fig. 4.4(a). The negative ion resonance, where an electron is
added to the 2π? orbital of the CO molecule [33] which is situated above
the Fermi energy and is assumed to be of a lorentzian shape. By injecting
tunneling electrons into this orbital, the molecule can be excited. The deex-
citation can either proceed via interaction with the bulk or by a desorption
or dissociation of the molecule. In order to describe our data, we have to take
into account effects due to the tunnel junction. Furthermore, while recording
a spectrum, the bias voltage is ramped. On one side this directly links the
voltage scale to a time scale, on the other hand the model has to take into
account the time dependence of the bias voltage.
The tunneling current is calculated within the Tersoff-Hamann picture for
T = 0K as discussed in section 3.2

I ∼
∫ eV

0
ρs(E)ρt(E − eV )T (E, V )dE

with the tunneling probability T (E, V ) = e−2s
√

me
h̄2

√
Φs+Φt−2E+eV between

tip and sample. The tunneling probability T depends on the tip-sample
distance s and the work functions of tip and sample Φs and Φt. Since the tip
is prepared by dipping it into the surface, we assume that Φ = Φs = Φt. The
tunneling barrier controls the energy distribution of the electrons which are
transmitted. Thus it directly influences the number of electrons which can
excite the resonance of the molecule.
The LDOS at the position of the molecule ρs is described by two terms: the
LDOS ρs0(E) = ρs0 of the Cu(100) substrate which is assumed be constant
and the resonance of the molecule ρπ(E) which is spatially localized on the
molecule:

ρs(E) = ρs0 + ρπ(E)

The resonance is assumed to have a lorentzian shape of order n which ac-
counts for multiple excitation [34]

ρπ(E) =
1

π

Γπ
((E − Eπ)2 + Γ2

π)n
.

We introduce a “quantum efficiency” Q0, which describes the part of the
tunneling current which goes into the resonance. Furthermore, we assume
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that the LDOS of the tip ρt(E) = ρt is constant within the energy range
of interest. I obtain for the tunneling current Iπ(V ) which goes into the
resonance:

Iπ(V ) = Q0

∫ eV

0
ρπ(E)T (E, V )dE.

Iπ(V ) is implicitly a function of the time t since the voltage is ramped linearly
during the measurement, Iπ(t) = Iπ(V0 + ∆V · t). The probability P , that
the molecule dissociates at a time t is then

P (t) =
∫ t

0
Iπ(τ)P ∗(t− τ)dτ = Iπ(t),

where P ∗(x) accounts for details of the decay process. We assume, that upon
injection of an electron into the 2π∗-orbital, it dissociates instantaneously,
thus P ∗(x) = δ(x).
If we had initially N(0) molecules beneath the tip, after a certain time T ,

N(T ) = N(0)e−
∫ T

0
P (t)dt

molecules are left intact. From this we can calculate a mean lifetime of the
molecules

τ =
∫ ∞

0

N(t)

N(0)
dt. (4.1)

Again it should be noted, that this lifetime τ corresponds to a voltage due
to the constraint, that the bias voltage is ramped linearly. This integral
can be calculated numerically. With all the simplifications introduced, the
model is described by a total of eight parameters, 4 of which are fixed by the
experimental conditions (s,Φ, V0,∆V ) and another 4 parameters have to be
adjusted (n,Q0, Eπ,Γπ). We use Φ = 4.5eV. Fig. 4.4(b) and (c) show the
experimental curves for both bias polarities together with the calculation as
described above. The experimental curves have been determined by destroy-
ing for each tunneling current several molecules and averaging the voltages
at which the molecules dissociated. In fig. 4.4(c), we show also calculated
curves for n = 1, 2 and 3. It is apparent, that the experimental data can
only be well described with n = 2, indicating that two electrons need to be
injected into the molecule before dissociation occurs. We can conclude, that
the dissociation is a process of second order.
The values which we obtain from our model are summarized in table 4.1. For
the negative ion resonance, where an electron is added to the 2π∗ orbital, the



4.2 Chemical analysis 33

Eπ Γπ n
neg. bias −1.8eV 0.1eV 2
pos. bias 3.25eV 0.5eV 2

Table 4.1: Summary of the parameters extracted from the fit as described in
the text.

energy we determine from our model is rather close to experimental values
for CO on Cu(111) obtained from 2PPE measurements by Bartels et al. [35].
They observe the negative ion resonance at 3.5eV with a width of ∼ 0.8eV.
The positive ion resonance is apparently closer to the Fermi energy. In both
cases, the dissociation occurs only if two electrons are injected into the 2π∗

orbital.
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Chapter 5

Quantum Coherence of
Image-Potential States

5.1 Introduction

The image-potential states are model states for the study of electronic in-
teractions of electrons at surfaces, a topic that has immediate consequences
for many surface processes. The self interaction of electrons near metallic
surfaces gives rise to eigenstates which are confined along the surface normal
by the classical image potential on the vacuum side of the crystal surface and
by the band structure of the crystal on the other side [36]. The lifetime of
electrons injected or excited into an image-potential state is limited mainly
by their interaction with bulk electrons. This has been studied in great de-
tail in recent years by energy- and time-resolved two-photon photoemission
spectroscopy (2PPE) [37, 38, 39, 40]. Theoretical understanding of the in-
volved electron-electron scattering processes has established that the lifetime
of image-potential-state electrons is determined by interband scattering with
bulk electrons and by intraband contributions [38, 41].
The high LDOS of the image-potential states near the surface makes them
accessible to STM. They appear at rather high sample bias voltages of 4−8V.
The electric field between tip and sample induces a Stark shift of the eigenen-
ergies to higher values. Interest in image-potential states modified by the
presence of an STM tip has focused so far on the fact that the energetic
positions of the states are sensitive to the electronic structure of the surface
[42, 43]. Spectroscopy of image-potential states by STM has been used to
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Figure 5.1: Measured z(V ) curve on a terrace of Cu(100) using two different
tunneling currents of 0.1 and 1.0nA. We observe up to four image-potential
states in the electric field of the STM tip. The measured increments in the
tip-sample distance are labelled ∆zn.

achieve chemical contrast on the nanometer scale for metals on metal sur-
faces, e.g. Cu on Mo(110) [43] or Fe/Cr surface alloys [44].
Here, I present STM measurements of the dynamical properties of the image-
potential states in front of the surface. Due to elastic scattering at point
defects and step edges of the electrons injected into these states, modula-
tions of the LDOS emerge. Using STS, we determine the energies for the
first four image-potential states as well as the dispersion relation and the
phase coherence length of the n = 1 Stark-shifted image-potential state on
Cu(100). This opens up the possibility to study these quantities locally in
nanostructures. In the case of surface state electrons at metal surfaces the
local dynamics has been studied by STS in great detail [45, 46, 47, 48]. The
results show a good agreement between photoemission and STS experiments
on the one side and theory on the other side [47, 48]. A similar comparison
is missing in the case of image-potential states.



5.2 Characterization of Image Potential States 37

5.2 Characterization of Image Potential States

The energies of the Stark-shifted image-potential states can be measured us-
ing z(V ) spectroscopy as shown in Fig. 5.1. For this experiment the feedback
loop is kept active while sweeping the bias voltage. To maintain a constant
current the tip is retracted with increasing bias voltage as more and more
states become available to the tunneling electrons. We have taken z(V )-
spectra at currents of 0.1 to 1nA. The spectra show a series of steps, where
each step is due to the contribution of a new image-potential state to the
tunneling current allowing us to identify the first four image-potential states.
Their energies En relative to the vacuum level Evac of the sample are obtained
from the bias voltages Vn, at which the steps occur by

En = eVn − Φ (5.1)

where Φ = 4.6eV [40] is the work function of Cu(100) and e the elementary
charge. Note that the states appear above the vacuum level of the substrate
but nevertheless they are bound in z-direction by the tip and crystal potential
respectively. From the absence of any features in z(V ) below 3V we identify
the step at V = 4.7V as the state n = 1. The energies are considerably larger
compared to the unperturbed states which form a Rydberg series below Evac

starting at −0.6eV[49, 38]. As can be seen from a comparison of the two
spectra shown in Fig. 5.1, the states shift to higher energies for higher tun-
neling currents due to the decreased tip-sample distance. Measurements with
different tips, i.e. tips that have been modified by field emission and gentle
dipping into the surface, reveal a dependence of the energy levels on the tip
properties which is stronger for the higher states. While the n = 1 state re-
mains at a bias voltage of 4.7±0.1V, we observe the higher states to shift by
as much as 0.5V (n = 2) and 0.9V (n = 3). This yields a much stronger de-
pendence of the energy levels on tip properties than on tunneling conditions,
i.e the current at which the z(V ) spectroscopy is performed. To understand
these findings we performed model calculations using a one-dimensional po-
tential as introduced by Chulkov et al. [49]. This potential reproduces the
Rydberg series of the image-potential states and the positions of the pro-
jected band edges at the Γ point (k‖ = 0) in the Cu(100) surface Brillouin
zone. We integrated the Schrödinger equation in real space employing the
model potential for a 25 layer crystal. The influence of the tip is modelled
by adding as function of the bias voltage a linearly increasing potential to
the image potential of the crystal reaching from the point zim (see Ref. [49])



38 Quantum Coherence of Image-Potential States

-40 -20 0 20
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

V
po

t
(e

V
)

|Y
|2

(a
.u

.)

distance (Å)

-20

-10

0

10

20

30

z
im

z

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

n = 4
n = 3

n = 2

n = 1

E
n
(e

V
)

sample bias (V)

EF,tip

Evac,tip

EF

Evac

eV

E
n=1

E
n=2

(a) (b)

(c)

Figure 5.2: (a) one-dimensional model potential used and probability density
of the wave function of the first image-potential state obtained. (b) schematic
drawing of the energy levels of the resonances, the Fermi levels of tip and
sample, the bulk band edges of the Cu(100) crystal (E(X4′) and E(X1))
and the potential in the tunneling gap. (c) calculation (dotted lines) of the
energies of the image-potential states in the electric field of the STM tip
as function of the applied voltage. Each of the dotted lines corresponds
to one particular state (n = 1 to 4) calculated for a tip-sample distance
z = ∆zn+z0, where ∆zn is taken from the measurement shown in Fig. 5.3(b)
and z0 = 22.5Å. Full circles are plotted at the voltages where the steps in
Fig. 5.3(b) occur and at the corresponding energies according to Eq. 5.1.
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to the point zim + z where z is the tip-sample distance. A similar ansatz has
been used in Ref. [50]. Since the change in tip-sample distance is given by
the plateaus ∆zn (Fig. 5.1) we use z = ∆zn + z0 and treat z0 as the only
adjustable parameter in the model assuming equal work functions of tip and
sample. This choice was made in favor of discussing the average electric field
in the junction [42] since it allows to separate V as externally controllable
parameter from details of the potential. The model potential and the prob-
ability distribution of the resulting wave function are shown in Fig. 5.2(a).
Fig 5.2(b) shows schematically the resulting energy level diagram. In such
a simple model, the energies En of the image-potential states in the electric
field of the STM tip are reproduced for all n observed. This is shown in
Fig. 5.2(c), where the calculated energies En are plotted as a function of the
applied bias voltage for z0 = 22.5Å corresponding to the measurement with
a tunneling current of 0.1nA. The agreement is excellent. To reproduce the
energy levels for the measurement at a current of 1nA a z0 = 19.5Å is found.
We emphasize that there is no need for an n-dependent ”surface-corrugation
parameter”as was employed earlier [42]. To arrive at the expected smaller
z0 values of 8 to 10Å [51] one has to improve the treatment of the tip elec-
trode. The detailed inclusion of the image potential at the surface of the
tip in a calculation using two Cu(100) model potentials facing each other
yielded z0 values which were 3 − 5Å lower than the ones found above. On
the other hand, the radius of curvature R of the tip can be neglected. Only
for unrealistically sharp tips with R ≈ z the potential near the tip will fall
off appreciably more quickly than the linear potential. We conclude that
to explain the variation of the En with different tips the contact potential
and not the tip radius is the decisive quantity. From the experimental point
of view it is quite likely that the tungsten tip is coated with copper, since
it is frequently prepared by slightly dipping it into the surface. Both, the
composition and the morphology of the very end of the tip can lead to a
lower work function compared to that of the Cu(100) surface, which can be
compensated for by a reduced z0.
Fig. 5.3(a) shows a typical STM image of an artificially created step edge.

