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Zusammenfassung

Die Wechselwirkung der magnetischen Spitze eines Rastertunnelmikroskops (RTM) mit
Atomen und Molekülen auf metallischen Oberflächen wurde mit Hilfe der ab initio Rech-
nungen studiert. Alle Berechnungen wurden im Rahmen der Dichtefunktionaltheorie unter
Berücksitigung der kompletten Systemrelaxation durchgeführt. Wir konzentrieren uns auf
die Wechselwirkungen zwischen den einzelnen magnetischen Atomen adsorbierten auf met-
allischen Oberflächen und magnetischen bzw. nichtmagnetischen RTM-Spitzen. Das Zusam-
menspiel zwischen den Strukturrelaxationen und magnetischen Eigenschaften von einer
einatomiger Junktion wurde aufgedeckt, das die experimentelle Ergebnisse hervorragend
erklärt. Es wurde nachgewiesen, da”s die Ausrichtung des Spins vom einzelnen magnetis-
chen Atom der 3d-Reihe kann mit Hilfe der RTM-Spitze durch Variation des Abstandes
zwischen der RTM-Spitze und dem Substrat gesteuert werden. Es wurde festgestellt, da”s
die Ursache für dieses Effekt die Austauschwechselwirkung zwischen der RTM-Spitze und
dem adsorbierten Atom ist. Basierend auf der Methode der Nicht-Gleichgewicht-Greens-
Funktionen haben wir die Berechnungen zum spinabhängigen Transport durchgeführt und
bei kleineren Abständen zwischen der RTM-Spitze und dem Substrat einen Magnetowider-
standseffekt von etwa 70% beobachtet. Au”serdem haben wir unsere Untersuchungen
auf Molekül-Atom-Sandwiches auf Metalloberflächen erweitert, wobei unsere Studien klar
gezeigt haben, da”s der Magnetismus und die Leitfähigkeit in den Molekül-Atom-Junktionen
mit Hilfe der RTM-Spitze beeinflu”st werden kann. Zum Beispiel, indem man den Abstand
zwischen der RTM-Spitze und dem Substrat variiert, kann das magnetische Moment adsor-
bierten eines Co-atoms ein- und ausschalten werden.

The interaction of the scanning tunnelling microscopy (STM) tip with adatoms and
molecules on metal surfaces is studied with ab initio calculations. All the Calculations are
performed within the framework of the density functional theory in fully relaxations. We
focus on the interaction between single magnetic adatoms on metal surfaces and magnetic
or non-magnetic STM tip. The interplay between structural relaxations and magnetic
properties of a single-atomic junction is revealed, which explains the experimental results
very well. It is demonstrated that the spin direction of a single 3d magnetic adatom can
be controlled with a magnetic STM tip by varying the tip-substrate distance, the exchange
interaction between the tip and the adatom is found to be the driving force for this effect.
Based on the non-equilibrium Green function method, we perform spin-dependent transport
calculations and find a magnetoresistance of about 70% at short tip-substrate distances. We
also extend our studies to molecule-atom sandwiches on metal surface, our studies give clear
evidence that magnetism and conductance in molecule-atom junctions can be tailored by
the STM tip. Varying the tip-substrate distance the magnetic moment of the Co adatom
can be switched on/off.
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Chapter 1

Introduction

Since the invention of scanning tunneling microscopy (STM) by Binnig and Rohrer in
1981[1, 2], STM has become a powerful tool in the field of surface science, nanoscience
and nanotechnology. It offered for the first time the possibility of direct, reals-space deter-
mination of surface structure in three dimensions. And it earned its inventors, G. Binnig
and H. Rohrer, the Nobel Prize in Physics in 1986. Here, we briefly review the theory of the
scanning tunneling microscopy/spectroscopy (STM/STS) and demonstrate that STS data
are proportional to the calculated density of states of the tip and the sample as a function
of the tip-substrate separation. It helps us to understand physics behind the observed ex-
perimental phenomena, and to compare the experimental data with the theoretical results
obtained from the first principle calculations. In the chapter, we also concentrate on the in-
teraction of the STM tip with adatoms and molecules on metal surfaces. Several important
experiments on the electronic and magnetic properties of the adatoms and molecules are
shortly reviewed. At first, we show the ability to manipulate a single atom and a molecule
with the STM tip. Then, the possibility to tailor the magnetic properties of adatoms and
molecules is demonstrated.

1.1 Theory of the STM

The physics of the STM is based on the quantum tunneling effect. In classic mechanics, an
electron facing a potential barrier of an arbitrary form U(x) has no possibility to overcome
it without obtaining an extra energy. According to quantum mechanics, the electron can
directly tunnel through the potential barrier. The tunneling probability is described as :

T (E) ∼ exp

[
−2
~

∫ x2

x1

√
2m(U(x)− E)dx

]
(1.1)

where x1 and x2 bound the region of the nonzero barrier U(x).
Fig.1.1 shows an energy level diagram for the system consisting of the sample and the

tip[3]. When the tip and the sample are separated far away, they are independent and
their vacuum levels are equal. The Fermi level of the sample and tip lie below the vacuum
level Evacuum by their respective work functions Φs and Φt, as shown in Fig.1.1 (a). If the
STM tip and the sample are in thermodynamic equilibrium, their Fermi levels are equal, as
shown in Fig.1.1 (b). When a voltage V is applied to the sample, its energy level will be
rigidly shifted upward or downward in energy by the amount |eV|, depending on whether
the polarity is negative or positive. With a positive bias, the net tunneling current arises

3



4 Chapter 1. Introduction

Figure 1.1: Energy level diagram for sample and tip. (a) Independent sample and tip. (b)
Sample and tip at thermodynamic equilibrium, separated by small vacuum gap. (c) Positive
sample bias: electrons tunnel from the tip to the sample. (d) Negative bias: electrons tunnel
from the sample into the tip. The figure is adopted from [3].

from electrons that tunnel from the occupied states of the tip into the unoccupied states of
the sample, as shown in Fig.1.1 (c). With a negative sample bias, the situation is reversed,
and electrons tunnel from occupied states of the sample into the unoccupied states of the
tip, as shown in Fig.1.1 (d).



1.1. Theory of the STM 5

Figure 1.2: Schematic picture of tunneling geometry. Probe tip has arbitrary shape but
is assumed locally spherical with radius of curvature R, where it approaches nearest the
surface (shaded). Distance of nearest approach is d. Center of curvature of tip is labelled
r0. The figure is taken from [4]

.

Tersoff and Hamann proposed a simple model to describe the STM theoretically[4]. In
their model, the tip is assumed to be spherical with radius of R at point r0, as shown in
Fig.1.2. The distance between the tip and the surface is d. The tunneling current is given
in Bardeen’s formalism by[5]:

I =
2πe

~
∑
µ,ν

f(Eµ)[1− f(Eν + eV )] |Mµν |2 δ(Eµ −Eν) (1.2)

where f(E) is the Fermi function, V is the applied voltage, Mµν is the tunneling matrix
element between states Ψµ of the tip and Ψν of the surface, and Eµ is the energy of state
Ψµ in the absence of tunneling. The tip can be replaced by a point probe, following Tersoff
and Hamann, which represents the idea of a nonintrusive measurement of the surface, with
the maximum possible resolution. Matrix element and the tunneling current is proportional
to the surface local density of states (LDOS) at the position of the tip.

To calculate matrix element Mµν , Bardeen has shown that[5]:

Mµν =
~2

2m

∫
(Ψ∗

µ∇Ψν −Ψν∇Ψ∗
µ)ds (1.3)

where the integral is over any surface lying entirely within the vacuum region separating
the two sides. To calculate Mµν , the sample (surface) wavefunction is expanded in the form

Ψν =
1√
Ωs

∑

G

aGexp[z
√

(κ2 +
∣∣k‖ + G

∣∣2) + i(k‖ + G) · x] (1.4)

Here Ωs is sample volume, κ = ~−1
√

2mΦsample is the minimum inverse decay length for
the wavefunction in vacuum, Φsample is the work function, k‖ is the surface Bloch wave
vector of the state, and G is a surface reciprocal-lattice vector.
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The wavefunctions of the tip are taken to have the asymptotic spherical form

Ψµ =
1√
Ωt

ctκReκR 1
κ |r− r0|e

−κ|r−r0| (1.5)

where Ωt is the tip volume. We assume for simplicity that work function Φ for the tip is
equal to that of the surface.

Finally, Tersoff and Hamann obtained matrix elements:

Mµν =
~2

2m
4πκ−1 1√

Ωt
κReκRΨν(r0) (1.6)

and the tunneling current:

I =
32π3e2

~
V ρtip(EF )

φ2

κ4
R2e2κRρsample(r0, E) (1.7)

where ρtip(EF ) is the density of states per unit volume of the tip, and ρsample(r0, E) is
the surface local density of states at the point ro. Note that in the formula the tunneling
current exponentially depends on the tip-surface separation. Therefore, a small change in
the tip-adatom distance would induce a strong increase in the tunneling current, which will
be discussed in detail later.

1.2 Manipulation of atoms and molecules with STM

STM can be used to fabricate nanostructures, which was demonstrated for the first time by
Eigler and Schweizer. Nowadays, atomic manipulation is an ordinary experiment technique
employed in a large number of studies[6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20].

1.2.1 Positing single atoms with the STM

The tip of the STM always exerts a finite force on an adsorbed atom. The force contains both
Van der Waals and electrostatic contributions. Both of the magnitude and the direction
of the force can be tuned by adjusting the position and the voltage of the tip. There are
two procedures of the STM manipulation: lateral manipulation and vertical manipulation.
Generally, it requires less forces to move an atom along a surface (lateral manipulation)
than to pull it away from the surface (vertical manipulation). Thus it is possible to use
the STM tip to pull the atom across the surface while the atom still remains bound to the
surface. Therefore, special nanostructures can be fabricated with the STM.

Eigler and Schweizer[7], for the first time, used the STM at low temperature to control
the position of individual xenon atoms on a single-crystal nickel surface and formed the logo
of the IBM company. They placed the tip directly above the xenon atom to be moved, then
lowered the tip towards the atom to increase the interaction between the tip and the atom
until attractive forces between them are sufficient large to keep the atom located beneath
the tip when the tip is subsequently moved across the surface. The atom was dragged to
the desired destination. Then the tip was withdrawn by reducing the tunnel current, which
effectively terminates the attraction between the atom and the tip, leaving the xenon atom
bound to the surface at the desired location. Repeating the procedure several times, a
new nanostructure was fabricated, as shown in Fig.1.3. With the method, it is possible
to construct nanostructures on our own design, atom by atom. Different shapes of the
nanostructure on flat surface has been made with such method.
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Figure 1.3: Xenon atom on a Ni(110) surface at low temperature 4 K. Each letter is 50
Å from top to bottom. The figure is adopted from [7].

Figure 1.4: Atom extraction. (a) A 3D STM image of a silver nanocluster deposited by
tip-surface contact. The tip is brought close to the protruded part of the cluster and then
moved laterally towards a destination on the surface. (b) The STM image acquired after
this shows a height reduction of the cluster protrusion and the extracted atom on the surface
destination. The figure is taken from [21].
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Recently, Deshpande et al., demonstrated the ability of extraction and manipulation of
individual atoms on three dimensional nanoclusters [21]. A silver cluster was deposited on
a large terrace on a Ag(111) surface. The irregularities in the cluster, seen as protrusions in
three-dimensional images, were chosen to be the ideal target zone to extract the atoms with
ease, as shown in Fig.1.4 (a). For the atom extraction, the tip was initially positioned near
a protrusion of the cluster, and the tip height was then reduced to increase the tip-cluster
interaction. The tip was laterally moved from one side of the cluster towards the terrace
for a short distance in constant current mode. Fig.1.4 (b) shows the STM image after the
manipulation confirming the successful atom extraction. The atom-extraction process is
different from the atom manipulation on a flat surface because it involves removing the
topmost cluster atom and then moving it along a rough terrain on a three-dimensional
cluster surface. Combined total energy calculations and molecular dynamics, it was demon-
strated that the energy barrier for a silver atom to diffuse over the Ag(111) step edge was
greatly reduced (less than 50 meV) during approaching the tip to the cluster. The work
of Deshpande et al., not only provided a fundamental understanding of the influence of
distance-dependent tip-cluster interaction but also opens a novel route to produce single
atoms for future nanoscale experiments or for atomistic constructions.

1.2.2 Single molecule manipulation

Figure 1.5: Schematic diagrams showing the different steps in the formation of a single bond
with the STM. The binding sites are determined by imaging the adsorbed species with a
CO molecule attached to the tip. The sizes of the circles are scaled to the atomic covalent
radii. A) The tip is positioned over a single CO molecule to induce the detachment of CO
from Ag and its bonding to the tip. Because CO forms a bond predominantly through the
carbon, a 180o rotation of the CO occurs in the transfer. (B) The tip with the attached
single CO molecule is translated (indicted by the arrow) and positioned over an Fe atom.
(C) The bias voltage and the flow of electrons are reversed, inducing the transfer of CO
from the tip to the Fe. (D) A single Fe-CO bond is formed. The figure is taken from [22].

STM allows to manipulate single molecules adsorbed on surfaces in the same way as it
is performed for adatoms. STM/STS can provide an insight into the properties of molecules
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Figure 1.6: A sequence of STM topographical images recorded at U = 70 mV and I = 0.1
nA tunneling current, and 13 K to show the formation of Fe-CO bond with the prescribed
method (Fig.1.5). The size of each image is 63 Å by 63 Å. Fe atoms image as protrusions
and CO molecules as depressions. The white arrows indicate the pair of adsorbed species
involved in each bond formation step. (A) Five Fe atoms and five CO molecules are adsorbed
in this area of the Ag(110) surface. One CO is very close to an Fe atom (indicated by the
red arrow). (B) A CO molecule has been manipulated and bonded to an Fe atom to form
Fe(CO). (C) Another Fe(CO) is formed by binding CO to a second Fe atom. (D) An
additional CO has been bonded to Fe(CO) to form Fe(CO)2. A 180o flip is observed for the
remaining Fe(CO). The figure is adopted from [22].

governed by quantum effects, like bonding, adsorption orientation, and magnetic properties
[19, 22, 23, 24, 25, 26, 27, 28, 29].

Vibrational spectroscopy is a powerful tool for the analysis of molecules adsorbed on
surfaces. Knowledge of the active vibrational modes of a molecules, as well as the vibrational
energies, can lead to an understanding of its adsorption site, orientation, and changes in
bonding upon adsorption. The vibrational spectra can be obtained from molecules adsorbed
at the buried metal-oxide interface of a metal-oxide-metal tunneling junction[30]. However,
it is difficult to characterize the molecule because it is buried within the junction in a
complex environment.

The metal-oxide-metal junction can be replaced by a STM tunnel junction: a sharp tip,
a vacuum gap of several angstroms, and a surface with the adsorbed molecules[19]. The
combination of atomic resolution and vibrational spectroscopy also allows the creation of
atomic-scale spatial images of the inelastic tunneling channel for each vibrational mode, in
a manner similar to that used to map out the electronic density of state with the STM.
Lee et al., used a STM to manipulate the bonding of a carbon monoxide (CO) molecule on
an iron (Fe) adatom on silver (110) surface and to analyze the structure and vibrational
properties of individual products[22]. They positioned the tip over a single CO molecule,
with a vertical manipulation, the molecule was transferred from the surface to the STM
tip, then with the lateral manipulation the molecule is bonded with an Fe atom forming
Fe(CO) complex, as shown in Fig.1.5. A second CO molecule was similarly transferred and
bonded with Fe(CO) to form Fe(CO)2, see Fig.1.6. Using the single-molecule vibrational
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spectra, the C-O stretch of Fe(CO) and Fe(CO)2 was obtained, and the isotope effect
can also be distinguished. The ability to control step-by-step bond formation of adsorbed
chemical species at the single-molecule level provides a real-space understanding and direct
visualization of the nature of the chemical bond.

1.3 Probing magnetic properties of adatoms and molecules
with STM

There are a lot of experimental techniques allowing to probe an average magnetism of the
surface system. STM/STS provides an unique possibility to access local magnetic properties
of single adatoms, small clusters and molecules. Here we describe techniques exploiting the
Kondo effect.

The Kondo effect appears[31] when a magnetic atom is put in a nonmagnetic metal host
forming a smallest magnetic structure. The Kondo effect is caused by the coupling between
spins of the impurity magnetic atom with spins of the surrounding conduction electrons. At
high temperature, the spins of the conduction electrons in the host metal weakly interact
with the spin of the impurity magnetic atom. For temperature below a characteristic Kondo
temperature (TK), there is a strong coupling between the spins of the impurity atom and
the spins of the surrounding host metal, and the magnetic moment of the impurity magnetic
atom is screened entirely by the spins of the electrons in the host metal.

1.3.1 Probing magnetism of single adatoms

Figure 1.7: (a) A pair of dI/dV spectra taken with the STM tip held over a single Co
atom and over the nearby bare Au surface. The feature identified as a Kondo resonance
appears over the Co atom (the ratio of the amplitude of the resonance feature to the overall
conductivity is 0.3). Dashed curve shows a fit to the data with a modified Fano theory, the
figure is taken from [32]. (b) dI/dV spectra: (a) on a single Ce adatom at T = 5 K, (b) on
a Ce cluster at T = 50 K, and (c) on a Ce film of more than 10 monolayer thickness at T
= 50 K. Tunneling parameters prior to opening the feedback: (a) V = 200 mV, I = 0.1 nA,
(b) V = 500 mV, I = 1 nA, (c) V = 350 mV, I = 1 nA. The figure is adopted from [33].

For the first time the Kondo resonance on a single magnetic adatom on metal surface
was observed by Madhavan et al., [32] for Co on Au(111) and Li et al., [33] for Ce on
Ag(111). Their STM/STS studies of individual magnetic atoms coupled to the nonmagnetic
substrate demonstrated a spectral feature with an asymmetric line shape at the Fermi level,
that was identified as the Kondo resonance (an example of such a feature is demonstrated
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in Fig.1.7.). The non-Lorentzian shape of the feature was understood as a Fano resonance
for an interacting discrete state coupled to a continuum of conduction electrons [33, 32].
Theory unambiguously linked the shape of Fano resonance to the Kondo temperature of
the system, i.e. the energy difference between the correlated singlet and the corresponding
doubled states [34]. Madahavan et al., obtained the Kondo temperature equal to 70 K for Co
on Au(111) [32]. Experiments performed for Co on Cu(111) and Cu(001) yield comparable
values ≈ 54 K and 88 K respectively [13, 35]. Both for Cu(001) and Cu(111) systems, the
Kondo resonance is detectable only close to the adatoms for r < 10 Å, indicating that the
electrons of the Cu(111) surface state play only a minor role in forming the Kondo resonance
[35]. However, the surface state confinement in the elliptical resonator was demonstrated to
cause the coherent projection of the Kondo resonance at the Co atom placed in the ellipse
focus onto the empty focus[13, 36] , as shown in Fig.1.8 and Fig.1.9.

Figure 1.8: (a), (b), Topographs showing the e=1/2 (a) and e=0.786 (b) ellipse each with
a Co atom at the left focus. (c), (d), Associated dI/dV difference maps showing the Kondo
effect projected to the empty right focus, resulting in a Co atom mirage. The figure is
adopted from [13].

1.3.2 Tailoring magnetic exchange coupling between adatoms

The Kondo effect can be utilized to determine the exchange interaction between adatoms
on surfaces. The indirect RKKY coupling between adatoms is involved in the formation
of the correlated singlet state[37, 38, 39]. Theory predicts several realizations of such a
problem depending on the adatom-adatom exchange interaction value J . A new correlated
state with the new Kondo temperature T ′K = (TK)2/|J | appears when the ferromagnetic
(FM) interaction J between two adatoms is much stronger than the Kondo binding energy
kBTK [11, 38]. This phenomenon was reported by Chen et al., for Co dimers on Au(111)
substrate [11]. They observed abrupt disappearance of the Kondo resonance when Co-Co
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Figure 1.9: The LDOS at the Fermi energy on the Co adatom and the Co atoms of the
corral walls are shown. The spin polarization of surface-state electrons inside the Co corral
is presented in color: ∆N ↑ and ∆N ↓ are determined by the difference between LDOS
near the Fermi energy (+10 meV) of the Co corral with the Co adatom, the empty Co
corral, and the single Co adatom on the open Cu(111). The mirage in the empty focus is
marked by the red arrow. The geometrical parameters of the corral are the same as in the
experimental setup of , i.e., semiaxis a=71.3 Å and eccentricity ε=0.5. The figure is taken
from [36].

separation became less than 6 Å. Recent investigations of Wahl et al [37]., have provided
a better insight in the matter of the problem, as shown in Fig.1.10. Oscillating behavior
of RKKY interaction between two Co adatoms on Cu(100) substrate permits to obtain the
antiferromagnetically (AFM) coupled Co dimer at certain separation [37]. If the antifer-
romagnetic interaction J is very strong, a net dimer singlet state is formed abolishing the
Kondo effect [38, 39, 40]. Intermediate AFM coupling results in the split of the Kondo
resonance, so a singlet state is formed between the impurities and two peaks at energies
±J/2 arise in the impurity density of states [39]. Even for smaller antiferromagnetic inter-
actions a single-impurity Kondo resonance is recovered but its width is increased. Wahl et
al. clearly demonstrated that the exchange interaction value could be extracted from Fano
resonances in STS spectra. Their experimental values for Co on Cu(100) are reported to
be in a very good agreement with ab initio calculations. Ab initio calculations predicted
that the exchange interaction between magnetic impurities on noble metal substrates at
large adatom-adatom separations is mediated by surface states electrons [36], but to our
knowledge no experiments have been conducted yet.

1.3.3 Controlling magnetic properties of a single molecule

Recently, Iancu et al., demonstrated that the Kondo temperature of a single molecule can
be tuned by changing the conformation of the molecule with a STM[41]. The TBrPP-Co
(where TBrPP is 5,10,15,20-tetrakis(4-bromophenyl)porphyrin) molecule is composed of a
porphyrin unit with a Co atom caged at the center and four bromophenyl groups at the end
part. It has two conformations: saddle (the adsorption height of the center part is higher
than other parts) and planar (the surface of the molecule is parallel to the substrate), as
shown in Fig.1.11. The interaction between the spin of the cobalt atom and free electrons
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Figure 1.10: Kondo resonance of cobalt dimers on Cu(100) measured by STS at 6 K. As
a consistency check, spectra taken on both ends of the dimers are shown (green and black
dots) to be equivalent. (a) Model, topography, and spectra for (from top to bottom) a
compact dimer (2.56Å), a dimer at 5.12, at 5.72, at 7.24, at 7.68, at 8.10Å, and for a single
adatom at infinite distance ( > 20Å) are depicted. The spectra are shown together with
fits of a Fano function (red solid line), for the dimer at 5.12Å also a simulated curve with
J=15 meV and Γ = 1.2T0

K is plotted (blue solid line). For the dimer at 5.12Å, a linear
background had to be taken into account to obtain a reasonable fit for a Fano function
(spectra shifted vertically for clarity). The figure is adopted from [37].

from the Cu(111) substrate can cause a Kondo resonance. Two conformations of isolated
single TBrPP-Co molecules on a Cu(111) surface are switched by applying +2.2 V voltage
pulses from a STM tip at 4.6 K. Tunneling spectroscopy data reveal that switching from
the saddle to the planar molecular configuration enhances spin-electron coupling, which
increases the associated Kondo temperature from 130 to 170 K.