While the topographic image just shows the step edge, the simultaneously
acquired dI/dV -map in fig. 5.3(b) taken at the same bias voltage reveals the
quantum interference patterns. They are due to elastic scattering of electrons
injected by the tip into the n = 1 image-potential state. Circular standing
waves around point defects were also observed. (Not shown here.)
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Figure 5.3: (a) STM topography of an artificially created step on Cu(100)
taken at 5.2V bias voltage, (b) dI/dV -map of the same place at the same
bias voltage. The image-potential-state electrons reflected at the step edge
create a density modulation which appears as a standing wave pattern in the
dI/dV -map. (c) Line cut through (a) and (b) showing clearly the oscillations
in the dI/dV -map.

5.3 Coherence Length of Electrons in Image

Potential States

In the following, the dynamics of electrons injected into the n = 1 image
potential state will be discussed in detail. Due to elastic scattering of these
electrons at point defects and step edges, modulations of the LDOS are cre-
ated through quantum interference (Fig. 5.3(b) and (c)). This allows to study
the dynamics of the states with non-vanishing momentum parallel to the sur-
face locally. The analysis of the interference pattern of electrons scattered at
a step edge enables the determination of their wave vector and phase coher-
ence length as a function of energy. This way to measure the phase coherence
length and thus the lifetime of the electronic state has been first introduced
by L. Bürgi et al. [46]. The interference pattern is measured through the
dI/dV signal which is proportional to the LDOS at the given energy. In
Fig. 5.4(a) dI/dV (V, x) is measured for bias voltages ranging from 4.6V to
5.6V at increasing distances x from the step edge. The resulting curves
are represented as a grey scale map, where horizontal line sections are the
energy resolved electron density oscillations as shown in Fig. 5.4(a). The
density oscillations reveal the parabolic dispersion relation of the state with
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Figure 5.4: (a) dI/dV (V, x)-map for the n = 1 image state, dI/dV is plotted
as a function of the lateral distance x from a step edge and of the bias voltage
V . Horizontal line cuts reveal the standing waves due to the interference
of electrons in the image-potential state scattered at the step edge. (b)
shows a line-by-line Fourier transform of the dI/dV (V, x)-map, revealing the
parabolic dispersion (marked by the dashed line as a guide for the eye). (c)
dI/dV (V, x)-map and its Fourier transform (d) for the n = 2 image state. To
enhance the contrast, in the maps shown in (a) and (c), the average intensity
of each line has been subtracted.
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Figure 5.5: (a) Phase coherence lengths of the interference pattern at a step
edge, (b) corresponding linewidths Γ(E). Solid symbols are the data taken by
STM, the solid line is a linear fit to them; open symbols represent linewidths
determined by 2PPE measurements from Ref. [38].

E ′
Γ

= 4.7 ± 0.1eV and m′ = (0.8 ± 0.1)m0. A greyscale map of the mod-
ulus of the line-by-line Fourier transform of the dI/dV (V, x)-map as shown
in Fig. 5.4(b) reveals the parabolic dispersion. It can be seen as a bright
rim, as a guide to the eye, the dispersion relation as obtained from the fit is
also plotted in fig. 5.4(b). With the help of the calculations presented above,
the influence of the tip on the dispersion of the image-potential state can be
corrected for. Since the data are collected in open feedback mode, i.e. the
distance between tip and sample is kept constant, one needs only to compen-
sate for the shift of the energy at Γ with changing electric field during the
bias voltage sweep. The dependence of the state’s energy on the applied bias
voltage close to E ′

Γ
is approximately linear. From the calculations shown

in Fig. 5.2(c) we get dE1/dV = 0.12. Using this correction, we obtain an
effective mass of m∗ = m′/(1− 0.12) = (0.9± 0.1)m0. This agrees perfectly
with the effective mass m∗ = 0.9m0 of the n = 1 image-potential state as
determined by 2PPE [40]. A similar measurement for the n = 2 image state
has been performed (fig. 5.4(c) and (d)). The obtained effective mass of the
n = 2 state is m∗ = (1.0 ± 0.1)m0. A similar increase in the effective mass
for n = 2 was also observed by 2PPE [52].

The standing wave pattern decays with increasing distance from the step
edge due to geometric factors and to a loss of coherence [53, 46]. The decay-
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ing LDOS pattern formed by the image-potential states near a step edge can
be described by

ρ ∝
(
1− re−2x/LΦJ0(2k‖x)

)
. (5.2)

This formula contains the reflectivity of the step edge r, the phase coher-
ence length of the electron LΦ and the wavevector parallel to the surface k‖.
Additional sources of broadening leading to a loss of coherence are the finite
measurement temperature, which enters through the Fermi broadening and
the lockin detection technique. The Fermi broadening can be accounted for
by applying the Adawi approximation [54, 53], leading to

I(V, T, x) ∝ −1

x

(
ξkeV

sinhξkeV
keV J1(2keV x)e

− 2x
LΦ − ξkF

sinhξkF

kFJ1(2kFx)

)
. (5.3)

The broadening due to the lockin modulation is introduced by calculating
numerically the lockin derivative according to eq. 3.8. Note that the second
term in eq. 5.3 which describes the oscillations in the LDOS at the Fermi
energy does not depend on the applied bias voltage and thus does not con-
tribute directly to the lock-in derivative. Consequently, the error which is
introduced by assuming that the decay length at the Fermi level Lφ(EF)→∞
can be neglected. However it should be kept in mind that the second term
does enter the dI/dV -signal through the height variations it induces.
To determine the lifetime of an electron in the n = 1 image-potential state
we have analyzed quantitatively the quantum interference pattern and mea-
sured the phase coherence length Lφ as a function of energy on large defect
free terraces. The scattering processes thus studied are those experienced
in the absence of any defects [46, 48]. Inelastic scattering at the step edge
leads to a reduced overall amplitude of the standing waves described by r in
Eq. 5.2. Care was taken to account for instrumental broadening through the
applied bias modulation when measuring the dI/dV signal which also induces
a decay of the wave pattern [46]. The obtained phase coherence lengths of
75− 85Å are converted into linewidths through Γ(E) = h̄2k/(m∗ ·Lφ(E)) by
using the measured k and m∗ according to the dispersion relation (Fig. 5.4).
In Fig. 5.5(a), the phase coherence lengths Lφ(E) are plotted, in (b) the cor-
responding linewidths. They agree excellently with the k-resolved linewidths
found by 2PPE measurements [38]. In agreement with theory, we find Γ(E)
to increase linearly with energy, although the rate of dΓ/dE = 32meV/eV ob-
tained from the fit in Fig. 5.5(b) is lower than the theoretical prediction [38].
The comparison of our results with the 2PPE measurements demonstrates
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that the presence of the tip does not alter substantially the dynamical prop-
erties of electrons in the image-potential states. Although the n = 1 state
shifts by as much as 0.7eV due to the presence of the electric field, it is still
located near the center of the ∼ 6eV wide directional band gap of Cu(100).
There is thus no significant change in the coupling to the bulk electrons,
which is the main contribution to the linewidth.
It should be noted that the band gap is essential for the standing wave pat-
terns to be detectable by STM. While for Ag(100), where the image states
are also situated within a directional band gap the standing wave patterns
can be observed similar to Cu(100), we have not been able to resolve them on
Cu(111). There, the image state is a resonance with a much shorter lifetime
of electrons injected into it.



Chapter 6

The Kondo Physics of Single
Impurities

6.1 Introduction

The first observations of the Kondo effect have been performed already 70
years ago [5]. The resistivity of non-magnetic metals with minute amount
of magnetic impurities as a function of temperature revealed a minimum at
a finite temperature. An example is shown in fig. 6.1(a). This anomalous
behaviour could be explained neither by electron-phonon scattering nor by
simple impurity scattering. Both lead to a monotoneous decrease or a con-
stant background with decreasing temperature. It was not until the sixties,
that this riddle has been solved: Magnetic impurities undergo at sufficiently
low temperature spin-flip scattering. The spin-flip scattering cross-section
increases the lower the temperature becomes.
It is only recently, that interest in the Kondo effect has revived through two
experimental developments allowing the study of the Kondo effect of a sin-
gle spin impurity. On one hand, the investigation of Kondo phenomena in
quantum dots became possible [7, 8]. Quantum dots are providing model
systems where the Kondo effect can be studied in an artificial atom. The
parameters of the Kondo problem can be tuned easily by adjusting electrode
potentials. On the other hand, by low-temperature scanning tunneling mi-
croscopy (STM) and spectroscopy (STS) the Kondo effect of single magnetic
adatoms could be studied. The spectroscopic signature of the Kondo effect,
the Kondo resonance, of single adatoms has been first observed by STS for
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Figure 6.1: (a) Low temperature resistivity of a gold sample with magnetic
impurities at different impurity concentrations [5]. (b) “Railroad track anal-
ogy” by Wilson [55] describing the crossover.

cobalt adatoms on Au(111) [3] and cerium on Ag(111) [9].
In the following I will first discuss the two principal models which have been
applied to the Kondo problem. The first, the Kondo model [6], is only dis-
cussed because it offers a more intuitive view of the physics involved, whereas
the second - the Anderson model [56] - allows a more complete description of
the physics of a magnetic impurity in a metallic host. The experimental sec-
tion is first concerned about STS measurements on single adatoms, in the last
section these results are extended to systems consisting of coupled impurities.

6.2 Theory

6.2.1 Kondo model

The Kondo model describes the behaviour of a magnetic impurity by only
considering the exchange interaction J between the spin of the impurity and
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the spins of the conduction band electrons. The Kondo Hamiltonian

H =
∑

k,σ

εknkσ − J
∑

k,k′

((
c+
k↑ck′↑ − c+

k↓ck′↓
)
Sz + c+

k↑ck′↓S− + c+
k↓ck′↑S+

)
(6.1)

consists of four parts: the first term deals with the conduction band electrons,
the second with potential scattering of the conduction band electrons at
the impurity taking into account the spin of the impurity. The last two
terms are those describing the spin-flip scattering: Both the spin of the
impurity and the spin of the electron scattered at the impurity flip their spin
simultaneously.
The solutions of this Hamiltonian can be calculated perturbatively in J .
However, it turns out that for antiferromagnetic coupling (J < 0) between
the impurity spin and the conduction electrons, the perturbation expansion
breaks down for temperatures T < TK, with

kBTK ∼ De
− 1

2Jρ0 . (6.2)

D is the width of the conduction band and ρ0 the density of states of the
unperturbed host at the Fermi level.
Thus for sufficiently low temperatures the exchange interaction between the
conduction band electrons and the spin of the impurity becomes dominant
compared to thermal excitation energies and electron correlation has to be
taken into account. At these low temperatures, the spin of the impurity is
effectively screened by the conduction band electrons, and a non-magnetic
singlet state forms thereby lowering the energy.
It is the crossover between a behaviour dominated by thermal excitations
for temperatures T larger than the charateristic Kondo temperature TK to a
regime where the exchange interaction J governs the properties of the mag-
netic impurity which is commonly termed the Kondo problem. The physics
of the crossover has first been theoretically calculated for the Kondo Hamil-
tonian by K.G. Wilson [55] within the framework of renormalization group
theory – which brought him later the nobel prize. Wilson nicely sketched the
crossover in his review paper [55] by drawing a “railroad track analogy” (see
fig. 6.1(b)): with decreasing temperature, the system evolves from the local
moment regime J → 0 where the impurity carries a spin, is basically decou-
pled from the conduction band and has a magnetic moment to the strong
coupling regime J ∼ −∞, where the spin is screened by the conduction
electrons.
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6.2.2 Spin-1
2 Anderson model

While the Kondo model offers a simple physical picture for a magnetic im-
purity in a metal host, it does not allow any prediction about whether an
impurity does carry a spin after it has been emersed into the host. This is
where the Anderson model comes into play. It describes the magnetic impu-
rity to consist of a single singly occupied atomic orbital at energy εd, which
is for a transition metal atom the d-orbital. The double occupation of the
d-orbital is inhibited by the on-site Coulomb respulsion U between the two
electrons. If the magnetic atom is brought in contact to or emersed into
a metal, the d-orbital acquires a finite width ∆ due to hybridization. The
Hamiltonian of the Anderson model reads

H =
∑

k,σ

εknkσ + εd
∑

σ

nσ +
∑

k,σ

Vdk

(
c+
kσcdσ + c+

dσckσ
)

+ Und↑nd↓. (6.3)