Nearly one year later, Hla et al., has grown the TBrPP-Co molecule (planar confor-
mation) on Cu(111) surface, which self-assembled molecule ribbon on the surface[42] (see
Fig.1.12). As we know, the Kondo temperature is related to the density of the conducting
electrons ρ and the exchange coupling J at the magnetic impurity as:

TK ∝ exp[−(1/ρJ)] (1.8)

Thus, variation of ρ or J or both would change the Kondo temperature. The center TBrPP-
Co molecule is surrounded by six neighbors (see Fig.1.12). By removing the nearest neighbor
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Figure 1.11: Two conformations of the TBrPP-Co molecule: saddle (left) and planar (right).
Blue and pink color balls represent bromine and carbon atoms, respectively. The figure is
taken from [41].

molecules one by one, from 6 to 0, the center molecule is increasingly exposed to the surface
state electrons. This should increase ρ, and thus the associated Kondo temperature should
rise.

1.3.4 Manipulating magnetism of a molecule by changing its structure

The ability to control and manipulate individual spins and the coupling of single spins to
their environment is at the basis of prospective quantum technologies, where miniaturiza-
tion reaches the atomic level. Recently, Wahl et al., demonstrated the ability to tune the
coupling between the spin of individual cobalt adatoms with their surrounding by controlled
attachment of molecular ligands[43]. It has been demonstrated that it is possible to put car-
bon monoxide molecule on magnetic atoms, as shown in Fig.1.5. By increasing the number
of ligand CO molecules on a Co adatom from two to four, the Kondo temperature changes
from 88 K for a single Co adatom to 283 K for Co(CO)4 complex, as shown in Fig.1.13.
Since the Kondo resonance is a signature of the spin of the complexes, it can be exploited
as a sensor for its magnetic properties. The behavior of the Kondo temperature of the
complexes as a function of the number of ligands can be understood in the Kondo model.
The bonds between the CO molecules and the cobalt adatom would increase the coupling
to the substrate conduction electrons. Therefore the Kondo temperature increases with the
number of ligand CO molecules.

Zhao et al., demonstrated that the Kondo temperature of a cobalt phthalocyanine
(CoPc) molecule adsorbed on a Au(111) surface can be controlled by modifying the structure
of the molecule[44]. In experiments, they cut eight hydrogen atoms away from the molecule
with voltage pulses from a STM tip (dehydrogenation process, as shown in Fig.1.14), and
the center of the dehydrogenated CoPc (d-CoPc) molecule increase 0.8 Å in height. A very
strong Kondo resonance appears near the Fermi level for the d-CoPc molecule, see Fig.1.15.
In theoretical calculations, the magnetic moment of the CoPc molecule is quenched to 0 µB

when it adsorbs on the Au(111) surface. After dehydrogenation process, four lobes of the
molecule chemically bond to the gold substrate and the magnetic moment of the d-CoPc
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Figure 1.12: Kondo temperature tuning. (a) A sequence of STM images of different nn
molecules created by removing one molecule at a time with the STM tip (left) from the
hexagon and corresponding models (middle). The calculated electron standing wave pat-
terns reveal a gradual exposing of the center molecule (indicated with a red circle) to the
surface state electrons. Here white and black colors in the calculated images represent
higher and lower electron densities, respectively. The black region under the molecular
clusters indicates a reduction of surface electronic charge density. (b) The dI/dV spectra
are measured at each step by positioning the tip above the center molecule (indicated with
red dot). The spectra are vertically and horizontally displaced for clarity. Horizontal dis-
placements of 3 to 10 meV are taken for the spectra representing nn6, nn5, nn4, nn2, and
nn1. (c) The plot of Kondo temperature as a function of the number of nearest neighbors.
The figure is taken from [42].
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Figure 1.13: Models, STM topographies, and STS spectra in the center of the Co adatoms
and complexes under investigation: (a) Cobalt adatom, (b) Co(CO)2 (constantly flipping;
from the spectrum a linear background has been removed), (c) Co(CO)3, (d) Co(CO)4.
Models and topographies in (a)-(d) drawn to the same scale. The solid lines in the spectra
are fits of a Fano function. The figure is adopted from [43].

molecule is nearly recovered to that of its free standing state. This paper demonstrates
an ability to change the magnetic states of a molecule by directly modifying its structure
via single-molecule manipulation and it gives direct microscopic evidence of how specific,
well-characterized molecule contact configuration leads to different electronic and spin be-
haviors. Later on, a number of studies dealing with MPc (where M denotes magnetic atom)
molecules have been performed[45, 46, 47, 48].
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Figure 1.14: (Top) An STM tip is used to snip hydrogen atoms from a single cobalt ph-
thalocyanine (CoPc) molecule lying on a gold surface. (Bottom) The trimmed molecule
protrudes from the surface and is surrounded by a cloud of electrons that represent the
Kondo screening cloud about the cobalt ion spin. The figure is taken from [49].

Figure 1.15: (a) Structural formula of the CoPc. Hydrogen atoms 2 and 3 of one lobe were
dissociated in our experiments. (b) Kondo resonance of d-CoPc at different temperatures.
Typical dI/dV spectra measured at the center of a CoPc molecule at 5 K (black line),
showing a d2

Z orbital-mediated tunneling resonance, and a d-CoPc molecule at 5, 90, and
150 K (colored lines), showing strong resonance near EF . Spectra from bare Au(111) (gray
line) is shown for comparison. The figure is adopted from [44].





Goals of the work

In this work we concentrate on the interaction of the STM tip with adatoms and molecules
on metal surfaces.

The following problems are addressed:

• The effect of the STM tip on electronic and magnetic properties of the magnetic
adatoms and molecules on metal surfaces.

• The effect of the STM tip on an atomic diffusion on surfaces.

• The possibility to manipulate single spins on metal surfaces by a spin polarized STM
tip.

• Interplay between structure and magnetism in a single atom junction.
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Chapter 2

Methods of the calculation

2.1 Density functional theory

During two past decades, computer simulations, which are based on a quantum-mechanical
description of interactions between atoms have strongly influenced the development of ma-
terial science. All the calculations presented in this work are based on the density function
theory (DFT). DFT is a quantum mechanical theory used in physics and chemistry to in-
vestigate the electronic structure (principally the ground state) of many-body systems, in
particular atoms, molecules and condensed phases. Within this theory, the properties of
a many-electron system can be determined by using functionals, i.e. functions of another
function, which in this case is the spatially dependent electron density. The DFT has been
proposed in 1960s by Hohenberg, Kohn and Sham [50, 51]. This theory is based on two
theorems, which demonstrate that electron density ρ(r) plays a central role and can be
used as a fundamental variable for the description of any many-body electronic system.
Within the framework of the DFT, the intractable many-body problem of interacting elec-
trons in a static external potential is reduced to a tractable problem of non-interacting
electrons moving in an effective potential. Usually DFT calculations for solid-state systems
describe experimental data quite satisfactorily. Quantum-mechanical many-body effects
are taken into account using different exchange-correlation potentials. Since the exact form
of exchange-correlation potential is not known, there are several approaches for its con-
struction. In this work, two wide-spread approaches are used: local-density approximation
(LDA) and generalized-gradient approximation (GGA).

2.1.1 Hohenberg-Kohn Theorems

Following Ref. [50], below we concentrate on a system of N electrons confined in a volume
at the presence of an external potential v(r). The Hamiltonian of this system Ĥ takes the
following form:

Ĥ = T̂ + V̂ + Û , (2.1)

where T̂ is the operator of kinetic energy, V̂ is the operator of interaction energy of the
electron gas and the external potential v(r), Û is the operator of electron-electron (Coulomb)
interaction:

T̂ = −
N∑

i

∇2, (2.2)

21
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V̂ = V (r), (2.3)

Û = −
N∑

i 6=j

1
|ri − rj | , (2.4)

The following system of atomic units are used: ~=1, me=0.5, e2=2 and a0=0.5292 Å -
Bohr radii.

According to the first theorem the total energy E of the ground state of an arbitrary
electronic system is a universal functional E[ρ] of the electronic density ρ(r). Additionally,
one can always separate the term responsible for the interaction of electronic gas with the
external potential v(r) from E[ρ]:

E[ρ] =
∫

drv(r)ρ(r) + F [ρ], (2.5)

where F [ρ] is the functional of ρ(r) only. E[ρ] equals to the ground-state energy E0 for the
correct ρ(r).

According to the second theorem, E[ρ] assumes its minimum for the correct value of
ρ(r), if the admissible functions are restricted by the condition:

N [ρ] ≡
∫

drρ(r) = N, (2.6)

here N is the total number of particles in the system.
Let us denote (i) ρ0(r) - the electronic density of the ground state of the system of N

electrons in an external field v(r) and (ii) F̂ = T̂ + Û . Then two following conditions are
satisfied [52]: ∫

drv(r)ρ(r) + F [ρ] ≥ E0, (2.7)

∫
drv(r)ρ0(r) + F [ρ] = E0. (2.8)

Thus, electronic density of the ground state ρ0(r) is defined by minimization of the functional
(2.5). The electronic density corresponding to the minimal value of the total energy of the
system E0 is the electronic density of the ground state.

2.1.2 Kohn-Sham equations

Two theorems discussed in the previous section are very important, since they allow to
reduce an intractable many-body problem of interacting electrons in a static external po-
tential to a tractable problem of non-interacting electrons moving in an effective potential.
According to the results of the previous section, our goal is to minimize E[ρ]. Taking µ
as a Lagrange coefficient, and using (i) condition (2.7) and (ii) the functional minimization
principle [53], we obtain the Euler equation

δE[ρ]
δρ(r)

= µ. (2.9)
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Since the explicit form of the functional E[ρ] is unknown, let us transform it to the following
form

E[ρ] = Ts[ρ] +
1
2

∫
drdr′

ρ(r)ρ(r′)
|r− r′| +

∫
drv(r)ρ(r) + Exc[ρ], (2.10)

here Ts is the functional of kinetic energy of non-interacting electronic gas, the second
term describes electron-electron Coulomb interactions, the third term-interactions with the
external potential, the fourth term, so called exchange-correlation functional is defined as:

Exc[ρ] = F [ρ]− Ts[ρ]− 1
2

∫
drdr′

ρ(r)ρ(r′)
|r− r′| . (2.11)

This equation is derived from Eq.(2.5), if one picks out Coulomb and kinetic energy from
F [ρ]. The Euler equation (2.9) takes the following form:

δTs[ρ]
δρ(r)

+ veff (r) = µ, (2.12)

where
veff (r) = v(r) + 2

∫
dr

ρ(r)
|r− r′| + vxc(r), (2.13)

vxc(r) ≡ δExc[ρ]
δρ(r)

. (2.14)

Formulae (2.12) is the equation for non-interacting particles in an external potential veff (r).
Thus, considering veff (r) we can calculate ρ(r) and Ts[ρ], when the single-particle Schroedinger
equation with an external potential veff (r) is solved:

[−∇2 + veff (r)]Ψi(r) = εiΨi(r), (2.15)

ρ(r) =
N∑

i=1

|Ψi(r)|2. (2.16)

Equations (2.15), (2.13) and (2.16) form self-consisted Kohn-Sham equation [51].
Since the term vxc(r) depends on ρ(r), which depends on Ψ(r), which in turn depends

on vxc(r), the problem of solving the Kohn-Sham equation has to be done in a self-consistent
(i.e. iterative) way. Usually one starts with an initial guess for ρ(r), then calculates the
corresponding vxc(r) and solves the Kohn-Sham equations for the Ψ(r). From these one
calculates a new density ρ(r) and starts again. This procedure is then repeated until
convergence is reached.

2.1.3 LDA and GGA

The main problem related to the Kohn-Sham equation is the absence of knowledge about the
form of exchange-correlated functional Exc[ρ], and thus about vxc(r). Kohn and Sham have
proposed the following method, so-called local spin density approximation (LDA), in order
to solve this problem [51]. According to LDA, an inhomogeneous system is considered
as a number of small volumes, and each small volume contains homogeneous interacting
electron gas. Involving exchange-correlation energy per small volume εxc(ρ↑, ρ↓) of the
spin-polarized electron gas (with spin densities ρ↑ and ρ↓), the total exchange-correlation
energy of the system can be written as

Exc[ρ] =
∫

drε(ρ↑, ρ↓)ρ(r). (2.17)
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The total energy of the system is given by

E[ρ] =
∑

i

ε− 1
2

∫
drdr′

ρ(r)ρ(r′)
|r− r′| +

∫
drρ(r)[εxc(r)− vxc(r)]. (2.18)

As a result, the problem of exchange-correlation in an inhomogeneous system is reduced to
the calculation of the density of exchange-correlation energy εxc for a homogeneous electron
gas. A certain number of parameterizations have been developed in order to find this density
[54, 55, 56, 57].

LDA gives exact solution of the Kohn-Sham equation in the limit of the slow changing
spin densities. One could expect that this approximation gives reasonable results only for
the systems, where ρ(r) doesn’t modify substantially at distances ∼k−1

F . Nevertheless, in
practice the results obtained in LDA for many other systems of atoms and molecules give
quite precise agreement with the experiment, than it was expected a priori (see Ref. [58]
for review of successful applications of LDA).

Generalized gradient approximation (GGA) is still local but also take into account the
gradient of the density at the same coordinate:

Exc[ρ] =
∫

drε(ρ↑, ρ↓,∇ρ↑,∇ρ↓)ρ(r). (2.19)

Using GGA very good results for molecular geometries and ground-state energies have been
achieved.

2.2 Solving the Kohn-Sham equation

The Kohn-Sham equation (2.15) can be written in the following form:

ĤKSΨi = εiΨi (2.20)

the Kohn-Sham eigenvector Ψi can be described in terms of a basis set:

Ψm(r) =
P∑

p=1

cm
p φp(r) (2.21)

Having choose a basis (and hence a finite value for P ), we realize that we can tackle
equation (2.20) numerically as an eigenvalue problem. Thus we have equation:




. . . . . . . . .
...

〈
φi|ĤKS |φj

〉
− ε 〈φi|φj〉

...
. . . . . . . . .







c1
...

cP


 =




0
...
0


 (2.22)

We recognize here the matrix elements of the Kohn-Sham Hamiltonian in the basis states,
and the overlap matrix elements Sij .

The overlap matrix is defined as:

S(R) = 〈φ1|φ2〉 =
∫

φ∗1(r)φ2(r−R)dr (2.23)

where the integral is over all space and φ1, φ2 are basis function.
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Diagonalization of the Hamiltonian matrix will lead to P eigenvalues and P sets of coef-
ficients that express each of the P eigenfunctions in the given basis (if more eigenfunctions
are needed, P must be increased). The larger is P , the better is the approximation of the
eigenfunction, but is more time-consuming the diagonalization of the matrix in equation
(2.22).

Solution of equation(2.22) gives the density matrix as:

D =
NEF∑

l

|Ψl〉 〈Ψl| =
NEF∑

l

∑

i

∑

j

ci
lc

j∗
l |Ψl〉 〈Ψl| (2.24)

where NEF
is the number of occupied states up to the Fermi level.

Therefore the matrix elements of the density matrix expressed over the basis set φp are
equal to

Dij =
∑

l

ci
lc

j∗
l f(εl −EF ) (2.25)

The electron charge density is just the diagonal elements of the density matrix in the
real-space representation

〈r|D|r〉 = nr =
∑

i,j

φi(r)Dijφj(r) (2.26)

The steps presented above are iterated until a self-consistent solution for the charge
density is obtained. In other words, we start with a initial charge density n0 which is used to
calculated the effective potential Veff (r). We then calculate the Hamiltonian elements Hij .
By diagonalizing this Hamiltonian we find the Kohn-Sham eigenstates |Ψl〉 which provide
a new density matrix calculated using equation(2.24). This density matrix is subsequently
projected onto the basis set to calculate a new electron charge density n1. This procedure
is repeated until the convergence criteria is satisfied

∥∥nj − nj+1
∥∥ < δ, (2.27)

where δ is a tolerance parameter.

2.3 Pseudopotential methods

In most DFT implementations one uses pseudopotentials to get rid of the core electrons.
The idea is to replace the true atomic potential and the chemically inert core electrons with
an effective potential (the pseudopotential). The pseudopotential yields very smooth tails
of wavefunctions inside the atom, and continuously evolves into the true potential in the
outer regions of the atom, which provides the same description for the valence electrons.
As a result the computations simplify since one just has to solve for the valence electronic
structure.

2.3.1 Vienna Ab-initio Simulation Package (VASP)

Even with the simplifications introduced by DFT the development of efficient and accurate
algorithms required for solving Kohn-Sham equations for dominant number of systems is a
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non-trivial task. An important step was made by George Kresse and co-workers, who devel-
oped for these purposes the Vienna Ab-initio Simulation Package, better known as VASP
[59, 60, 61, 62]. VASP is a package for performing ab initio quantum mechanical molecular
dynamics and molecular static calculations using either Vanderbilt pseudopotentials [63], or
the Projector Augmented Wave Method and a plane wave basis set [64]. The calculations
are performed within the DFT formalism. All functionals are employed in VASP code in a
spin-degenerate and spin-polarized versions. LDA and GGA are the most frequently used
functionals. Usually, a LDA functional give the over-binding tendency of an atom-atom
interaction, that leads to underestimated lattice constant of a studied system. On the con-
trary, GGA corrects the over-binding tendency of LDA and yields a correct answer in a
certain number of cases, where LDA fails (for example, prediction of the correct ground-
state of Fe (ferromagnetic) and Cr (anti-ferromagnetic), which are both predicted by LDA
to be non-magnetic)) [65].

The Kohn-Sham equations within VASP code are solved iteratively, using an expansion
of the orbitals in terms of the plane wave basis set:

Ψn
K =

∑

K

cn,k
K ei(k+K)·r (2.28)

In practice we cannot work with an infinite basis set, and will have to limit it somehow.
For plane waves, this can be easily done by limiting the set of all K with K ≤ Kmax.
Instead of Kmax, often the free electron energy corresponding to Kmax is specified, and is
called the cut-off energy :

Ecut =
~2K2

max

2me
(2.29)

The number of plane waves is determined by the smallest length scales that are to
be described in real space. In an atom, near the nucleus, the wavefunction shows steep
behavior. In order to describe the sharp part between 0 and the minimum at 0.1Å plane
waves with a period as well as roughly an order magnitude less than this distance are needed
(0.01Å or 10−12 m). It needs about 108 plane waves, and would require diagonalization of
(108 × 108)-matrices, which is far beyond the capability of even supercomputers.

The plane-wave (PW) basis-set introduced in VASP offers two advantages: (i) control
of convergence, which is crucial for the accurate calculations (and in particular for the
prediction of pressures, forces, and stresses) and (ii) the calculation of the forces acting on
the atoms and of the stresses on the unit cell using the Hellmann-Feynman theorem. This
opens an opportunity to quantum ab-initio molecular dynamics simulations for studying
the time-development of a system.

An additional and very important feature of VASP code is ultra-soft (US) pseudopo-
tentials [63], implemented together with PAW functionals. US functionals do not need an
explicit treatment of the strongly bound and chemically inert core-electrons. As a result, it
leads to saving of the computational demands and time.

The direct approach to the solution of the Kohn-Sham equations suggests the straight-
forward diagonalization of the Kohn-Sham Hamiltonian [66]. This is inefficient for large
systems and plane-wave basis sets. As a rule, 100-150 plane waves per atom are required
to achieve basis-set convergence [66]. Hence for systems with a few hundred atoms per
cell, the size of the Hamiltonian matrix varies between 104x104 and 105x105. In addition,
not all eigenvalues, but only those of the occupied and of the lowest empty eigenstates are
requiredand this is no more than 10 percent of the total number of eigenvalues [66]. For
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this reason, iterative variational approaches are to be preferred over direct diagonalization.
The successful strategy adopted in VASP is based on a band-by-band optimization of the
eigenstates via a minimization of the norm of the residual vector to each eigenstate [61, 62].
Minimizing the residual vector instead of the eigenvalue has the advantage that it is free
of orthogonality constraints. After updating all required eigenstates, re-orthogonalization
by sub-space diagonalization is sufficient and easy [66]. Together with an optimized pre-
conditioned charge- and spin-density mixing, residual minimization is a very stable and
efficient strategy for solving the Kohn-Sham equations [61, 62].

2.3.2 The SIESTA method

In this section, some of the main aspects in the SIESTA (Spanish Initiative for Electronic
Simulations with Thousands of Atoms) code are briefly describe below. SIESTA using
standard norm-conserving pseudopotentials and a flexible, numerical linear combination of
atomic orbitals (LCAO) basis set, which includes multiple-ζ and polarization orbitals[67].
The basis set in SIESTA is a numerical basis orbital obtained by solving the Schrödinger
equation of the isolated atom immersed in a hard-wall potential. For each atom I positioned
at RI ,

φIlmn(r) = RInl(rI)Ylm(rI) (2.30)

where rI=r-RI . Rnl is the radial function for orbital n and Ylm is the spherical harmonic
for the orbital angular momentum l and magnetic quantum number m. The radial part of
the wavefunction satisfies the normalization relation:

∫
|Rnl(r)|2 r2dr = 1 (2.31)

The angular momentum (labelled by l,m) may be arbitrarily large and there will be
several orbitals (labelled by n) with the same angular dependence, but different radial
dependence, which is called a ”multiple-ζ” basis. Each ζ orbital retains the same spherical
harmonics as the original atomic orbital, but the radial form is given by a new function
constructed with the ”split-valence” method[68]. Using this method, the radial part of the
second-ζ functions φ2ζ

l have the same tail as the first-ζ orbitals φ1ζ
l but change to a simple

polynomial behavior inside a ’split radius’ rs
l :

φ2ζ
l =

{
rl(al − blr

2) if r < rs
l

φ1ζ
l (r) if r ≥ rs

l

(2.32)

where al and bl are determined by imposing the continuity of value and slope at rs
l . Each

radial function may have a different cutoff radius (rc) and the wavefunctions go to zero for
r > rc.

To achieve well converged results, in addition to the atomic valence orbitals, it is gen-
erally necessary to also include polarized orbitals, to account for the deformation induced
by bond formation. The radial function Rnl(r) remains unchanged while one takes the
spherical harmonic with higher orbital angular momentum. The polarization orbitals are
then added to the basis set:

φn,l+1,m(r) = Rn,l+1Yl+1,m (2.33)

In SIESTA one generally uses norm-conserving pseudopotentials according to the Troullier-
Martin parameterization[69]. The pseudopotential is initially written in semilocal form (a
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different radial potential for each angular momentum) from a data file that user can fill
with their preferred choice, and then it is transformed to its full non-local form as proposed
by Kleinman and Bylander(KB)[70].

Within the pseudopotential framework it is important to keep the consistency between
the pseudopotential and the form of the pseudotaomic orbitals in the core region. This is
done by using as basis orbitals the solution of the same pseudopotential in the free atom.
The shape of the orbitals at larger radii depends on the cutoff radius and on the way the
localization is enforced. Two proposals have been adopted:

one is to add a soft confinement potential to the atomic Hamiltonian used to generate the
basis orbitals: it smooths the kink and contracts the orbital as variationally suited[71, 72,
73]. However, this method present its won inconveniences. First, there is no radius at which
the the orbitals become strictly zero, they have to be neglected at some point. Second, these
confinement potentials affect the core region spoiling its adaption to the pseudopotential.
An alternative scheme to avoid the kink has also been proposed[74]: Instead of modifying
the potential, it directly modifies the orbitals of the atom.