Again, the first term describes the conduction band of the metal, while the
following three terms describe the d-level at the impurity site, its interaction
with the conduction band electrons and the Coulomb repulsion.
The Anderson model has first been solved by Anderson self-consistently
within a Hartree Fock treatment. Although this treatment neglects many-
body effects and thus cannot explain the Kondo behaviour of a dilute mag-
netic alloy it already gives an idea about whether a magnetic atom stays
magnetic when brought into contact with a metal. The solutions are shown
graphically in fig. 6.2(a). It can be clearly seen, that magnetic and nonmag-
netic solutions coexist. While in the symmetric case (εd = −U

2
correspond-

ing to x = − εd
U

= 0.5) the impurity is almost always magnetic (except for
U < ∆), the spin can be quenched by the hybridization with the conduction
band for x < (>)0.5. Thus the Anderson Hamiltonian can not only describe
the Kondo regime but also non-magnetic as well as mixed-valence behaviour.
The latter describes the regime in which charge and spin fluctuations are
equally important, which is the case when |εd| ∼ ∆.
If solved in a many-body treatment, the Anderson Hamiltonian can show
Kondo behaviour depending on the parameters. In the Kondo regime, the
Kondo Hamiltonian is equivalent to the Anderson model. Both are connected
by the Schrieffer-Wolff transformation [57], which relates the parameters ∆,
U and εd of the Anderson model to the exchange coupling J of the Kondo
model:

J =
∆

πρ0

(
1

εd + U
− 1

εd

)
. (6.4)
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In the Anderson model, the Kondo Temperature TK can be calculated from
[58]

kBTK ∼
√

∆ · U
2

e−
π

2∆·U |εd+U |·|εd|. (6.5)

This formula expresses TK in terms of the parameters εd, U and ∆ ≈ πV 2
dkρ0

of the Anderson model. The singlet state which is formed at temperatures
T < TK has a peak in the LDOS which is close to the Fermi energy. As op-
posed to the Kondo model, the peak is shifted slightly away from the Fermi
level due to level repulsion. The resulting spectral density within the Ander-
son model is shown in fig. 6.2(b). Besides the broad peaks of the hybridized
d-level of the impurity at εd and εd + U , it shows a very narrow peak at the
Fermi level – the so-called Kondo peak. To the width of the Kondo peak,
a time scale τS ∼ h̄

kBTK
can be associated and thus a length scale ξ = vFτS

which should give an estimation for the spatial extent of the many body state.
Typical estimates for the size of this “Kondo cloud” are about 10− 100nm.

6.2.3 Kondo and STS

In STS measurements, the Kondo effect can be sensed due to the prominent
peak near the Fermi energy. But experiments have shown, that although
the spectra recorded with the tip placed above a magnetic impurity show
a distinct feature at the Fermi energy, it is generally not a peak but can
acquire a large range of line shapes. Mathematically, the line shape has been
successfully described by the Fano function [59]

dI

dV
= a

(q + ε̃)2

1 + ε̃2
+ b+ c · ω, (6.6)

where ε̃ = ω−εK
Γ

and ω = e · V . Γ is the half width of the resonance, εK its
position. a is a proportionality constant. The line shape is described by q
and can vary between a dip for q = 0, an asymmetric feature for q ∼ 1 and
a peak for q > 2. In the limit q → ∞, eq. 6.6 becomes a lorentzian. b and
c account for a constant or linear background respectively. The Fano line
shape has originally been introduced to describe the coupling of a discrete
level to a continuum of states and the resulting spectroscopic line shape [59].
In the context of STM measurements, the analogy for the discrete level is
the Kondo state, while the continuum of states is the conduction band of the
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substrate [60].
The physical interpretation of the line shape and hence q in STS experiments
is still under disscussion. Mainly two models have been suggested: the first
proposes that the line shape can be understood by taking into account two
tunneling channels between the tip and the surface – a direct channel, which
couples the tip to the impurities d-level, and an indirect channel probing the
Kondo peak via the substrate states [61, 62, 63]. The coherent superposition
between the two leads to the features observed in STS. The existence of
interfering tunneling channels implies, that the line shape depends on the
lateral and vertical position of the tip since this will change the relative
strengths of the two channels. Recently, a second model has been put forward
[64, 65], where the direct channel is neglected and the line shape is interpreted
to be only due to the indirect channel. The parameter q depends on the
detailed electronic structure of the substrate and the hybridization with the
impurity [64]. Since only one tunneling channel contributes, neither lateral
nor vertical movement of the tip should have a considerable influence on the
line shape.

6.3 Magnetic Impurities

6.3.1 Co/Cu(100) and Fe/Cu(100)

Fig. 6.3(a+b) show the tunneling spectra as recorded on single magnetic
adatoms on the Cu(100)-surfaces. While Co/Cu(100) shows a rather broad
feature near the Fermi level [30], an iron adatom shows a much narrower
feature. Also the line shape varies, it is close to a dip for the latter while
for Co/Cu(100) the resonance is quite asymmetric. From the fit of a Fano
function (eq. 6.6), the Kondo temperature can be extracted. For Co/Cu(100)
it is 88K, while for an iron adatom it is only around 50K.
Based on a comparison of the Kondo temperature of Co/Cu(100) with that

of Co/Cu(111) which is only about 54K [66, 30] and that of Co in bulk copper
of about 500K, the first attempt to understand the variations in the Kondo
temperature was based on a linear scaling of the exchange coupling J in the
Kondo model with the number of nearest neighbours [30]. A cobalt adatom
sitting in a hollow site has three nearest neighbours on Cu(111), four on
Cu(100) and twelve in bulk copper.
The reduction of the Kondo temperature when changing the adatom from
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Figure 6.3: Background subtracted spectra taken on magnetic adatoms: (a)
Co/Cu(100), (b) Fe/Cu(100) and (c) Co/Ag(100). The solid line depicts the
fit of a Fano line shape (eq. 6.6) to the data.

cobalt to iron can be understood from the degeneracy of the d level which
is responsible for the Kondo effect. Considering the degeneracy N in the
Kondo model yields [67]

TK = De
− 1

2(J/N)ρ0 , (6.7)

which means that the higher N , the lower the Kondo temperature. For an
iron adatom, the degeneracy of the d-level will be higher than for a cobalt
adatom due to the lower occupation of the d-level.

6.3.2 Co/Ag(100)

A typical tunneling spectrum, which we measure with the tip placed above
a single cobalt adatom on Ag(100), is shown in Fig. 6.3(c). The spectrum
shows a distinct dip slightly above the Fermi energy. The line shape is the
same as for Co/Ag(111) [68]. The solid line results from the fit of a Fano
function (eq. 6.6) to the data. The Kondo temperature calculated from the
width of the resonance and averaged over several different atoms and tips is
41±5K. This value, which is lower than that for Co/Ag(111), indicates that
the scaling of the Kondo temperature solely based on the number of nearest
neighbours of the cobalt adatom as proposed for cobalt on copper surfaces
[30] has to be amended.
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6.3.3 Overlayer systems

As we have seen, the Kondo temperature depends on the coordination of the
impurity in a non-trivial way. In order to investigate the influence of a change
in the chemical environment of the impurity on its Kondo behaviour, we
have performed experiments on single monolayers of Ag on Cu(111). About
half a monolayer of Ag has been deposited from an electron beam heated
evaporator at a sample temperature of 300K. After transfer of the sample
into the STM, we have deposited single cobalt adatoms onto the substrate.
The surface exhibited silver islands with a size of several nanometers on the
copper substrate, so we could measure STS spectra with the same tip on
a cobalt adatom on a silver island and on the clean copper substrate. The
spectra are shown in fig. 6.4 together with a spectrum for a cobalt adatom
on Ag(111). We find that the Kondo temperature does not change gradually
from that on Cu to that on Ag, but that there is an immediate change already
after the first monolayer of Ag. This shows that the Kondo behaviour of the
impurity is governed by its local environment, whereas other parameters of



54 The Kondo Physics of Single Impurities

Substrate TK [K] q εK [meV] a [Å] nNN β nd Ref.
Cu(111) 54± 2 0.18± 0.03 1.8± 0.6 2.53 3 0.239 0.94 [30]

53± 5 [66]
Cu(100) 88± 4 1.13± 0.06 −1.3± 0.4 2.53 4 0.319 1.16 [30]
Ag/Cu(111) 92± 10 0.15± 0.10 2.3± 1.0 2.7 3 0.202 0.84 *
Ag(111) 92± 6 0.0± 0.1 3.1± 0.5 2.7 3 0.202 0.84 [68]
Ag(100) 41± 5 0.0± 0.2 2.0± 1.1 2.7 4 0.269 1.02 *
Au(111) 76± 8 0.203 0.84 [70]

75± 6 0.60± 0.05 6.5± 0.5 2.695 3 0.203 0.84 [62]

Table 6.1: Summary of Kondo temperatures for cobalt adatoms on the no-
ble metal surfaces together with the parameters a and nNN which enter our
model. β is calculated according to Eq. 6.9 and nd is obtained from the fit of
Eqs. 6.8-6.10 as described in the text. Data marked by a star are new data
published in this work.

the substrate such as the work function, the surface state or the bulk band
structure play a minor role [69]. This is surprising in view of the fact that the
electrons participating in the many body state are close to the Fermi energy
and spatially delocalized.
A similar behaviour is found for cobalt adatoms on one and two monolayers
of Ag on Au(111). Again, the Kondo behaviour of a cobalt adatom is already
on one monolayer of Ag on Au(111) the same as on a bulk Ag(111) sample
[69].

6.3.4 Scaling behaviour

The Kondo temperatures as well as the lineshapes for Cobalt adatoms on
Ag(100) and on other noble metal substrates are listed in table 6.1. Based
on the observation that the Kondo resonance is governed by local interac-
tions we propose a model which explains the observed trend in the Kondo
temperatures and the position of the resonance εK. Following Újsághy et al.
[61], Eq. 6.5 can be expressed in terms of the occupation nd = − εd

U
+ 1

2
of the

d-level. Thus the properties of the adatom as derived from a single particle
model can be mapped on an effective spin- 1

2
Anderson model. This results

in

kBTK ∼
√

∆ · U
2

e−
πU
2∆
|−nd+ 3

2
|·|−nd+ 1

2
|. (6.8)
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In the following, we use ∆ = 0.2eV and U = 2.84eV which have been de-
termined from DFT calculations [61]. The calculations yield an occupation
of the d-orbital of 8.8 electrons for Co/Au(111) [61]. The large occupation
compared to a free cobalt atom which has 7 electrons in its d-orbitals is ratio-
nalized by sp−d hybridization. nd can vary between 0 (empty orbital) and 2
(double occupancy), where the Kondo regime is roughly 0.8 < nd < 1.2 [71]
with approximately one unpaired electron in the d-level.
We assume, that the occupation of the d-level for cobalt adatoms on the
various noble metal surfaces discussed here can be estimated by a simple
model which considers the hybridization between the d-orbitals of the impu-
rity with the neighbouring substrate atoms. The occupation is assumed to
increase with increasing overlap due to sp − d hybridization [72, 73]. The
hybridization of the d-orbital with the states of the substrate is described by
a tight-binding-like hopping term [74]

β = nNNe
− a
λd (6.9)

with a prefactor nNN which takes the number of nearest neighbour substrate
atoms into account. a denotes the distance between the center of the adatom
and of the next substrate atom which we calculate within a hard sphere
model. The values used in the calculation are tabulated in table 6.1. The
spatial extent of the d-orbital of the adsorbate enters through λd which is
estimated to be 1Å. The adatom resides in the hollow site on both types of
surfaces discussed here, yielding nNN = 4 for the 100-surfaces and nNN = 3
for the 111-surfaces. To first order, the occupation nd is described in terms
of the hybridization by

nd = nd0 + c · β. (6.10)

nd0 and c are obtained by fitting eq. 6.8 and 6.10 together with a proportion-
ality constant to the experimentally obtained Kondo temperatures with the
parameters as tabulated in table 6.1. The resulting curve TK(nd) is shown in
fig. 6.5(a), where the hopping term 6.9 is already transformed into occupa-
tion nd based on the fit and formula 6.10. It shows an excellent agreement
with the experiments. As expected, the hybridization between the impurity
and the conduction electrons and thus the occupation of the d-level varies in
a narrow range around nd ≈ 1. The trend in the occupation of the d-level is
confirmed by the position εK of the Kondo resonance. The relation between
nd and εK is plotted in Fig. 6.5(b) together with the theoretically expected
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behaviour [58]