In SIESTA, a new soft confinement potential is proposed. It is

V (r) = V0
e−(rc−ri)/(r−ri)

rc − r
(2.34)

As shown in Fig.2.1. It is flat (zero) in the core region, starts off at some internal radius ri

with all derivatives continuous, and diverges at rc ensuring the strict localization there.

Figure 2.1: Shape of the 3s orbitals of MgO for the different confinement schemes (a) and
corresponding potentials (b).

Recently, a number of extensions to SIESTA, which include different approximations
for the exchange-correlation potential (LDA+U[75], SIC (Self-interaction correction)[76],
Spin-Orbit coupling[77]) have been appeared. Moreover, a DFT implementation based on
an LCAO basis set is consistent with the derivation of the Nonequilibrium Green Function
methods (NEGF). Several codes (TranSiesta[78] and Smeagol[79, 80, 81]) based on the
SIESTA have been developed to calculate the transport properties of nanoscale systems
using NEGF method.
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2.4 Nonequilibrium Green function method-Smeagol code

Understanding the electron transfer through atomic scale junctions is of great importance
for the miniaturization of future electronic devices. A typical system of such a problem is
a two-probe device, shown in figure.2.2(a), which consists of two bulk leads and a central
region, like a molecule, a surface, or an interface.
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Figure 2.2: (a) Schematic representation of the transport problem. T1 and T2 are the
strength of the coupling between the left- and right-hand leads with the central devices. (b)
quantum mechanical perspective of the transport problem.

Smeagol is a package developed by the collaboration of the Trinity college Dublin and
universities of Lancaster and Oviedo. Smeagol has been designed to calculate transport
properties of atomic scale devices [79, 80, 81]. Smeagol is based on a combination of the
density functional theory and the nonequilibrium Green’s function transport method. The
Kohn-Sham Hamiltonian provided by the Siesta code[67] is used in Smeagol to calculate
the nonequilibrium charge density of an open system via Green’s function.

The system under investigation can be described in terms of Hamiltonian as an infinite-
dimensional non-periodical Hermitian problem, which can be solved in Green’s function
formalism:

[ε+S −H]GR(E) = I (2.35)

Here GR is the retarded Green’s function for the whole system, I is an infinite identity
matrix, ε+ = limδ→0 E + iδ, and E is the energy.

The equation (2.35) can be rewritten with the Hamiltonian and the overlap matrix as:




ε+SL −HL ε+SLD −HLD 0
ε+SDL −HDL ε+SD −HD ε+SDR −HDR

0 ε+SRD −HRD ε+SR −HR







GL GLD GLR

GDL GD GDR

GRL GRD GR


 =




I 0 0
0 I 0
0 0 I


 (2.36)
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Where the Green’s function GR is divided into different parts: GL and GR describe the
infinite blocks of the left- and right-hand side leads, GLD and GRD describe the interaction
between the leads and the device, GLR is the direct scattering between the left- and right-
hand leads, and GD describes the device. The matrices HL, HR, HLD, HRD and their
corresponding overlap matrix blocks SL, SR, SLD, SRD are the left- and right-hand-side
leads Hamiltonian and the coupling matrix between the leads and the device. The infinite
matrices HL and HR have the following form:

HL =




. . . . . . . . . . . .
...

0 H−1 H0 H1 0
· · · 0 H−1 H0 H1

· · · · · · 0 H−1 H0


 (2.37)

with similar expressions for HR and the corresponding overlap S matrix. Let us introduce
the concept of a principal layer. The principle layer is the smallest unit that repeats itself
periodically in the direction of transport and it only interacts with its nearest neighbour
principle layers. In other words, all elements in the matrix belongs to two non-adjacent
principle layers vanish. The H0 in equation (2.37) is a matrix describing all interaction
within a principle layer and H1 describing interactions between two principle layers, as
shown in figure.2.2 (b). Since the device only interacts with the last principle layer of the
leads, all elements in the coupling matrices between the leads and the device are zero except
the last one:

HLD =




...
0

hLD


 (2.38)

The final expression for GR
D has the form [82]

GR
D(E) =

[
ε+SD −HD − ΣR

L(E)− ΣR
R(E)

]−1
(2.39)

where the retarded self-energies for the left- and right-hand side lead

ΣR
L(E) = (ε+SDL −HDL)G0R

L (E)(ε+SLD −HLD) (2.40)

and
ΣR

R(E) = (ε+SDR −HDR)G0R
R (E)(ε+SRD −HRD) (2.41)

To some extend, we can say that the effect of leads on the device is expressed by two
self-energies forms added to the device Hamiltonian: since when we calculate the Green’s
function on the device we just calculate the Green’s function for the effective Hamiltonian

Heffective = HD + ΣR
L(E) + ΣR

R(E)

Finally, the current I can be calculate using[83]

I =
e

h

∫
dE Tr

[
ΓLGR†

D ΓRGR
D

]
(f(E − µL)− f(E − µR)) (2.42)

where
Γα = i

[
σR

α (E)− σR
α (E)†

]
, (α = L,R)

The transmission coefficient is

T (E, V ) = Tr
[
ΓLGR†

D ΓRGR
D

]
(2.43)



2.5. Molecular dynamics 31

2.5 Molecular dynamics

Pseudopotentials-based ab initio codes like Siesta or VASP are widely used to obtain relaxed
atomic configurations of various systems. Unfortunately, despite the recent breakthrough
in power of available computer facilities, often it is not possible to relax fully ab initio
systems consisting of more than a hundred of atoms. Thus it is essential to have a good
approximation of ab initio approaches allowing to relax larger systems.

2.5.1 Many-body interatomic potentials

Generally speaking approximate method should, on the one hand, describe the forces acting
on each atom, and, on the other hand, it should take into account changes in the electronic
structure of atoms caused by bonding to their neighbors. Finnis and Sinclair suggested for
3d -transition metals functional form of interatomic potentials based on the second moment
approximation of the tight-binding theory [84, 85].

Energy of each atom i in the system can be represented as the sum of the attractive
bond energy EB

(i) and the repulsive pair interactions ER
(i):

Ei = EB
(i) + ER

(i) (2.44)

Attractive bond energy is a measure of energy gain caused by formation of bonds between
atoms. When atoms get close to each other and start to form bonds, their valence electrons
join to the same cloud and initial atomic levels are broadend to bands. Valence electrons are,
thus, allowed to occupy states with energies lower than the energy of initial atomic levels.
Valence electrons of 3d-transition metals are represented by delocalized 4s2 electrons and
partially occupied 3d-shells. The density of 4s electrons is distributed over the wide energy
range, while d-band is localized in a narrow energy window. Therefore it is reasonable to
assume that cohesive properties of 3d transition metals are determined mostly by their 3d
states. If we fix the initial atomic level to the center εd of d valence band, the attractive
bond energy can be written as:

EB
(i) =

∫ EF

(ε− εd) d(i) (ε) dε, (2.45)

where d(i) (ε) is the density of d states of atom i. This density, which has in ab initio
calculations rather complex form, can be approximated for each atom i by a Gaussian of
the form:

d(i) (ε) =
10

µ(i)

√
2π

exp

(
−(ε− εd)

2

2µ2
(i)

)
. (2.46)

The Gaussian (2.46) is centered at εd and its width is determined by the second moment
(or dispersion) µ(i) [84, 85]. It is known from the moments theorem [84, 85], that the second
moment µ2

(i) describes all the possible ways of the hopping of an electron from initial site i
to all adjacent sites j and backwards:

µ2
(i) =

∫ ∞

−∞
(ε− εd)

2 n(i) (ε− εd) dε =
∑

j 6=i

ξ2
ij(r), (2.47)

where ξ2
ij(|ri − rj |) is an average square of hopping integrals between atomic d states on

atoms i and j depending on the distance between these atoms [86]. If we assume that each
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atom in the system is electrically neutral, then (ε−εd)2

2µ2
(i)

is the same on all sites and the bond

energy can be written as:

EB
(i) = constant×


∑

j 6=i

ξ2
ij(r)




1
2

=

= −

 ∑

j 6=i, |ri−rj |<rc

ξ2
ij exp

[
−2qij

( |ri − rj |
r0ij

− 1
)]


1
2

, (2.48)

The repulsive part E
(i)
R of (2.44) is introduced as a sum of modified Born-Mayer ion-ion

repulsions:

ER
(i) =

∑

j 6=i |ri−rj |<rc

[
A1

ij

( |ri − rj |
r0ij

− 1
)

A0
ij

]
exp

[
−pij

( |ri − rj |
r0ij

− 1
)]

(2.49)

where parameter pij is related to the bulk modulus of the material.
Parameters Pαβ = {A1

αβ, A0
αβ, pαβ, ξαβ , qαβ , r0αβ

} of potentials (2.48) and (2.49) for par-
ticular atomic species α and β are usually fitted to reproduce a set of experimental and
theoretical ab initio values, for instance: lattice constants of species α and β, their cohe-
sive energies, bulk modulus. Binding energies of embedded and ad-clusters of different sizes,
geometry and composition are also used to fit parameters of potentials. Surface-related phe-
nomena are described by potentials fitted additionally to the interatomic Hellman-Feynman
forces known from ab initio calculations [87, 88, 89, 90, 91, 92, 93].

2.5.2 Algorithm for atomic relaxation

Many-body interatomic potentials describe the energy of the system build of 3d-transitional
metal atoms as a function of position of these atoms. A simplified Hamiltonian describing
such a system can be formulated as:

H =
∑

i

p2
i

2mi
+

∑

j 6=i

E(i)[Pα(i)β(j)](|ri − rj |), (2.50)

where pi is an impulse of ith atom, mi is its mass and Pα(i)β(j) denotes a set of fitted
parameters describing interaction between atoms of species α and β situated at sites i and
j, respectively. This Hamiltonian results in a system of Newtonian motion equations:

d2ri(t)
dt2

= −
∑

j 6=i

1
mi
∇E(i)[Pα(i)β(j)](|ri − rj |). (2.51)

Analytical solution of (2.51) for a time moment τ is performed by double integration over
time t from 0 up to τ . The first integration yields velocities of each atom, the second –
their coordinates. A numerical solution of equations (2.51) can be performed by molecular
dynamics (MD) simulations. Particular realizations can be different but MD provides a
trajectory of each atom in a phase space. Below we give a brief review of the Verlet
algorithm used in our MD code.

At first initial positions r1
i and velocities v1

i are defined. The initial velocities are
usually set to zero and initial positions are adopted from the ideal crystal structure of
studied materials.
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1. Forces Fi acting on each atom at time step n are calculated as:

Fn
i = −

∑

j 6=i

1
mi
∇E(i)[Pα(i)β(j)](|rn

i − rn
j |) (2.52)

2. New velocities vn+1
i are calculated as:

vn+1
i =

1
2

(
vn

i +
Fn

i

miδt

)
, (2.53)

where δt is a real time increment between consequent time moments n and n + 1.

3. New coordinates rn+1
i are calculated as:

rn+1
i = rn

i +
vn+1

i

δt
, (2.54)

and the procedure is repeated from the first point.

Usually MD simulations are performed to model microcanonical ensembles of particles,
when the total energy of the system preserves. Slight modifications allow to employ MD in
investigations of systems at constant temperatures or pressures. Our aim is to find relaxed
positions of all the atoms in the system, when all the atoms are immobile and all the forces
in the system, therefore, are equal to zero. Such a “frozen” system can be treated as a
system at a zero temperature.