εK = Γ tan
(
π

2
(1− nd)

)
. (6.11)

The systems cobalt on Cu(111) and Ag(100) are almost perfectly described
by the symmetric Anderson model, where nd = 1 and the Kondo tempera-
ture as a function of the occupation has a minimum. Either by enhancing
the hybridization, i.e. by changing the substrate to Cu(100), or by reducing
it by going to Ag(111) or Au(111) the Kondo temperature is rising. The
value, which we find for the occupation of the d-level for Co/Au(111), 0.84
is close to the calculated value 0.8 [61]. The physical picture that emerges
is that for non-integer occupation the spin flip probability is higher and thus
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the Kondo temperature increases.
The key result is that based on simple arguments one finds an increasing oc-
cupation of the impurity level expressed in the value of nd when going from a
Ag(111) substrate to Cu(100) which explains the observed values of TK and
εK using the mapping onto the Anderson model proposed in Ref. [61]. The
limitations of the simple model are obvious. It neglects relaxation, which
will lead to an enhanced hybridization between the d-level and the substrate.
Furthermore, details of the electronic structure of the substrates are ignored.
For Co/Au(111) the Kondo temperature is slightly lower than predicted by
our model. This fact reflects that the model does not take into account hy-
bridization with specific substrate orbitals. While the 4d-orbitals of silver
are very localized and well beyond the fermi energy, the 5d-orbitals of Au
are close to the fermi level and will contribute to the hybridization with the
impurity. Thus the overlap is most likely underestimated for gold and overes-
timated for silver. Finally, the model neglects that an enhanced hybridization
will lead to a reduction of the Coulomb repulsion U and an increase of the
width of the d-level ∆. TK increases monotonically as a function of both -
smaller U and larger ∆, hence the curve shown in fig. 6.5(a) will become
asymmetric and its minimum will be shifted to lower occupations but quali-
tatively show the same trend. This explains the systematic deviation of the
shift εK in fig. 6.5(b) from the calculated curve.
We note that the surface state does not play a major role. Although its on-
set on Ag(111) is 165meV closer to EF than on Ag/Cu(111) [75], the Kondo
temperature of a cobalt adatom is the same. This is consistent with our
model, where the properties of the surface state do not enter and with earlier
experimental [30, 68] and theoretical results [76] which both show that the
surface state has only a minor influence on the properties of Kondo systems.
Interaction with the tip is negligible as well within our model, the height of
the tip above the surface is typically ∼ 10Å and thus it will not hybridize
with the d-level of the adatom. This is in accordance with the measurements
by Madhavan et al. [62] who investigated the Kondo resonance in depen-
dence of the tip-sample distance.
The behaviour of the Kondo temperature as shown in fig. 6.5(a) is similar
to what has been measured on quantum dots. There, the properties of the
Kondo system are tuned by varying a gate voltage, which shifts the electronic
states up or down and thus decreases or increases the fractional occupation
of the quantum dot [8]. In the case of adatom/surface systems, this tuning
can be achieved by modifying the substrate.
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In conclusion, we have presented a simple model in order to understand the
large range of Kondo temperatures of cobalt adatoms on noble metals sur-
faces which have been reported previously and in this work. The model
estimates the hybridization between the adatom’s d-level and the substrate.
Despite the simplicity of this model, which is in contrast to the complexity
of the many-body physics, which is necessary to describe the Kondo effect,
it captures the essence of the impurity/substrate Kondo systems presented
here. Motivated by experiments on Ag/Cu(111), only the local environment
of the impurity enters our model. The Kondo temperatures for adatoms on
multilayer systems are shown to depend only on the topmost layer. This
conclusion is not trivial, since the extent of the Kondo cloud - the size of the
many-body state which leads to the formation of the Kondo resonance - is
believed to be on the order of several ten to hundred nanometers [77]. Due
to the local character of the magnetic interaction, it will be interesting to
investigate the behaviour of a Kondo impurity on a surface alloy as substrate,
which should allow for a fine tuning of the Kondo temperature as a function
of the local stoichiometry in the vicinity of the adatom.

6.3.5 Substitutional cobalt impurities on Cu(100)

Cobalt impurities which are incorporated in the first layer of the subtrate
have been prepared by depositing the cobalt from an electron-beam heated
cobalt rod at a temperature of ∼ 320K with coverages around 0.001ML. At
this temperature, exchange processes between cobalt adatoms and copper
atoms in the first monolayer are activated [78].
After transfer to the STM, single cobalt impurities at substitutional sites of

the copper substrate can be found (see Fig. 6.6(a)). They are imaged with
an apparent height of only ∼ 4pm and a full width at half maximum of ∼ 5Å
(see Fig. 6.6(b)).
To check the chemical nature of the impurities, we have performed a CO
titration experiment in a similar way as described in Ref. [78]. After depo-
sition of cobalt as described above, we have dosed ≈ 0.5L CO at a sample
temperature of 190K and subsequently annealed the sample to 260K. Above
a temperature of ≈ 200K, CO desorbs from the Cu(100) surface [79] while
CO molecules attached to cobalt impurities remain on the surface and can
thus be used as markers. Fig. 6.6(c) shows three such complexes consisting
of a substitutional cobalt impurity with CO molecules adsorbed. The com-
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Figure 6.6: (a) Single cobalt impurity in the 1st monolayer of the Cu(100)
substrate. Image taken at U = 80mV, I = 1nA. (b) Line cut through
the impurity in (a). (c) Topography of three embedded cobalt atoms with
two CO molecules attached to each of them to mark them (U = −0.3V,
I = 1.8nA). (d) After removal of the CO molecules, only the cobalt atom
remains at the position of the complex (left, marked by an arrow), typically
one CO molecule is found on the surface in the vicinity of the cobalt impurity
(imaged as a depression).

plexes have a two-fold symmetry which suggests a stoichiometry of 1:2. The
Cosub(CO)2-complexes (the index “sub” stands for substitutional) occur in
two orientations on the surface which is due to the four-fold symmetry of the
Cu(100)-substrate. The CO molecules point towards the nearest hollow sites.
By injecting electrons with a bias voltage of around 5V into the complex, it
can be dissociated leaving the cobalt impurity at the place of the complex.
Typically, one of the CO molecules desorbs from the surface, while the other
one can be found next to the impurity as shown in fig. 6.6(d). Spectroscopy
on single cobalt impurities - prepared either with or without prior CO ad-
sorption - shows a narrow resonance at the Fermi level (see Fig. 6.7(a)). The
narrow resonance can be fitted by a Fano function (eq. 6.6) plus a linear
background term. We obtain the line shape parameter to be q = 4.4± 0.8 –
describing an asymmetric peak. It has a width of Γ = 7.1 ± 0.6meV which
corresponds to a Kondo temperature TK of 82 ± 6K. Table 6.2 compares
the measurement on a substitutional cobalt impurity with the results for
adatoms on the Cu(100) and (111)-surfaces and for bulk impurities.
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Figure 6.7: (a) Spectroscopy on a single cobalt impurity. The narrow Kondo
resonance at the Fermi energy is fitted by of a Fano function with a linear
background (formula 6.6). (b) Dependency of the amplitude A and (c) the
line shape parameter q of the resonance on the lateral distance r from the
impurity. (d) Sketch of the measurement geometry.

The observed line shape is close to a peak, which is in contrast to the spectra
measured on adatoms, where values of q between 0 and 1 have been reported
[3, 9, 66, 62, 68, 30]. The physical picture, which has been discussed in the
past, assumes that the line shape is governed by the contribution of a direct
tunneling channel into the d-orbital to the total tunneling current. In this
model, a lineshape of q ∼ 0 corresponds to a negligible contribution of the
direct channel, while higher values of q imply that it contributes considerably
[62]. Recently, a different model has been proposed by Merino et al. [64, 65],
where the direct tunneling channel is neglected. In this model, the lineshape
is merely governed by the detailed electronic structure of the substrate and
the hybridization with the adsorbate level.
In order to gain understanding of the observed line shape, the dependence of
the line shape parameter q and the amplitude A = a(q2 + 1) of the resonance
on the lateral distance r of the tip from the impurity has been investigated.
In contrast to measurements on adatoms which are typically imaged with a
height of ≈ 100pm, the height of the tip above the substrate stays essentially
constant when moving the tip laterally since the height of the impurity of
≈ 5pm is negligible compared to typical tip-sample distances of around 10Å.
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System TK[K] q εK [meV] a [Å]
Co/Cu(111) 54± 3 0.18± 0.03 1.8± 0.6 2.36
Co/Cu(100) 88± 4 1.13± 0.06 −1.3± 0.4 2.36
Co in Cu(100) 82± 6 4.4± 0.8 −1.1± 0.1 2.56
Co in bulk Cu ≈ 500 2.56

Table 6.2: Kondo temperatures TK (in K) and the Fano line shape parameter
q and the position of the resonance εK. Values for Co/Cu(111) and Cu(100)
and bulk Cu taken from Ref. [30].

Thus the substitutional impurities are ideal systems to measure the impor-
tance of a direct tunneling channel. Spectra have been recorded with the tip
positioned in a distance r from the impurity and fitted by formula 6.6. The
result is shown in fig. 6.7(b) and (c) together with a sketch (d) of the mea-
surement geometry. The amplitude A(r) of the feature decays within r ∼ 3Å
which is comparable to the apparent size of the impurity as measured in the
topography. At the same time, the line shape first stays constant and then
starts to oscillate. The large variations in q(r) at distances above 2AA is
due to the fact that the peak gets weaker and so the lineshape is less well
defined. But still all the values of q observed are larger than 3.5 and thus
correspond to a peak. This indicates, that tunneling into the d-orbital of the
impurity which forms the Kondo state does not contribute to the tunneling
current. A direct tunneling channel into the d-orbital, which interferes with
the tunneling channel into the conduction band of the substrate, would lead
to a strong dependence of the tunneling probability into the d-orbital on the
lateral distance of the tip from the impurity [63, 30]. Thereby, the line shape
would change, as observed for cobalt adatoms on the Cu(100) surface [30].
The observed Kondo temperature of 82±6K is surprisingly low. The higher

number of nearest neighbour compared to a cobalt adatom on both Cu(111)
and (100) and thus the higher hybridization with the substrate would suggest
that the Kondo temperature of a substitutional impurity is higher than that
of an adatom. As shown in table 6.2, this is not the case. The behaviour can
not be understood by only considering the number of nearest neighbours.
One possible reason can be found in the adsorption geometry. As shown by
DFT calculations [80], adatoms are relaxed towards the surface by roughly
16%, whereas substitutional impurities relax only about 7%. The observed
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Kondo temperatures TK can be rationalized: An adatom moves closer to its
nearest neighbours thereby enhancing the hybridization. A substitutional
impurity will remain roughly in the same position as the atom it replaces -
and thus the hybridization with each neighbouring atom is weaker and coun-
terbalances the increased coordination.
Recently, a paper has appeared where the authors claim to have measured
the Kondo effect of cobalt atoms embedded in Cu(111) [81]. The substitu-
tional impurities are imaged as depressions. The half width of the dip-like
feature which they find in spectra acquired on the substitutional impurities
is about 35meV. However, from the topography (Fig. 2(a) in their paper),
their impurities resemble that of a CO molecule on Cu(111) [82] which is
also imaged as a depression (as on Cu(100)). Also the tunneling spectrum
which they show (Fig. 4 in their paper) does not have sufficient resolution to
resolve features on the order of 10meV, which is the typical energy scale for
the Kondo effect for all other adatom systems. Thus it cannot be excluded
by their data, that the feature they observe is not simply the IETS feature
of a CO molecule on Cu(111), which has step-like features at ±35meV [82]
and can be mistaken for a Fano dip with q = 0. In that case, additional vi-
brational features at ±4meV would become visible in spectra recorded with
a higher resolution. Since CO is one of the most important contanimations
in UHV systems, it is important to be aware of and to discuss effects of CO.



Chapter 7

Spin tuning by ligand
adsorption

The development of new atomic sized magnetic information devices requires
a detailed understanding of magnetism at the nanoscale. The coupling of a
single spin to a bath of conduction electrons is one of the quantities involved.
The ability to tune this coupling is thus of fundamental interest to push
miniaturisation to its ultimate limit. In this chapter, I show how the Kondo
effect of a magnetic impurity can be exploited to study its magnetic proper-
ties. The modification induced by ligand adsorption is characterized and it
is discussed what we can learn from the properties of a Kondo system about
the magnetic interactions involved and how it can be exploited to spatially
localize a spin center within a single molecule. The spatial mapping of the
Kondo resonance is introduced as a new imaging mode of STM to atomically
resolve the spin center of a molecule.

7.1 Spectroscopy on carbonyl complexes

7.1.1 Cobalt carbonyls

Tunneling spectra acquired in the center of the molecules show a pronounced
feature near the Fermi energy in all cases. The spectra are displayed in
Fig. 7.1A-D. From the fit of a Fano function (eq. 6.6) we can extract Kondo
temperatures as listed in table 7.1. The Kondo temperature is found to
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Figure 7.1: Spectra taken in the center of the adatom and carbonyls with
0, 2, 3 and 4 ligands: (A) In the center of a cobalt adatom, (B) a Co(CO)2

molecule (additionally, the spectrum is shown with a linear background re-
moved), (C) Co(CO)3 and (D) Co(CO)4. A resonance is found at the Fermi
level, solid lines show fits of a Fano function, for Co(CO)2, two Fano functions
have been fitted to account for the dip at the Fermi level.

increase with the number of ligands attached to the impurity from 88K for
the cobalt adatom to 280K for the Co(CO)4 complex.

7.1.2 Iron carbonyls

We have performed similar measurements for Fe(CO)4-complexes. Again, a
distinct feature is found near the Fermi energy. The Kondo temperature is
140± 23K. It is increased by more than a factor of two compared to that of
an iron adatom. The STM image is shown in fig. 7.2(A+B) and the spectrum
recorded on the carbonyl in fig. 7.2(C).
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Molecule TK [K] εK [meV]
Cobalt 88± 4 −1.3± 0.4
Co(CO)2 165± 21 −1.8± 4.2
Co(CO)3 170± 16 −13.2± 1.5
Co(CO)4 283± 36 −5± 10

Table 7.1: Parameters determined from the fit of a Fano function for the
various species.
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Figure 7.2: (A) Topography of Fe(CO)4 molecules on Cu(100). U = −1V,
I = 1.6nA, image size is 1.6× 1.6nm2. (B) Spectrum taken in the center of
an Fe(CO)4 molecule, (C) showing the region near the Fermi energy.
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7.1.3 Discussion

In table 7.1, we summarize the results for the various molecules and a cobalt
adatom. For a single cobalt adatom, the feature near the Fermi level has
already been discussed in chapt. 6: it is the Kondo resonance due to the
interaction of the spin of the adatom with the conduction electrons of the
host [30]. By adding carbon monoxide molecules, the magnetic properties are
modified. Carbon monoxide being a strong-field ligand is expected to increase
the splitting between the molecular orbitals, so that pairing of the electrons
is facilitated and the molecule is in a low-spin state. The free molecule has
an uneven number of valence electrons with one unpaired electron. It is a
radical, which shows in an inert gas matrix an ESR-signal [83]. Provided
that the spin of the molecule survives on the surface, the narrow feature
at the Fermi energy can be rationalized as the Kondo resonance due to the
interaction of the spin with the conduction electrons of the substrate. The
unpaired electron is expected to be in the d-orbital of the cobalt adatom in
agreement with the spatial mapping of the resonance by STS, which indeed
reveals the localization of the feature in the center of the molecule. The map-
ping will be discussed in detail in section 7.2. We observe similar features at
the Fermi energy for Fe(CO)4 on Cu(100) and previously Lee and Ho [84] re-
ported peaks at the Fermi energy on iron mono- and dicarbonyls on Ag(110).
For comparison, we have performed experiments on Cu(CO)2 molecules on
Cu(100) which do not show a similar feature at the Fermi energy, only the
known vibrational features are observed [84]. The fact, that the feature stays
pinned to the Fermi level within only a few millivolts by changing the central
atom to iron or by changing the number of ligands indicates that it is not
simply an electronic feature in the LDOS of the molecule.
It can be excluded that the feature is due to vibrational features that lead
to spectra which are symmetric with respect to the Fermi level as discussed
in section 3.4.2. Vibrational features could thus be mistaken for a Kondo
feature especially for a Kondo dip if q ∼ 0. But in our case the spectrum is
not symmetric with respect to the Fermi energy. Apart from the symmetry of
the spectrum, it can be shown from simple arguments, that the trends would
be reversed for vibrational features: with increasing number of ligands, the
metal-carbon bond will become weaker and thus the M-C vibrations will be
reduced in energy leading to a narrower feature in contrast to our observa-
tion of a feature getting wider with increased number of ligands. Similar
arguments apply for the metal-substrate bond. For the CO stretch mode,
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the trend is reversed: as the M-C bond is weakend, the C-O bond becomes
stronger and its modes are shifted to higher frequencies. But the lowest C-O
stretch mode is at 250meV [84, 85], so it cannot account for the features
within ±100meV of the Fermi energy.
The behavior of the Kondo temperature as a function of the number of lig-
ands can be understood in the Kondo model. The CO ligands will lead to an
increase in the exchange coupling J between the adatoms spin and the con-
duction electrons by a delocalization of the d-orbital. The physical idea for
the increase of the exchange coupling J with the number of ligands emerges
from the Schrieffer-Wolff transformation

J =
∆

πρ0

(
1

εd + U
− 1

εd

)
. (7.1)

It is assumed, that ∆ and εd stay basically constant while U will be reduced
by the adsorption of the ligands. ∆ will rather be reduced by an increasing
number of ligands leading to a decrease in the coupling. The bond between
the CO molecules and the cobalt adatom is commonly described by the Bly-
holder model [86]. It consists of a donation of electrons from the σ-orbital
of the CO to the transition metal adatom and a backdonation from the d-
orbitals of the cobalt adatom to the 2π∗ orbital of the CO molecules. This
backdonation leads to a delocalization of the d-electrons and therefore re-
duces the Coulomb repulsion U . The decreased Coulomb repulsion leads to
an increased exchange coupling J as can be seen from eq. 7.1. With in a sim-
ple model, we assume that J scales linearly (apart from an additive constant
J0) with the number of ligands n

J = J0 + cJ · n. (7.2)

We introduce this approximation into the Kondo temperature as obtained
from the Kondo model

kBTK ∼ De
− 1
Jρ0(EF) , (7.3)

and treat D, J0 and cJ as fitting parameters. Fig. 7.3 shows a fit of this model
to the experimental data. Within the errors, a good agreement is found. The
relative increase in the Kondo temperature is similar for iron. While an iron
adatom has a Kondo temperature smaller than 60K, on a Fe(CO)4 molecule
we find a TK of about 140± 23K.
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Figure 7.3: Scaling behaviour of a cobalt impurity with N CO molecules
attached to it. The curve shows a fit of eq. 7.3 to the data.

7.2 Spin Mapping

The STM is able to go a step beyond the spectroscopic characterization of the
Kondo resonance by exploiting its spatial resolution. In Fig. 7.4 we show the
spatial mapping of the amplitude of the resonance for a cobalt tetracarbonyl
molecule. The difference between the dI/dV -signal at the voltages marked by
the arrows in fig. 7.1(D) is mapped spatially as intensity in fig. 7.4(B), while
fig. 7.4(A) shows the simultaneously acquired topography. The spectroscopic
image does not reflect the fourfold symmetry of the molecule showing only
a spherically symmetric maximum in the center of the molecule - localized
within a radius of ≈ 2.5Å. Thus we can not only detect the spin via the
Kondo resonance but also localize it. The spin is found to originate from
the cobalt atom which sits in the center of the molecule. The same exper-
iment has also been performed on iron carbonyls, where the spin center is
also found in the center of the molecule.
The spatial mapping of the Kondo resonance can be extended to more com-
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Figure 7.4: (A) Topography and (B) simultaneously acquired Kondo map of
a cobalt tetracarbonyl molecule.

plicated species with more than one impurity. In fig. 7.5, the same measure-
ment as for the Co(CO)4-molecule is shown for (Co(CO)2)2 and (Co(CO)3)2

(both have been introduced in chapter 4). Fig. 7.5(A) and (D) show the to-
pographies of the two species. On both, similar features at the Fermi energy
can be found in the spectroscopy (see fig. 7.5(B) and (E)). A spatial mapping
(fig. 7.5(C) and (F)) of these features allows for a localization of the cobalt
atom and the spin on the complex.
Thus the Kondo effect can be exploited to make STM sensitive for the spin
of a magnetic molecule. This allows to study by STM both the coupling
between the spin of an adsorbate and the substrate and its spin center.

7.3 Conclusion

In conclusion, we have shown who the coupling a spin to the conduction band
can be modified not only by changing the substrate, but also by chemistry by
attaching ligands to the adatom. Thus, the magnetic properties of the cobalt
adatom can be modified. CO begin a strong field ligands tends to quench the
magnetism of the cobalt adatom which is expressed in the increasing Kondo
temperature. By choosing a weak field ligand which enhances the magnetism
of the adatom instead of quenching it, it might be possible to decouple a spin
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from the conduction band in the very same way decreasing the Kondo tem-
perature. Thus the parameters of the Anderson model can be tuned allowing
to compare experiment and theory. The adsorption experiments demonstrate
how the local chemistry in the vicinity of an adatom carrying a spin can be
exploited to taylor magnetic interactions.
The spatial mapping of the spin center of the magnetic adsorbate opens up
new possibilities to study single magnetic molecules with unprecedented res-
olution, if the spin center couples to the conduction band of the substrate.
Furthermore if the coupling between adjacent molecules is on the same order
as the coupling to the substrate, the interaction can be studies and even-
tually even tuned by manipulation – resulting in a new tool to prepare and
investigate molecular magnetism. The study of magnetic interactions via the
Kondo effect will be shown for the simplest case of single magnetic adatoms
on a metallic substrate.
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Chapter 8

The Kondo Effect of Coupled
Spins

8.1 Introduction

Having shown how the Kondo physics of a single magnetic adatom can be
studied and modified by STM, this chapter extends these results to coupled
spins. The coupling is again studied and detected via the Kondo resonance.
In the past, the group of Mike Crommie has dominated the research on the
Kondo effect of coupled spin systems at a surface. In their work, nanos-
tructures consisting of up to three magnetic adatoms have been created on
Au(111) by atomic manipulation [87, 88, 89]. For cobalt adatoms, the Kondo
resonance has been found to be quenched by the formation of a compact
dimer [87]. Two nickel adatoms, which on their own do not show a Kondo
resonance, reveal the formation of a Kondo feature as soon as the two atoms
interact [89]. On a chromium trimer, a Kondo resonance has only been
observed in a very special configuration (in the so-called isoceles), however
again the single chromium adatom does not have a Kondo feature [88].
The coupling between two Kondo impurities has also been studied in coupled
quantum dots [90]. The advantage is here, that the parameters can be tuned
simply by varying gate voltages. The experimental setup of two coupled
quantum dots thus allows to tune directly the coupling strength between the
two dots. The measurements show a splitting of the Kondo resonance as soon
as the coupling is of the same order of magnitude as the Kondo temperature.
The intuitive picture is that the Kondo resonance splits into a bonding and
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an antibonding state. It should be noted that it will be experimentally very
challenging to extend these results to more coupled quantum dots, since the
preparation of quantum dots with equivalent properties is not trivial.
While the lateral manipulation of single atoms with the STM tip is a stan-
dard task on the noble metal (111) surfaces [91], it is quite a challenge on a
(100) surface. This is mainly because the (100) surfaces are more open and
thus they bind adsorbates stronger than the (111) surfaces. One indication
of this are the different diffusion barriers: on Cu(111), adatoms start to hop
around already at ∼ 15K [92], while on Cu(100) cobalt adatoms do not move
below 100K. We have chosen to study arrangements of cobalt atoms which
are formed from the carbonyl complexes described in chapter 4. After a brief
introduciton into the theory of the Kondo effect in coupled spin systems,
the preparation of the atomic arrangements from the carbonyls will be dis-
cussed. The dependence of the Kondo effect on the distance between the
cobalt adatoms in a dimer will be discussed and results for a chain of three
adatoms presented.