The general approach used in MD to fix the temperature of the system is to control
kinetic energy of the whole system:

1
2

N∑

i

miv
2
i =

3N

2
kBTfix = const. (2.55)

Such a renormalization of velocities is performed at each step of MD simulations (so called
isokinetic MD).

Although this method is designed to keep a system at any temperature Tfix, it should
be slightly modified to study a system at Tfix = 0. In this particular case all the velocities
at each step are cancelled by renormalization and system remains static. It is not suitable,
because atoms anyway should be moved to minimize potential energy of the static system
at Tfix = 0. To avoid this contradiction, we apply so called quenching procedure, when
the velocity vector vi of atom i is cancelled only if it points in the opposite direction than
the force Fi acting on this atom, i.e. if a scalar product

(
rn+1
i − rn

i ,Fi

)
becomes negative.

It should be stressed, that in this procedure the total kinetic energy of the system and,
therefore, its temperature are gradually reduced to zero. Accordingly, the relaxed static
configuration configuration is achieved when the actual temperature of the relaxed system
becomes zero, or in another words, when all the forces in the system are vanished and
potential energy can not be transferred into kinetic. If this condition is satisfied, than the
resulting static system possesses the minimal energy and can be treated as the relaxed one.





Chapter 3

Molecule-adatom junctions on a
metal surface

In this chapter we study the interaction between the magnetic adatoms adsorbed on a
metal surface and the molecule. We demonstrate that electronic and magnetic properties of
adatom-molecule junctions on metal surface can be manipulated by varying the tip-substrate
distance. The effect of the STM tip at lateral positions on the junctions’ electronic and
magnetic properties is also discussed.

3.1 Interaction of magnetic atoms with a benzene molecule

Recent advances in the field of molecular spintronics have enabled the manipulation of spins
in molecules with control down to a single spin. Magnetic states of atoms have been found to
change significantly in metal-molecule clusters and sandwiches[94, 95, 96, 97, 98]. Here, we
provide systematic studies of the equilibrium geometry, electronic and magnetic properties
of 3d-transition metal atoms supported on a benzene molecule.

The geometry of the atom-molecule complex is shown in Fig.3.1. The magnetic atoms
are placed above the gravity center of the molecule. All the atomic positions of the cluster
are relaxed without any constraint. The bond distances separating the transition metal
atoms and the benzene plane as well as those of C-C and C-H are listed in Table 3.1. Our
results coincide with those reported by Jena et al., very well[94]. We note that the C-C and
C-H bond lengths remain practically unchanged from their respective values 1.40 Å and
1.1 Å[94], in a pure benzene molecule. However, the adatom-benzene distance changes
nonmonotonically along 3d elements in the periodic table.

The most interesting result is the modification of the magnetic moment of the M-benzene
complexes with increasing the atomic number of 3d atom (cf. Fig.3.2). In Fig.3.2, three
interesting trends can be observed:

(1) The magnetic moment of the Cr atom on benzene molecule remains nearly unchanged
from its free atom value.

(2) Elements, such as Sc, Ti and V, experience an enhanced magnetic moment compared
to free atom values.

(3) The magnetic moment of Mn, Fe and Co adatoms are strongly decreased due to
the interaction with the molecule. The magnetic moment of the Ni atom is completely
quenched.

In order to get a deep insight into these results, the projected density of states (PDOS)

35
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(a) (b)

Figure 3.1: Magnetic adatom adsorbed on a benzene molecule forming a M-benzene com-
plex. (a) top view, (b) side view.

Table 3.1: Bond distances between magnetic atoms and the gravity center of the benzene
ring (M-BZ), C-C, and C-H.

M-BZ (Å) C-C (Å) C-H (Å)
Sc 2.05 1.42 1.11
Ti 1.93 1.42 1.11
V 1.95 1.42 1.11
Cr 2.08 1.42 1.11
Mn 1.50 1.42 1.11
Fe 1.47 1.42 1.11
Co 1.42 1.42 1.11
Ni 1.44 1.42 1.11

of the Co adatom in Co-benzene complex is plotted in Fig.3.3 (a). It can be seen that
Co 3d states strongly hybridize with the 2p states of the benzene molecule. Due to the
hybridization, the spin up 3d states of Co are occupied and split into three main peaks.
The spin down 3d states of Co also consist of three peaks: two of them are occupied and
the one is found to be at the Fermi level. However, the spin up and spin down 4s states
lie approximately at 0.9 eV and 1.1 eV above Fermi level. It indicates that the 4s orbital
of Co adatom is totally empty. The PDOS illustrates that there is a charge transfer of
approximately two electrons from 4s states of free Co atom to 3d states in the Co-benzene
complex. As we know, the valence electron configuration of a free Co atom is 3d74s2, i.e.
there are three unpaired electrons. So its magnetic moment is 3 µB. However, for the Co
atom in the Co-benzene complex, two electrons jump from 4s states to 3d states and there
are 9 electrons in 3d orbital of the Co atom. Consequently, the magnetic moment is reduced
from 3 µB for the isolate Co atom to 1 µB for the Co adsorbed on the benzene molecule.
The magnetic moment of the C atoms is 0.01 µB per atom and it is 0.003µB per atom for
H atoms in the Co-benzene complex.
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Figure 3.2: Magnetic moment (µB) of transition metal atoms-free and supported on ben-
zene.

The PDOS for Fe atom adsorbed on the benzene molecule is plotted in Fig.3.3 (b). The
transfer of the Fe 4s electrons to 3d states can be also observed. The valence electronic
configuration for a free Fe atom is 3d64s2 and it changes to 3d84s0 because two electrons
jump from the 4s orbital to the 3d orbital. There are only two electrons unpaired in 3d
orbital. Therefore, magnetic moment of the Fe reduces from 4 µB in a free Fe atom to 2
µB in a Fe-benzene complex.

Since the Cr (3d54s1) 4s orbital is not full, all the electrons would occupy spin up
channels, and hence its magnetic moment changes only slightly. As for elements Sc, Ti
and V, which lie at the left side of Cr in the periodic table, there is nearly one 4s electron
transfers to the 3d orbital. The valence electronic configuration for them are 3d14s2, 3d24s2

and 3d34s2. Due to the transfer of electrons from 4s orbital to 3d orbital, their magnetic
moments increase from 1 µB, 2µB and 3µB in free atoms to 2 µB, 3 µB and more than 4µB

in M-benzene complexes.

Table 3.2: Structural and magnetic properties for Fe and Co atoms adsorbed on the benzene
(denoted as MBZ) and the graphene (denoted as MGr). The properties listed are the binding
energy ∆E (eV), adatom-carbon distance dA (Å) and magnetic moment per adatom of the
adatom-molecule system MA (µB)
.

∆E dA MA

FeBZ 0.98 1.47 2.00
FeGr[99] 1.02 2.09 2.00
FeGr[100] 0.86 2.46 2.03

CoBZ 1.12 2.06 1.0
CoGr[99] 1.27 2.10 1.0

Finally, it is interesting to compare magnetic moments of 3d atoms on benzene with
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Figure 3.3: (a) PDOS on the Co 4s, 3d and 2p states for C in Co-benzene complex. (b)
PDOS on the Fe 4s, 3d and 2p states for C in Fe-benzene complex

their magnetic moments on graphene. After the synthesis of isolated single graphene[101],
much research interest has shifted to its unique properties due to a possible applications
in electronics and spintronics. Understanding of the interaction between the metal atoms
and graphene is essential for fabricating new electronic devices. Benzene molecule, which
is the smallest organic molecule with a carbon ring, can be regarded as the unit cell for
other complex molecules, nanoscale carbon tubes or even graphene. Here, we compare our
results with other theoretical works[99, 100] of the adsorption of magnetic adatoms on the
graphene, see Table.3.2. Although binding energies and adsorption heights are different, the
magnetic moment of the Co and Fe are the same on the benzene molecule and on graphene.

3.2 Molecule-magnetic adatom sandwiches on Cu(001)

It is believed that in future applications the spin of the magnetic molecules should be coupled
to a substrate. To address the problem of the interaction of molecules with a substrate,
we first place a magnetic adatom on a Cu(001) surface, then put a benzene molecule above
it, forming a planar sandwich configuration: C6H6/M/Cu(001) (M=Mn, Fe, Co and Ni).
This structure is different from other magnetic molecules, such as cobalt phthalocynine
(CoPc)[44] or MnPc[48], where the magnetic atoms are the part of the molecule. For
molecule sandwiches C6H6/M/Cu(001), the magnetic atoms are just inserted between the
Cu surface and the benzene molecule. Such structure is stable and can be formed by
placing a benzene molecule above the a magnetic adatom adsorbed on Cu(001) surface using
STM tip. It has been recently demonstrated that a large HB-HPB molecule (C66H78)[102],
consisting of a central benzene ring connected to six-phenyl groups and six t-butyl lateral
groups attached to a phenyl ring, can be dragged by a STM tip and put above Cu adatoms.
Recent theoretical study has proved that a single benzene molecule adsorbed on a Cu(110)
surface can be manipulated by dynamic force microscopy using a clean silicon tip[103].
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3.2.1 Adsorption of a benzene molecule on a Cu(001) surface

The adsorption of organic molecules on metal surfaces has attracted a lot of attention
in order to understand the interaction mechanism at organic/metal interface. Serving as
a model system for more complicated molecules, benzene molecule has been intensively
studied in both experimental investigations and theoretical calculations [94, 95, 96, 97, 98].

Hollow On top

Long Bridge Short Bridge

C

H

1st layer Cu

2nd layer Cu

(a) (b)

(c) (d)

Figure 3.4: Possible positions for the benzene molecule adsorbed on the Cu(001) surface
(top view).

A molecule adsorbed on metal surfaces can occupy several high symmetrical positions,
in which the center of the carbon ring is classified as being either above top, bridge, or
hollow sites on a surface. For the benzene molecule adsorbed on the Cu(001) surface, the
calculations employ a 4 × 4 supercell, which contains 16 Cu atoms per layer. Due to the
high symmetry of the surface, there are only four positions for the benzene molecule to
occupy, defined as hollow, atop, long-bridge and short-bridge, as shown in Fig.3.4. The
difference between the long-bridge and the short-bridge site is that: in the former case, two
carbon atoms in the ring are nearly at the atop site above Cu atoms , while in the later
case, the Cu atoms beneath the benzene molecule situate between the C-C bonds, as shown
in Fig.3.4 (c),(d), respectively.

In order to find the minimum energy configuration for the adsorbed molecule, we have
performed ab initio calculations (by means of the SIESTA code) in a fully relaxed geometry
for the benzene molecule and for the first two layers of the copper surface. We have calcu-
lated the adsorption energy Eadsorp, as the difference between the total energy of a molecule
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on surface system (Ebenzene/Cu(001)) and the energy of the isolated molecule (Ebenzene) and
of the clean substrate(ECu(001)):

∆E = Ebenzene/Cu(001) − Ebenzene − ECu(001) (3.1)

The most favorable adsorption site of the benzene molecule on Cu(001) surface is the
hollow site, with an absorption energy of -0.65 eV, followed by the bridge site (the long-
bridge site is energetic more favorable than the short-bridge by about of 0.1 eV), and then
the atop site. The benzene molecule with its gravity center over the hollow site of the
Cu(001) surface is shown in Fig.3.4(a). The carbon ring remains parallel to the surface at
a height of 2.26 Å. Four carbon atoms are 2.34 Å away from the first-layer copper atoms
and the other two carbon atoms are 2.63 Å away from the copper atoms. The carbon
bonds in the benzene ring expand from 1.398 Å to 1.414 Å and 1.419 Å, depending on
the location of the pair of C atoms. The six hydrogen atoms are nearly in the same plane
but about 0.15 Å higher than the benzene ring, and the carbon-hydrogen bond length is
nearly unchanged, about 1.1 Å. As for Cu atoms in the substrate, we find that the four
Cu atoms lying beneath the benzene ring are vertically shifted away from the surface by
0.12 Å, which represents 3% of the relaxed lattice parameter, and elongate horizontally to
2.617 Å, a change is about 1.5%. Our results are in good agreement with the previous
calculations[104].

3.2.2 Single magnetic adatoms on Cu surfaces

Here, we present our results for a single magnetic adatoms on Cu(001) surface. In order
to check the pseudopotentials generated by ourself, we calculate the electronic and mag-
netic properties of single 3d magnetic adatoms on Cu(001) surface, and compare our results
with calculations performed by means of Korringa-Kohn-Rostoker(KKR) Green’s function
method [105]. For the generation of pseudopotentials we use following electronic configura-
tions 3d54s2, 3d64s2, 3d74s2 and 3d84s2 for Mn, Fe, Co and Ni, respectively. Such electronic
configuration are used for both local density approximation (LDA) and general gradient
approximation (GGA) calculations.

A 4×4 supercell is used for Cu(001) surface, which contains 16 Cu atoms for each layer.
The magnetic adatom is positioned at the hollow site. Therefore, the distance between the
adatom and other adatom in its neighbor cell is larger than 10 Å , so interactions between
them can be neglected. The geometry is optimized until all residual forces acting on each
atom are less than 0.01 eV/Å.

The magnetic moment of adatoms are plotted in Fig.3.5. It can be observed that Siesta
results are in a good agreement with those obtained by means of the KKR Green’s function
method[105]. Note that, for the KKR method, the lattice relaxations are not included. We
have also performed calculations with SIESTA method for a relaxed positions of adatoms
adsorbed on Cu(001) surface and found only small changes in magnetic moments.

3.2.3 Benzene-adatom sandwich on Cu(001)

In the C6H6/M/Cu(001) sandwich, the benzene molecule is parallel to the Cu(001) surface.
Such structure is experimentally feasible and can be produced using the STM manipulation.
Recently, S-W.Hla et al., have deposited ferrocene molecule on Au(111) surface[106]. Each
ferrocene molecule contains one Fe atom and two cyclopentadienyl (C5H5, cp) rings. By
means of lateral manipulation with the STM tip, the ferrocene molecule has been split into
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Figure 3.5: Magnetic moment (µB) of adatoms adsorbed on Cu(001) surface calculated by
the Siesta and the KKR method. All calculations are performed in ideal geometry.

two parts, a cp ring and a Fe-cp complex. The Fe-cp complex was adsorbed on Au(111) sur-
face with cp ring parallel to the surface, similar to the benzene molecule in C6H6/M/Cu(001)
sandwich.

Table 3.3: Structural and magnetic properties of magnetic adatoms in C6H6/M/Cu(001)
sandwich. The properties listed are the vertical distance between the Cu(001) surface and
the magnetic adatom dSA, distance from the adatom to the gravity center of the benzene
molecule dAB, magnetic moment per atom on magnetic adatom MA, magnetic moment per
carbon atom in the benzene molecule MC .

dSA (Å) dAB (Å) MA (µB) MC (µB)
Cr 1.70 2.04 3.79 0.015
Mn 1.50 1.60 2.32 0.010
Fe 1.45 1.54 0.77 0.004
Co 1.46 1.53 0 0
Ni 1.47 1.55 0 0

In order to check the stability of the benzene-magnetic adatom sandwich, a possible
inclination of the benzene molecule above the magnetic adatom towards the Cu(001) surface
plane has been considered as well. We have slightly rotated the benzene molecule to form
a 5 degree angle between the molecule plane and the Cu(001) surface. After relaxation, we
have found that benzene molecule is adsorbed parallel to the Cu(001) surface again.

The initial distance between the adatom and the benzene molecule is the same as that
in M-benzene complex. The relaxed geometries and the magnetic moments of the magnetic
adatoms in C6H6/M/Cu(001) sandwich are listed in Table.3.3.

For the M-benzene complexes, the vertical distance between adatoms and surface and
the vertical distances between benzene and adatoms decrease from Cr to Ni. Compared
to a single magnetic adatom on Cu(001) surface, the distances between adatoms and Cu
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Figure 3.6: (a)-(e):PDOS on magnetic atoms d states (black curves) and on C 2p states
(red curves) in C6H6/M/Cu(001) sandwiches ( M= Cr, Mn, Fe, Co, Ni).
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surface decrease, while all the distances between magnetic adatoms and benzene molecule
in C6H6/M/Cu(001) sandwich increase. For example, the distance between Co adatom and
Cu surface decreases from 1.51 Å in Co/Cu(001) system to 1.46 Å in C6H6/Co/Cu(001)
sandwich, while the distance between Co atom and benzene molecule increase from 1.42
Å in Co-benzene complex (as shown in Fig.3.1) to 1.53 Å in C6H6/M/Cu(001) sandwich.
For all sandwiches, the C-C and C-H bond length remains unchanged.

Interestingly, comparing the magnetic moment of a single adatom adsorbed on Cu(001)
surface (Fig.3.5) and in M-benzene complex (Fig.3.2), one can find that that the magnetic
moment of atom in C6H6/M/Cu(001) sandwich greatly decreases, especially for the Co
atom (see Table.3.3). As we know, the magnetic moment for a single Co adatom on Cu(001)
surface is about 2µB and it is 1µB in Co-benzene complex. However, the magnetic moment
for a Co atom in C6H6/M/Cu(001) sandwich is totally quenched.

The PDOS of atoms in C6H6/M/Cu(001) sandwich are plotted in Fig.3.6. From the
figure, some interesting trends can be noticed:

(1) For all atoms, their 3d states are strongly hybridized with the 2p states of the carbon
atoms in the benzene molecule. In the majority part of the Cr d states, its main peak is
about 1.3 eV below the Fermi level, and strongly hybridizes with the 2p states of the C
atoms in the benzene molecule, while the hybridization between them near the Fermi level
is weak. For the minority part, there is a very strong hybridization between Cr 3d states
(about 0.5 eV above the Fermi level) and C 2p states. Starting from Mn atom, the intensity
of the hybridization between the majority part of the 3d states of the adatom and C 2p
states near the Fermi level increases.

(2) Because of the hybridization, the width of both spin up and spin down parts increases
and spreads for several eV, which means that the crystal field splitting increases.

(3) The majority part of 3d states of the adatoms moves to Fermi level and increases its
population, while the minority part of 3d states shifts towards the lower energy. Therefore,
the spin splitting (energy difference between the center of the majority part and the minority
part) of PDOS of the adatom decreases. As the result, the magnetic moment is strongly
suppressed. For the Cr sandwich, its spin up part is about 1.2 eV below the Fermi level
and its spin down part is about 0.5 eV above the Fermi level. The spin up part of the Mn
sandwich is only about 0.1 eV below the Fermi level, while half of the spin down part moves
below the Fermi level and is occupied. Especially for the Co sandwich, most of its spin
down part is below the Fermi level and exactly the same as the spin up part, resulting in a
quenched magnetic moment.

(4) The magnetic moment of carbon atoms in the benzene molecule decrease from Cr
to Ni and these magnetic moments have the same trend as those of the adatoms. For Cr
adatom, the spin splitting in PDOS is much larger than for other adatoms, such as Co and
Ni. Due to the hybridization between the Cr and the benzene molecule in C6H6/Cr/Cu(001)
sandwich, the spin splitting of the Cr adatom strongly decreases. However, the spin split
of the Cr is still much larger than for other magnetic sandwiches. Since 2p states of the
C atoms are strongly hybridized with 3d states of the Cr adatom, the spin splitting of
the C atom in C6H6/Cr/Cu(001) sandwich is also enlarged and larger than that in other
adatom sandwiches. The spin direction of the C atoms is parallel with the spin direction
of the Cr adatom in Cr sandwich, however, they would prefer to be antiparallel in Mn, Fe
sandwiches. Moreover, in Co and Ni sandwiches, the magnetic moment of the C atoms are
also quenched.

As we have already discussed in Fig.3.2, when a single Co atom is adsorbed on a benzene
molecule, the two 4s electrons of the Co atom jump to 3d orbital, leading to a reduction
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of the magnetic moment to 1µB. Since the magnetic moment of the Co atom is quenched
to 0µB in C6H6/Co/Cu(001) sandwich, the role of the 4s electron should be discussed in
details. The 4s states of the Co in three systems: (1) Co atom adsorbed on a Cu(001)
surface (Fig.3.7 a) , (2) on a benzene molecule (Fig.3.7 b) and (3) in C6H6/Co/Cu(001)
sandwich (Fig.3.7 c) are plotted in Fig.3.7. From the figure, one can see that the 4s states
of the Co atom in C6H6/Co/Cu(001) sandwich spread over the whole energy range and
look similar to electronic states of the Co atom adsorbed on Cu surface. Therefore, the 4s
electrons are not the main reason for the sharp decrease of the magnetic moment of the Co
adatom.
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Figure 3.7: (a) 3d and 4s states of the Co adatom on Cu(001) surface, (b) 3d, 4s states of
the Co and 2p states of the C atoms in the Co-benzene complex, (c) 3d, 4s states of the Co
and 2p states of the C atoms in C6H6/Co/Cu(001) sandwich.

It can also be observed from Fig.3.7 (b) that the C 2p states are only partially hybridized
with the Co 3d states. The d electrons of the 3d transition metal atom orbital according
to their symmetries can occupy one dσ(dd2), two dπ (dxz,dyz) and two dδ (dx2−y2 ,dxy).
However, up to now, we do not know which orbitals hybridized with the C 2p orbital.
These orbitals are plotted in Fig.3.8. For a single Co atom adsorbed on Cu(001) surface,
the majority part of the dσ and dδ orbitals are nearly at the same position (about 0.5 eV
lower than dπ orbitals), while the minority part of them is located at the Fermi level and
exhibit some small splitting. In C6H6/Co/Cu(001) sandwich, all these orbitals are split.
Since the Co atom is nonmagnetic in this configuration, the majority part is exactly the
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same as the minority part. The dσ orbitals are about 1 eV below the Fermi level and by
about 0.5 eV closer to the Fermi level than the dδ orbital, while the dπ orbital is only about
0.1 eV below the Fermi level. The C 2pz states (px,py states are not in the energy range
presented in Fig.3.7) are also plotted in the figure. As shown in figure, the C 2pz states are
strongly hybridized with the Co dπ (dxz,dyz) and dδ (dx2−y2 ,dxy) orbitals, while they are
only weakly hybridized with the Co dσ(dd2) states.
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Figure 3.8: (a) d orbitals for the Co atom on Cu(001) surface, (b) d orbitals of the Co and
pz orbital of the C in C6H6/Co/Cu(001) sandwich.

3.3 Manipulating magnetism of a molecule-adatom junction
on a metal surface

The ability to control the spin-state of an isolated magnetic atom has been recently demon-
strated [6, 107]. By placing an iron or manganese atom at a specific location on the copper-
nitride thin film, Hirjibehedin et al., [6] determined the orientation and strength of the
anisotropies of individual magnetic adatoms. Atoms in their experiment can hold a spe-
cific magnetic direction, which may allow them to store data. Yayon et al.,[107] have used
the direct exchange interaction between a single magnetic atom and a nanoscale magnetic
island to fix the spin of an adatom. The above results are of great importance for future
atomic-scale technologies and single-atom data storage.

Recent experiments of Wahl et al., have demonstrated the ability to tune the spin states
of a single magnetic adatom by the controlled attachment of a molecule ligand[43]. The
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H

l

d

Figure 3.9: Setup for the calculation. H is the distance between the magnetic STM tip and
the substrate. l is the length of the tip, and d is the distance between the benzene molecule
and the STM tip.