8.2 Theory

Basically, the coupling between two impurities introduces another energy
scale into the problem. Depending on the strength of the coupling, a variety
of new effects are expected. For the following discussion, the coupling be-
tween the two magnetic impurities will be called I (as opposed to the coupling
J between one of the spins and the spins of the conduction electrons of the
substrate) irrespective of its origin. So I will generally contain contributions
from conduction electron mediated interaction (RKKY-interaction), direct
exchange and eventually also superexchange. Magnetic dipole coupling is
orders of magnitudes too small to be of any importance. The relevant energy
scale of the Kondo problem is the Kondo scale kBTK.
The relative magnitude of the two kBTK and I determines the behaviour of
the coupled system. For large ferromagnetic coupling I � kBTK, the two
spins will become locked in the same direction when the temperature T be-
comes smaller than the Curie temperature of the mini-domain (kBT ∼ I).
The two spins add up to one large spin. As the temperature is further low-
ered below a new Kondo temperature kBTFMK, the combined spin will form
a Kondo system.
For |I| � kBTK, the Kondo effect of the single impurities dominates, so they
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behave as independent Kondo impurities. Finally, for antiferromagnetic cou-
pling |I| � kBTK, the two spins will again be locked into a single mini-domain
[93], this time with no net resulting spin. The interesting regime is interme-
diate antiferromagnetic coupling |I| ∼ kBTK. It is predicted, that in this
regime the splitting of the Kondo resonance can be observed [94, 95] as has
been found in quantum dots [90]. Increasing the number of coupled impu-
rities in a linear chain, it has been predicted, that for an uneven number of
impurities, a gap forms at the Fermi energy in addition to the Kondo peak
[95]. A similar gap emerges from a theoretical treatment of an inifinite 1D
chain of magnetic impurities [96]. This prediction is yet to be confirmed
experimentally.
However it should be noted that this discussion assumes, that the coupling
J to the conduction band is not modified by the coupling between the im-
purities. This is not necessarily a valid approximation on the surface, where
the formation of a dimer molecule may substantially reduce the coupling to
the substrate [87].

8.3 Preparation and Characterization

The simplest way to prepare small clusters of cobalt atoms would be to sim-
ply deposit small amounts of cobalt on the surface and then let the clusters
arrange by diffusion of the cobalt adatom. However, this leads to the forma-
tion of compact clusters with a geometry which is difficult to determine.

We have prepared our clusters and nanostructures by growing cobalt car-
bonyl molecules as described in chapter 4. The carbonyl groups inhibit nu-
cleation in islands and promote the formation of small clusters with distances
between the cobalt atoms corresponding to next-nearest neighbour distances,
but also complexes with larger separation between the cobalt atoms are
found. The molecules are dissociated by controlled, tip-induced dissocia-
tion. The cobalt carbonyl complexes consisting of one and more cobalt atom
and CO can thus be converted into nanostructures consisting only of cobalt
adatoms. The resulting structures are shown in fig. 8.1. After the dissocia-
tion, a single cobalt adatom, a structure consisting of two cobalt atoms sitting
on next nearest neighbour sites a distance of 5.12Å apart and a linear trimer
consisting of three cobalt atoms which are separated by the same distance
are found on the surface. The interatomic distances have been determined
by fitting gaussians to the section through the monomer, the dimer and the
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Figure 8.1: (a) Topography showing a cobalt monomer, dimer and trimer,
(b) model of the arrangements of atoms in (a), shown to the same scale.
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Figure 8.2: (a) Section of the monomer in fig. 8.1. The width obtained from
the fit has been used to determine the spacing of the atoms in the dimer (b)
and the trimer (c).
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trimer as shown in fig. 8.2. The width of the gaussians has been fixed to the
one determined for the monomer. As can be seen in fig 8.2, the fits describe
the data well.

8.4 Results

The main interest is to study the magnetic interactions between the adatoms
in the clusters. Fig. 8.3(a) shows different dimer configurations with differ-
ent distances between the neighbouring cobalt atoms ranging between 2.56Å
and 5.72Å. The STS spectrum shown in fig. 8.3(f) reveals that for a compact
dimer the interaction between the spins is much stronger than the coupling
to the substrate supressing the Kondo effect (at 6K). Already for the next-
to-nearest neighbor distance a resonance is found again at the Fermi energy
(fig. 8.3(g)). The resonance is considerably broader than that of the cobalt
adatom. The width of the feature corresponds to a Kondo temperature
TK ∼ 181 ± 13K. Hence, the magnetic interaction between the two atoms
in the dimer is no longer negligible. From the spectrum it can not be de-
cided, whether the broadening is due to a splitting of the Kondo resonance
as observed in coupled quantum dots [90] or whether the Kondo temperature
is increased. For a distance of 5.72Å (fig. 8.3(h)) the Kondo resonance has
almost acquired the same width and line shape as that of a single cobalt
adatom. As a consistency check, spectra taken on both ends of the dimers
are shown to be equivalent. For comparison, the spectrum acquired on a sin-
gle cobalt adatom is shown (fig. 8.3(h)). It corresponds to infinite distance
and no interaction.
For the trimer, the situation becomes even more interesting. As can be seen
from fig. 8.4(a), the spectra show not only one peak, but a superposition of
two features. In addition there is now a spatial dependence in the spectra
since the sites of the cobalt atoms are no more equivalent. The intensity
of the feature is stronger in the center of the trimer than on the two outer
atoms. In fig. 8.4(c), the spatial dependence of the amplitude of the peak
has been mapped. A fit of the two features by a superposition of two Fano
functions results in a width corresponding to ∼ 78± 13K for the narrow dip
and 368± 37K for the broad peak.
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Figure 8.3: (a) Model of the dimers investigated, (b-e) topographies of the
dimers, (f-i) spectra acquired on the dimers.
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Figure 8.4: (a) Spectra acquired on a trimer, spectra taken on the left, right
and center atom are shown and shifted vertically. (b) topography and (c)
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8.5 Discussion

In table 8.1, the experimental results for the atomic arrangements which
have been investigated are summarized. The observed behavior implies that
there is some sort of interaction between the cobalt atoms. In the case of
a compact cobalt dimer on Au(111) where the disappearance of the Kondo
resonance has been observed upon dimer formation [87], the results have
been explained by the formation of a Co2 molecule. The strong interaction
between the adatoms pulls them out of the surface towards each other. The
reduction in hybridization with the substrate on its own would result in a
strongly reduced Kondo temperature. In addition the cobalt atoms are ex-
pected to interact ferromagnetically leading to a further reduction of the
Kondo temperature. In the case of the next-to-nearest neighbour sites, we
do not expect the atoms to relax towards each other, so the interaction with
the substrate should not be modified compared to a single cobalt adatom.
Therefore, it is not surprising that we can find a resonance on the corre-
sponding dimer with 5.12Å interatomic distance. For even larger distances,
the width and lineshape of the resonance approaches that of the single im-
purity Kondo effect. The latter is in agreement with Chen et al. [87] who
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d [Å] TK [K] εK [meV]
Monomer − 88± 4 −1.3± 0.4
Dimer 2.56Å − −
Dimer 5.12Å 181± 13 5.3± 1.6
Dimer 5.72Å 99± 7 −1.4± 0.4
Trimer 5.12Å 368± 37 −6.4± 5.2

78± 13 −2.8± 0.8 additional feature

Table 8.1: Summary of the Kondo temperatures determined on clusters. For
the trimer, in addition to the main peak the data for the narrow feature at
the Fermi energy is given.

find for cobalt adatoms on Au(111) that for separations larger than 6Å line
shape and width of the resonance of a single cobalt adatom on Au(111) are
recovered. Therefore the most interesting distance is 5.12Å, where magnetic
interaction and Kondo effect are on the same energy scale.
The origin of the interaction can only be a magnetic one. There are three
possibilities for magnetic interactions between impurities in metals: magnetic
dipole coupling, direct exchange and RKKY interaction (and in principle su-
perexchange, which does not apply in our case). Magnetic dipole coupling
creates an energy scale on the order of 10−7eV which is far beyond the Kondo
scale of 10−3eV. For direct exchange coupling, which is due to the overlap of
the d-orbitals of the impurities, the situation is less obvious. The d-orbitals
are quite localized, so their overlap should be negligible at a distance of 5Å.
But still it might be on the same order of magnitude as the Kondo temper-
ature. Finally, RKKY interactions, which are mediated by the conduction
electrons, have to be considered. According to KKR calculations [97], the
interaction between two cobalt atoms on Ag(100) on next-to-nearest neigh-
bor sites is antiferromagnetic and the coupling strength is about 4meV. This
coupling strength is expected to be similar or even stronger on Cu(100) where
the interatomic distances are a bit smaller. The RKKY interaction is thus
on the same scale as the Kondo temperature, so we believe that the modifi-
cation of the Kondo effect is due to an antiferromagnetic coupling between
the cobalt adatoms.
Two explanations for the behavior of the linear trimer emerge: The observa-
tion of an additional feature in the case of the cobalt trimer might be due to
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the formation of a pseudospin. If the three atoms couple antiferromagnetic,
there will remain a net spin. This pseudospin can be responsible for the oc-
curence of a second energy scale besides the Kondo temperature of the single
impurities. The other possible explanation is that the observed gap-like fea-
ture may be due to the formation of a gap in a linear chain with an uneven
number of impurities as predicted recently for a chain of interacting quantum
dots [95] or earlier in models describing an infinite chain of impurities [96].
In this picture, the Kondo peak on the dimer should split, which might be
observable just as a broadening, while for the trimer a gap forms [95]. This
assumption could be tested on longer chains consisting of 4 and 5 atoms.
In summary, it has been shown that the Kondo effect can not only be ex-
ploited to study single spins and their coupling to the conduction band of the
substrate, but also to study the magnetic interaction between neighbouring
magnetic adatoms. The distance dependence of the interactions has been
adressed as well as new phenomena that occur in a small chain of three mag-
netic adatoms. In future experiments, the transition from the Kondo effect of
a cluster with a small number of magnetic impurities to a 1D Kondo lattice
will certainly yield a number of new and challenging experiments and results
[96, 95].
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Chapter 9

Kondo Lattices

It was the discovery of superconductivity in the heavy fermion compound
CeCu2Si2 by F. Steglich et al. [98], which renewed the interest in Kondo
lattices and coherent Kondo systems. Before, it was common lore that mag-
netism and superconductivity are mutually exclusive properties of a material.
In heavy fermion superconductors, however, the spins of rare earth elements
sitting on periodic lattice sites coexist with superconductivity. Nowadays,
Kondo lattices and high-Tc superconductors are described by very similar
theoretical models [58].
In this chapter, I will first discuss some of the basic theoretical considera-
tions about the Kondo effect in rare earth compounds and Kondo lattices
complementing the discussion of the theory of a single magnetic impurity in
section 6.2.
I will then describe the preparation of the Kondo lattice we have studied, its
characterization by SQUID magnetometry and the results of our STM study.
This study has been performed in collaboration with the crystal growth group
at the Max-Planck-Institut für Festkörperforschung in Stuttgart and with F.
Treubel and G. Schatz at the University of Konstanz (SQUID magnetome-
try).

9.1 Theory

There are two substantial differences to the Kondo systems described in the
previous sections: the magnetic atoms are rare earth elements, which due
to the high degeneracy of their f-orbital exhibit a slightly different Kondo
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behaviour. The second is the concentration of “impurities” which leads to
coherence effects.

9.1.1 Anderson model for rare earth compounds

Due to the high degeneracy of the 4f-orbital of a rare earth atom, the cor-
responding Kondo peak is not any more pinned to the Fermi level, but it is
shifted to higher or lower energies, depending on the filling of the 4f-orbitals.
Typically, the shift is on the order of the Kondo temperature, comparable to
the width of the Kondo peak. Thus, from a spectrum, two important quan-
tities can be obtained, which are both related to the Kondo temperature TK.
The following results can be calculated from an expansion using the degen-
eracy N as a perturbation parameter (expansion in 1/N) [58]. The Kondo
peak of a 4f impurity can be approximated by a Lorentzian

ρimp(ω) =
∆̃/π

(ω − ε̃f)2 + ∆̃2

centered at energy ε̃f with a width ∆̃. The occupation nf of the f-orbital
can be obtained from its degeneracy N and the position and width of the
quasiparticle peak by

nf

1− nf

=
N∆

πε̃f
, (9.1)

where ∆ = ∆̃/(1 − nf) describes the hybridization between the bare f-level
and the conduction band. nf can be determined experimentally from pho-
toemission spectra (see e.g. [99]). In the case of Ytterbium, the occupation
nf describes the number of holes in the f-orbital. The position of the Kondo
resonance yields the Kondo temperature, i.e. ε̃f = kBTK. An additional fea-
ture of the Kondo effect of 4f-compounds is the occurence of spin-orbit and
crystal-field satellites which lead to additional peaks in the LDOS [100]. The
spin-orbit splitting in rare earth compounds is on the order of 1eV due to the
strong localization of the 4f-orbital, therefore the satellites are well separated
from the main Kondo peak. The crystal-field splitting leads to side-peaks
about 10− 30meV away from the Kondo peak.
Also macroscopic quantities can be related to the parameters of the Kondo
peak. The magnetic susceptibility χ(0K) is connected to the position of the
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Kondo peak by [101]

χ(0) =
1

3

µ2
effnf
ε̃f

. (9.2)

In YbAl3, ytterbium is in an Yb13 configuration with a degeneracy N = 8
[58].

9.1.2 Kondo lattices

The new feature of a Kondo lattice is a second characteristic temperature
scale T ∗, which is connected to the onset of coherence. The otherwise local-
ized Kondo clouds hop from site to site and create an electron band with a
very high effective mass [102]. This is why these materials are often called
heavy-fermion materials. Effective masses are about 10−100 times the mass
of a free electron. In the LDOS the onset of coherence can be observed as the
formation of a substructure of the Kondo peak. This is shown schematically
in fig. 9.1(a+b). Fig. 9.1(a) shows the band structure of a heavy fermion
material. Two subbands are found with a gap in between. In fig. 9.1(b), the
corresponding LDOS is depicted. It exhibits a gap surrounded by two strong
peaks at the position of the Kondo peak one would have expected for the
single impurity Kondo effect.

In case the gap is symmetric around the Fermi energy (so-called half fill-
ing), a Kondo insulator forms, which becomes insulating as soon as the gap
is formed at low temperatures. An example for a Kondo insulator is FeSi,
where the formation of the gap has been observed by tunneling spectroscopy
[104].

9.2 Mixed-valence compound YbAl3

The first measurements on YbAl3 have already been reported in the seventies
[105]. Besides a structural study of both YbAl2 and YbAl3, also the ther-
modynamic properties have been determined. Magnetization measurements
on YbAl3 revealed a clear deviation from a Curie law behavior. On reducing
the temperature, the magnetization increases down to ∼ 130K, and then
decreases again and rises again only below 20K. This behavior is clearly in-
dicative of the Kondo effect. In addition, the authors found that the samples
become superconducting below 0.96K which is surprising in view of the fact
that the Kondo effect is related to the existence of magnetic moments while
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Figure 9.1: Heavy fermion bands: (a) band structure (taken from [103]) and
(b) scheme of the corresponding LDOS.

superconductivity is generally thought to be quenched by magnetism.
In the late eighties, the first photoemission studies [106] were performed on
YbAl3 which were looking for the Kondo resonance. Rare earth compounds
are Kondo systems which are particularly suited for photoemission studies
of the Kondo resonance since the concentration of magnetic scatterers is or-
ders of magnetitude higher than for single impurity systems as for transition
metal impurities. The photoemission spectra exposed indeed a distinct fea-
ture slightly below the Fermi energy. Later on the interpretation of this
feature has been questioned [107] and controversially discussed [108]. The
main critique pointed out, that the temperature dependence of the Kondo
peak as observed in the experiments would not show the behavior predicted
by theory. The discussion was later also extended to other correlated mate-
rials [109, 110, 111].
Recently it has been shown that YbAl3 exhibits two characteristic energy
scales in its magnetic properties, which have been attributed to a crossover
to a coherent Kondo state below 40K [112, 113, 114].
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Figure 9.2: (a) Structure model of the unit cell of YbAl3, the large balls
indicate the positions of Yb, the small one those of Al atoms. The plane
shows the (110) plane. (b) Phase diagram of YbAl [115], the arrows indicate
the path which has been used to obtain the YbAl3 crystal.

9.3 Structure

YbAl3 forms an ordered alloy with a Cu3Au structure [105]. The unit cell
is that of an fcc crystal. The Yb-atoms are sitting in the corners of the
cube, while the aluminum atoms reside on the faces. The structure is shown
schematically in fig. 9.2(a). The nearest neighbour distance in the crystal is
about 2.97Å.

9.4 Preparation

The YbAl3 sample has been grown by the crystal growth group of the
Max-Planck-Institut für Festkörperforschung using the Czochralski pulling
method. The ingredients, ytterbium and aluminum have been treated with
HF prior to the melting to remove surface oxides. The melt consisted of
12at. − % Ytterbium and 88at. − % Aluminum in an Al2O3 crucible. The
annealing and growth process has been performed under Argon atmosphere.
At a temperature of ∼ 980◦C, a seed has been introduced from above into
the melt and then slowly pulled out with a speed of ∼ 3cm/d while reducing
the temperature, so that material nucleates at the seed and – in the best case
– a single crystal of the desired compound is grown. In the case of YbAl3 the
growth is incongruent, that is only by reducing the temperature, the solid
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phase can not be reached (see fig. 9.2(b)). Instead, the initial melt has the
concentrations as indicated above with more Aluminum than needed to form
YbAl3. As can be seen from the phase diagram, at about 980◦C, YbAl3 is
formed. The reaction path is indicated by the arrows in fig. 9.2(b). Due to
the growth of the YbAl3-crystal, the concentration of Aluminum increases.
It is thus important to grow the crystal slow enough to avoid large variations
in the concentration of the two compounds within the crucible.
From the crystal, we have cut slices of ∼ 2mm thickness and with a diameter
of ∼ 5mm for the experiments. The grown samples were polycrystalline.
Investigations by SEM showed that the size of the grains is about 500µm in
diameter with regions of up to 20µm of undefined composition in between
them. We have checked the composition of the grains by EDAX, the devia-
tion from the stoichiometry 1:3 stayed below 3%.
For the STM measurements, the slice has been oriented by XRD predom-
inantly in the (110) direction and polished with a suspension of diamond
particles with a size of down to 0.25µm. After transfer to UHV, the sur-
face has been treated by sputtering and annealing cycles. During the first
cycles, the sample has been heated up to 700K, later on we annealed only
to 600 − 650K. Since the sample is polycrystalline, the grains have differ-
ent orientations and the (110) direction will at best dominate. The STM
measurements have been performed on two different slices of the crystal.

9.5 SQUID measurements

The theoretical expectation for the temperature dependence of the magnetic
susceptibility χ is shown in fig. 9.3(a). Starting from high temperatures,
where the spins fluctuate freely due to thermal excitation, the susceptibil-
ity rises with decreasing temperature. Around the Kondo temperature, the
susceptibility has a maximum, the spins become more and more screened by
the conduction electrons, so that their magnetic moment is suppressed with
further reduction of the temperature. The exact position of the maximum of
the magnetization depends on the degeneracy of the f-level, for J = 7/2 at
about one fourth of the Kondo temperature.
The result of our SQUID measurements is shown in fig. 9.3(b). It is in good
agreement with theory and identical with previously published magnetiza-
tion measurements on YbAl3 using SQUID magnetometry [116] and polarized
neutron diffraction [117], indicating that our sample has the desired proper-
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magnetization.

ties. In addition to the theoretical curve describe above, the experimental
curve exhibits besides the maximum around 126K due to the growing spin
compensation clouds around the magnetic ions a second maximum around
14K. This indicates that another crossover occurs. One possible explana-
tion is the onset of coherence, so the Kondo “impurities” are not any more
behaving as independent Kondo systems. From an extrapolation of the zero
temperature susceptibility, the Kondo temperature can be extracted from
eq. 9.2. We obtain with χ(0) = 6.2 · 10−8 m3

mol

TK

nf
≈ 522K.

Using nf = 0.7±0.1 as determined from photoemission experiments [99, 108,
109], we obtain TK ≈ 365± 52K.
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9.6 STM measurements

9.6.1 Structure

The structure of the YbAl3-surface is more complicated than that of the sim-
ple fcc crystals. Apart from the fact, that the alloy surface can have different
terminations, different grains of the sample expose different crystallographic
facets. Thereby it is possible to study the properties of different orientations
on the same sample, selecting the facet with the STM. Fig. 9.4(a-d) show a
(110)-facet, which can be either terminated by YbAl or purely by Al. The
surface exhibits a reconstruction, the distances between the reconstruction
lines suggest that the surface is terminated by YbAl, with every second yt-
terbium atom missing. In addition to the flat surface, probably monatomic
chains of adatoms can be found on top of the reconstruction. The chemical
nature of the atoms is not clear, but the reconstruction suggests that they
are formed by the Yb-atoms which are ejected from the surface.
Fig. 9.4(e-g) depict model and topography of another place of the surface
which exposes a (210)-facet, as can be concluded both from the structure
of the surface and the step height. As one can see from the fig. 9.4(g), the
terraces show an additional reconstruction.

9.6.2 Spectroscopy

As discussed in the previous section, the topography of the YbAl3-surface
is not trivial. It is to be expected that the spectroscopy will differ on the
different patches of the surface. Fig. 9.5(a) shows spectra acquired on a
(110)-facet of the surface at 77K. The spectra show a strong peak at about
−75mV with a width of 52mV. In addition to this peak, the spin-orbit
satellites can be found at around 1.2V above and below the Fermi energy
in agreement with photoemission spectra [101] and theory [100]. Finally, a
weak structure around −0.6V is found. The peak near the Fermi energy is
shown in a high resolution spectrum in fig. 9.5(b) together with a spectrum
acquired on a small (110)-facet at 6K. The low temperature spectrum reveals
an additional feature at about −3mV with a width of 10mV.

The low temperature spectra acquired on the (210)-facet are shown in
fig. 9.6(a) for the different sites on the surface. Besides a similar peak as
on the (110) surface which is now at −102± 7mV and has a width of 44±
10mV, an additional peak shows up close to the Fermi energy at −28± 4mV
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Figure 9.7: (a) Topography of a small part of a (210) facet of YbAl3 showing
a corrugation, (b) simultaneously acquired dI/dV -map at −120mV and (c)
dI/dV -map acquired on the same spot of the surface at −50mV.

which is only 25 ± 8mV wide. Both features persist at 77K as can be seen
from fig. 9.6(b). Fig. 9.6(b) shows in addition to the spectrum recorded
on an equivalent spot on the surface at 77K a spectrum acquired at 6K
but broadened to simulate a measurement at 77K. It demonstrates that the
peak at −25mV can only be resolved as a shoulder at 77K due to the thermal
broadening. A spatial mapping of the two peaks found close to the Fermi
energy reveals that they originate predominantly from different sites of the
surface. Fig. 9.7(a) shows the topography of the reconstruction together with
maps at −120mV and at −50mV in fig. 9.7(b+c), roughly at the positions of
the two features. The peak at −120mV leads to bright regions predominantly
near the atomic rows as seen in fig. 9.7(b), while the peak closer to the Fermi
energy becomes stronger in between the reconstruction lines.

facet T ε1 [mV] ∆1 [mV] ε2 [mV] ∆2 [mV]
(110) 77K − − −75± 17 52± 15
(210) 6K −28.4± 3.8 24.9± 8.1 −102± 7 44.3± 9.7

77K −39.1± 6.6 29.1± 10.5 −114± 10 41.3± 6.2

Table 9.1: Peak positions εn and widths ∆n determined from STS spectra.
The index 1 refers to the peak closer to the Fermi energy.
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9.7 Discussion

The discussion will focus mainly on the data acquired on the (210)-facet.
The data for both facets are summarized in table 9.1. We attribute the peak
which we find around −100mV to a Kondo state of the surface layer. This
interpretation is consistent with the spatial mapping of the peak, which ex-
hibits a higher intensity on the reconstruction lines. The surface Yb atoms
are expected to have a lower valency than bulk Yb atoms [101], i.e. a smaller
hole occupation nf compared to the bulk value, in agreement with a peak
which is shifted further below the Fermi energy. The peak has not been re-
solved in photoemission, however as for the photoemission experiments also
polycrystalline samples have been used, the measurements have averaged over
different crystallographic facets which may have a quite different behaviour
as can be seen already from a comparison of the spectra which we find on
the (110) and (210) facets.
The peak which is closer to the Fermi energy is identidied to be the Kondo
peak of bulk YbAl3. From the position of the peak, the Kondo temperature
is estimated to be 330±44K, which is in excellent agreement with the SQUID
data, which yields 363± 52K using nf as determined from photoemission ex-
periments. With rising temperature, the peak shifts to lower energies and
broadens slightly. While the shift is in agreement with theory, the peak is
expected to get narrower [119]. A possible reason of the observed broaden-
ing in the STS spectra acquired at 77K is the thermal smearing of the Fermi
edge. Our spectroscopic results are in reasonable agreement with photoemis-
sion data [101, 108], where the Kondo peak is found to be around 45meV
with a full width of 50meV [108]. However, instrumental broadening in the
photoemission experiments was about 45meV [108], and typical errors for the
peak position are as high as 15meV [120] rendering an exact determination
of the position and width of the Kondo peak from the spectra very difficult.
The width of the Kondo peak is not in agreement with theory, which pre-
dicts a much narrower peak with a width on the order of 10mV. It can be
excluded that the width is increased by instrumental broadening which is
at 6K about 1meV. A possible explanation is a crystal field splitting of the
Kondo peak. The crystal field splitting lifts the degeneracy of the f-orbital
due to the interaction with the neighbors of the Yb atom and leads to a
splitting of the Kondo resonance. For cerium-compounds, the crystal-field
splitting is as high as 35mV, while for ytterbium it is expected to be lower
than 10mV [107]. In addition, the crystal-field splitting is expected to be
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enhanced near the surface due to the reduced symmetry. If the splitting is
on the same order of magnitude as the width of the Kondo peak, it might
not be possible to resolve it but still lead to a broadening of the peak. On
the (110)-facet, at 77K only one peak is found, which may be due to a su-
perposition of the surface-related peak to the Kondo resonance.
From the SQUID measurements, an additional low temperature energy scale
which corresponds to the maximum in the magnetization at 14K is expected.
Due to the limited resolution and the limitation to occupied states, pho-
toemission experiments have not resolved the features related to the onset
of coherence up to now. We have identified a peak at about −3mV on the
(110)-facet, which could account for this additional low energy scale and indi-
cates the formation of a coherent heavy fermion state in YbAl3. The position
would correspond to a temperature for the onset of coherence of 35K, which
agrees well with recent magnetotransport measurements [112, 113, 114].

9.8 Conclusion

We have studied the surface of a rare earth compound by STM. The com-
pound, YbAl3 has first been characterized by SQUID magnetometry, which
shows a magnetization curve consistent with Kondo lattice behavior and
with previous studies. The SQUID curve reveals two temperature scales, one
which leads to a peak at 126K, and a second corresponding to a maximum
in the magnetization at 14K. The former can be explained based on the
Kondo model, consistent with a Kondo temperature of ∼ 350K and the po-
sition of the Kondo peak as found from the STS measurements. Both are
are in good agreement with previous results, however, new questions arise
from the higher spectral resolution of STM. The width of the Kondo peak
which we find by STS is larger than expected from theory. As a possible ex-
planation we propose crystal field splitting of the Kondo peak. In addition,
we find a strong dependence of the spectra on the crystallographic facet and
the surface termination which might resolve the controversy in the photoe-
mission community about position and width of the Kondo peak of YbAl3
[101, 106, 108].
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Chapter 10

Conclusions and Perspectives

In this work, I have shown how Scanning Tunneling Microscopy and Spec-
troscopy can be used to sense electron correlation in low-dimensional systems
– near single magnetic adatoms, small molecules, small arrangements of mag-
netic adatoms – and in periodic systems. Exploiting both the high spatial
and spectral resolution of the STM, the Kondo effect is studied at an atomic
scale allowing to extract information about the energy scale of the couplings
involved. It is demonstrated that the exchange coupling between the spin
of an adatom and the conduction band electrons can be tuned by varying
the substrate or by modifying the chemical environment of the adatom. The
substrate plays the role of the gate electrode in a quantum dot experiment: it
modifies the occupation of the adatoms d-orbital thereby tuning the Kondo
temperature. The modification of magnetic properties of the adatom by the
adsorption of ligands corresponds to the variation of the size of a quantum
dot, changing the localization of the d-orbital. By combining the spatial and
spectral capabilities of the STM, a systematic study of coupled spin systems,
for neighbouring spins in a chain and even in a lattice is presented. The deter-
mination of these couplings by STS via the Kondo effect povides a powerful
tool to study magnetic interactions near surfaces e.g. in magnetic molecules
adsorbed on a metal surface. Provided the coupling of the spin center of a
magnetic molecule be sufficiently strong, it is possible to localize it via its
Kondo resonance and furthermore to study the interaction with neighbour-
ing magnetic molecules by the modification of the Kondo resonance due to
magnetic interactions as has been shown for cobalt adatoms. Thus molecu-
lar magnetism in two dimensions can be studied at the atomic scale. In this
context the interplay between the magnetic anisotropy of the molecules and
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the Kondo effect might offer new insights towards a more complete picture
of magnetism at the nanoscale.
In the following two sections I discuss the prospects of the studies of the
Kondo effect by STM on one hand and of spin detection on the other hand.

10.1 The Kondo problem in Surface Science

Although the theory of the Kondo physics itself is well developed, it is still a
challenge to predict the Kondo properties of systems with reduced symme-
tries such as an adatom on a metal surface. The low symmetry renders an ab
initio calculation of the Kondo temperature very difficult and computation-
ally expensive. A first step would be a systematic study of adatom systems
by DFT to compare the trends established by the model proposed in chapt. 6
with the results from calculations.
On the experimental side, still the “smoking gun” of the single impurity
Kondo effect as measured by STS is missing: the splitting of the Kondo peak
of a single adatom in a magnetic field. This proof of the resonance being due
to magnetic effects comes into reach by the development of STM instrumen-
tation operating at temperatures below 1K at high magnetic fields. Recently
A. Heinrich et al. [15] have claimed to see such a splitting in the Kondo
peak of Mn adatoms adsorbed at a step edge of an oxide film. However the
environment of the adatom was not very well defined.
While I have shown how the magnetic coupling of a spin to the substrate
can be increased by the attachment of CO molecules, the opposite effect of
localizing the spin and thus stabilizing it is yet to be demonstrated. Ligands
which tend to remove electrons from the adatom such as NO might be candi-
dates for this kind of experiment, the Kondo temperature of such a complex
is expected to decrease with the number of ligands.

10.2 Spin spotting

The Kondo Effect is only one possibility to make STM sensitive to single
spins. It is only recently, that the expression “spin spotting” has been in-
troduced by Manoharan commenting on experiments demonstrating single
spin detection under ambient conditions with an STM by a method called
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Electron-Spin-Resonance STM (ESR-STM) [121]. While I have exploited the
coupling of a spin to the conduction band of the substrate to detect the spin
via the Kondo effect, ESR-STM exploits the coupling between the tunneling
electrons and the impurity spin. When the spin is placed in a magnetic field
it precesses with the Larmor frequency leading to high-frequency components
in the tunneling current. This technique has been named ESR-STM. It has
been first demonstrated on impurities in silicon [122, 123, 124, 125, 126] and
later on paramagnetic molecules on graphite [127, 128]. However, still an in-
dependent confirmation of these results is lacking. The ESR-STM approach
is more general than detection via the Kondo effect since it neither requires a
low temperature environment nor UHV. Furthermore, it has been suggested
that an ESR-STM might be used to perform quantum computation [129].
The idea is that the hyperfine splitting of the ESR-signal could be used to
make STM sensitive to the nuclear magnetic spin. Thus the spatial resolu-
tion of the STM would allow to address the single nuclei as qubits. Looking
further into the future, with even more sensitive microscopes, it might even-
tually become possible to sense the coupling between the nuclear magnetic
moment and the tunneling current directly. This would certainly be another
revolution of scanning probe techniques - enabling chemical contrast at an
unprecedented resolution.
At very low temperatures, the spin is no more precessing around the mag-
netic field but it can be locked into one of the two possible directions provided
the magnetic field is strong enough. Spin-flip processes can be excited by the
tunneling electrons if their energy is higher than the Zeeman-splitting of the
corresponing spin-states. This excitation can be detected by IETS in the
same way as for vibrational excitations. Recently, this technique has been
demonstrated for single manganese atoms on an oxide layer on NiAl(110)
[15]. The oxide layer decouples the atom from the conduction band electrons
of the substrate, thus the formation of the non-magnetic Kondo many body
state is inhibited. It is yet to be shown, whether the interaction between the
tunneling electrons and the spin of the impurity is basically due to the same
physics at different temperatures in the case of ESR-STM and the inelastic
spin flip spectroscopy or whether they rely on two different mechanisms.
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Abbreviations and Symbols

2PPE Two photon photoemission

AC alternating current

DFT Density Function Theory

EDAX Energy dispersive analysis of X-rays

ESR Electron Spin Resonance

IETS Inelastic Electron Tunneling Spectroscopy

LDA Local Density Approximation

LDOS Local Density of States

KKR Korringa-Kohn-Rostoker

RKKY Ruderman-Kittel-Kasuya-Yosida

SQUID Superconducting Quantum Interference Device

STS Scanning Tunneling Spectroscopy

STM Scanning Tunneling Microscopy

UHV Ultrahigh Vacuum

XRD X-ray diffraction

∆ width of hybridized state
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∆̃ width of the Kondo resonance

e elementary charge

εd, εf energy of d-, f-orbital

εK, ε̃f energy of the Kondo resonance

h̄ natural unit of action (h̄ = 0.658eV · fs)

kB Boltzmann constant (kB = 8.617 · 10−5 eV
K

)

me mass of the electron (me

h̄2 = 0.1312(eV · Å2
)−1)

m∗ relative effective mass of an electron

µB Bohr magneton (µB = 5.788 · 10−5 eV
K

)

nd, nf occupation of d-, f-orbital

I Current

J exchange coupling

ρ LDOS

TK Kondo temperature

Φ work function

χ magnetic susceptibility

U on-site Coulomb repulsion

V Voltage

z tip-sample distance



Bibliography

[1] Intel press release. August 2002.
http://www.intel.com/pressroom/archive/releases/20020813tech.htm.

[2] G.Binning, H. Rohrer, Ch. Gerber, and E. Weibel. Surface Studies by
Scanning Tunneling Microscopy. Physical Review Letters, 49(1):57–61,
1982.

[3] V. Madhavan, W. Chen, T. Jamneala, M.F. Crommie, and N.S.
Wingreen. Tunneling into a Single Magnetic Atom: Spectroscopic Ev-
idence of the Kondo Resonance. Science, 280:567–569, 1998.

[4] K. McElroy, R.W. Simmonds, J.E. Hoffman, D.-H. Lee, J. Orenstein,
H. Eisaki, S. Uchida, and J.C. Davis. Relating atomic-scale elec-
tronic phenomena to wave-like quasiparticle states in superconducting
Bi2Sr2CaCu2O8+δ. Nature, 422:592–596, 2003.

[5] W.J. de Haas, J. de Boer, and G.J. van den Berg. The electrical resis-
tance of gold, copper and lead at low temperatures. Physica, 1:1115–
1124, 1934.

[6] J. Kondo. Effect of Ordinary Scattering on Exchange Scattering from
Magnetic Impurity in Metals. Physical Review, 169(2):437–440, 1968.

[7] D. Goldhaber-Gordon, Hadas Shtrikman, D. Mahalu, David Abusch-
Magder, U. Meirav, and M.A. Kastner. Kondo effect in a single-electron
transistor. Nature, 391:156–159, 1998.

[8] Sara M. Cronenwett, Tjerk H. Oosterkamp, and Leo P. Kouwenhoven.
A Tunable Kondo Effect in Quantum Dots. Science, 281:540–544, 1998.



104 Bibliography

[9] Jiutao Li, Wolf-Dieter Schneider, Richard Berndt, and Bernard Delley.
Kondo Scattering Observed at a Single Magnetic Impurity. Physical
Review Letters, 80(13):2893–2896, 1998.

[10] A. Hirstein. Low temperature scanning tunneling microscopy and spec-
troscopy in ultra-high-vacuum and high magnetic fields. PhD thesis,
EPFL, Lausanne, 1998.

[11] J. Frohn, J.F. Wolf, K. Besocke, and M. Teske. Coarse tip distance
adjustment and positioner for a scanning tunneling microscope. Review
of Scientific Instruments, 60(6):1200–1201, 1989.

[12] J. Tersoff and D.R. Hamann. Theory of the scanning tunneling micro-
scope. Physical Review B, 31(2):805–813, 1985.

[13] P.K. Hansma, editor. Tunneling spectroscopy. Plenum Press, New York,
1982.

[14] W. Ho. Single-molecule chemistry. Journal of Chemical Physics,
117(24):11033–11061, 2002.

[15] A.J. Heinrich, J.A. Gupta, C.P. Lutz, and D.M. Eigler. Single-Atom
Spin-Flip Spectroscopy. Science, 306:466–469, 2004.
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