Kondo temperature of a Co adatom on a Cu(100) surface was found to significantly increase
with the number of CO molecules attached to the adatom. The magnetic moment of a free
standing CoPc molecule is about 1.09 µB, when it is adsorbed on a Au(111) surface, its
magnetic moment is quenched to 0 µB. However, Zhao et al.,[44] and Crommie [49]have
revealed that the magnetic state of a CoPc molecule on Au(111) can be manipulated by the
dehydrogenation of the ligand by voltage pulses from the STM tip. After removing eight
hydrogen atoms from its four lobes, the magnetic moment of the molecule is recovered to
1.03 µB.

The STM tip is usually considered as a tool to modify the structure of the molecule
or the detector of the magnetic states of the molecule. However, the influence of the
STM tip on the electronic and magnetic properties of the molecule is not included in the
experiment. Theoretical and experimental studies have shown that electronic and magnetic
properties of a single adatom on metal surfaces significantly depend on the tip-surface
distance[108, 109, 110].

3.3.1 Vertical manipulation

One of the most delicate aspects in modeling the STM experiments is the geometry used
for the tip. Ideally, the tip should consist of thousand of atoms to mimic the tips used
in real experiments. However, in practice one is limited by the computational resources
required for the calculation. Fortunately, the chemical and magnetic interaction between
the tip and sample is dominated by the foremost atoms due to the exponential decay of the
wavefunctions. In calculations, there are two main approaches in order to model a metal
tip:

i) the cluster model, where the shape and the atomic arrangements could play a role in
determining the electronic properties of the apex atom.

ii) an extended substrate model (as 3D supercell or 2D slab systems), where the metallic
properties of the system are better represented.

In spin-polarized STM experiments, the tip is often made from the nonmagnetic material
coated by thin films of antiferromagnetic (AFM) or ferromagnetic (FM) materials [107, 111].
In our calculations, we use a cluster model for our tip. We model the tip by a pyramid
consisting of 13 Cu atoms and one Cr atom for the tip-apex, as shown in Fig.3.9.
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At different tip-substrate distances, the benzene molecule and the Co atom show differ-
ent relaxation behaviors, summarized in Table.3.4. When the tip-substrate separation is in
the range between 8.6 Å and 9.3 Å, the benzene molecule, Co adatom and the substrate
under the adatom are pulled up, while the Cr tip-apex is pulled down. At this stage the
attractive interactions between the tip and the benzene molecule, and between the Co atom
and the substrate are the driving forces for the observed atomic relaxations. However, at
a closer tip-substrate separation (between 8.6 Å and 8.1 Å), the repulsive interactions be-
tween the tip and the benzene molecule, and between the molecule and the Co atom begin
to play an important role. It can be observed that the benzene molecule, Co adatom and
the substrate are pushed down, while the tip-apex is pushed up.

The changes of the magnetic moment of the Co adatom during the approach of the STM
tip are also summarized in Table.3.4. When the tip-substrate separation is larger than 10.1
Å, the tip has very weak interaction with the benzene molecule. The magnetic moment of
the Co in the C6H6/Co/Cu(001) system is quenched to 0µB because of the hybridization
between the C 2p states and the Co 3d states. When the tip-substrate separation decreases
from 9.3 Å to 8.1 Å, the magnetic moment of the Co atom increases from 0.16 µB (0.08 µB,
LDA) to 0.96 µB (0.58 µB, LDA); on the contrary, the magnetic moment of the Cr tip-apex
decreases from 4.61 µB (4.61 µB, LDA) to 3.67 µB (3.51 µB, LDA).

Table 3.4: Displacements and magnetic moments of the system at different tip-substrate
separations. H is the tip-substrate distance, as shown in Fig. 3.9. ∆l = l − l0 is the
change of the tip length, where l and l0 are the tip length with and without tip-benzene
interaction. ∆d = d−d0 is the distance difference between the Cr tip-apex and the benzene
molecule along z axis after and before full relaxation. The ideal benzene-Co and Co-
substrate distances without tip-benzene interaction are 1.53 Å and 1.46 Å. The last two
columns are the magnetic moment of the Cr tip-apex and Co adatom calculated with the
GGA(LDA) method.

H (Å) ∆l (Å) ∆d (Å) MCr (µB) MCo (µB)
>10.1 0 0 4.75(4.68) 0(0)
9.3 0.12 -0.14 4.61(4.61) 0.16(0.08)
8.6 -0.05 0.07 4.24(4.05) 0.64(0.38)
8.1 -0.25 0.28 3.67(3.51) 0.96(0.58)

Table 3.5: Bond length of C-C and C-H and the magnetic moment per C atom in the
benzene molecule at different tip substrate distances.

H (Å) C-C (Å) C-H (Å) MC (µB)
9.3 1.453 1.106 0.011
8.6 1.458 1.106 0.027
8.1 1.460 1.106 0.032

Since the Cr tip is an AFM tip, we replace the second Cu layer in the tip by a Cr
layer and set its spin direction to be antiparallel to the Cr tip apex. For the tip-substrate
separation of 9.3 and 8.1 Å, the magnetic moments of the Cr tip apex are 4.13 µB and 2.98
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µB, respectively; while they are 0.14 µB and 0.74 µB for the Co adatom. Although the
magnetic moment of the Cr tip apex is different for the different tips, the switching off/on
of the magnetic moment of the Co adatom can be also observed.

In the calculations, a small magnetic moment changes of the C atoms in the benzene
molecule can also be observed and their spin directions are antiparallel to the tip-apex and
the Co atom. They are given in Table.3.5. At a short tip-substrate distance, the increased
C-C bond length is due to the increased interaction between the tip and benzene molecule.
For all the cases, the C-H bond length remains unchanged.
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Figure 3.10: The PDOS of the Co, C and Cr atoms in C6H6/Co/Cu(001) junction at two
different tip-substrate distances, 9.3 Å and 8.1 Å. The black lines are the PDOS at a
larger tip-substrate distance 9.3 Å and the red lines are the PDOS at a closer tip-substrate
distance 8.1 Å. (i) 3d states of the Co atom, (ii) 2p states of the C atoms in the benzene
molecule, (iii) 3d states of the Cr tip-apex.

Partial density of states (PDOS) of the Co atom, C atoms in the benzene molecule and
the Cr tip-apex for two different tip-substrate distances, 9.3 Å and 8.1 Å, are plotted in
Fig. 3.10. At a larger tip-substrate distance of 9.3 Å, the hybridization between the 3d states
of the Cr atom and the 2p states of the C atoms is weak. Meanwhile, the hybridization
between the 2p states of the C atoms and the 3d states of the Co atom is still very strong.
The minority part of the Co 3d states is slightly shifted to the Fermi level. Therefore,
the magnetic moment of the Co atom slightly increases. However, it can be observed from
Fig. 3.10 that, at a closer tip-substrate distance (8.1 Å), the 2p states of the C atoms in
the molecule are strongly hybridized with the 3d states of the Cr and Co atoms. Fig. 3.10
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Figure 3.11: The d orbitals of the Co (left) and Cr atoms (right) in the adatom-molecule
junction for three different tip-substrate distances, 9.3 Å , 8.6 Å and 8.1 Å. The black
curves are dd2 orbital, the red curves are dxz,dyz and blue curves are dx2−y2 ,dxy orbitals.
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shows that at a closer tip-substrate distance the hybridization between the C 2p states and
Cr 3d states is much stronger than that for the larger tip-substrate distances. The increased
interaction between them pushes the minority 3d states of the Cr atom to the Fermi level
and increases their population. Therefore, the magnetic moment of the Cr tip-apex reduces
from 4.61 µB to 3.67 µB. However, one can also observe that the hybridization between C
2p states and the Co 3d states at a closer tip-substrate distance is weaker than that at a
larger tip-substrate distance. Therefore the majority part of the Co 3d states in Fig. 3.10
moves far away from the Fermi level. The magnetic moment of the Co atom at a closer
tip-substrate distance recovers from 0.16 µB to 0.96 µB. In all of our calculations, the spin
direction of the tip-apex and Co atom prefer parallel alignment.

The PDOS for five d orbitals of the Co atom and Cr tip-apex are plotted in Fig.3.11.
At a large tip-substrate distance, both of the majority and minority parts of the Co dxz,dyz

are near the Fermi level and the spin splitting between them are very small. For the Cr
tip-apex, in the majority part there is only a small dd2 peak at the Fermi level, while for
the minority part, there is no peak at Fermi level and the dxz,dyz orbital is about 0.2 eV
above the Fermi level. Therefore, at a large tip-substrate distance, the Co atom only has
a small magnetic moment. At a short tip substrate distance, the minority part of the Co
3d states slightly shifts towards Fermi level, while the majority part strongly moves to the
lower energy. As for the Cr tip-apex, its majority remains unchanged, however, the minority
part of dxz,dyz states moves to the lower energy and centered at the Fermi level. So the
magnetic moment of the Co atom increases and the magnetic moment of the Cr tip-apex
decreases. In conclusion, the changes of the magnetic moment of the C6H6/Co/Cu(001)
sandwich is caused by the interaction between the Co dxz,dyz orbital and the Cr dxz,dyz

orbital via C 2pz orbital.
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Figure 3.12: The transmission spectra for three different positions of the STM tip. Positive
values related for the spin-up channel and negative correspond to the spin-down.

To gain detailed insight into the effect of the tip on the transport properties of the
junction, we have performed transport calculations using the TranSiesta [78] code (in co-
operation with Prof I. Mertig’s group), where the non-equilibrium Green function method
is implemented. Details of transport calculations can be found in [78].
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Fig. 3.12 shows spin-resolved transmission probabilities through the Co-benzene molecule
for three different positions of the STM tip. One can see that with decreasing the distance
between the tip and the substrate the transmission at zero bias increases. Increasing the
distance between the tip and the molecule leads to quenching of the transmission for the
spin-down channel. These results clearly show that such junctions can be used as a well
controlled spin-filter.

3.3.2 Lateral manipulation

Figure 3.13: (a) Top view of the sample (without tip). From (b) to (f) are the relaxed
geometries in our calculations at different lateral distances LTA. LTA is defined as the
lateral displacement between Cr tip-apex and Co atom. (b) LTA=0 Å, (c) LTA=0.5 Å, (d)
LTA=1.0 Å, (e) LTA=1.4 Å, (f) LTA=2.5 Å.

There are two modes for STM operation: one is the vertical motion, and the other one
is the lateral motion. As we have discussed above, the electronic and magnetic properties
of the C6H6/Co/Cu(001) sandwich can be strongly affected by the vertical manipulation
with the STM tip. Up to now, we do not know what would happen with electronic and
magnetic properties of the C6H6/Co/Cu(001) sandwich by approaching the STM tip along
the lateral direction. The set up for our calculations is shown in Fig.3.13. In order to
simulate the lateral movement of the STM tip, a 6×4 supercell is used for our calculation
which includes 24 Cu atoms in each layer. Since the magnetic moment of the Co atom
in C6H6/Co/Cu(001) sandwich increases to 0.96µB at a tip-substrate separation 8.1 Å, in
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the calculations we have fixed this vertical distance and shifted the STM tip towards the
right side. Lateral distance (LTA) is defined as the lateral displacement between the STM
tip-apex and the Co atom. During the calculations the benzene molecule, Co atom and the
top layer of the Cu are allowed to relax, while the bottom layers of the substrate are fixed.
Figs.3.13 (b)-(f) represent the relaxed structure at different lateral displacements LTA from
0 to 2.5 Å.

The total energy of the system, magnetic moment of the Co atom and Cr tip-apex at
different lateral displacements LTA are plotted in Fig.3.14. Moving tip from a short LTA to
a large LTA, the total energy of the system increases. When the tip is just put above the
Co atom, there is a very strong interaction between the tip and the molecule, thus the total
energy is the lowest. When we increase the lateral separation, the interaction between the
tip and the benzene molecule decreases, and hence the total energy of the system increases.
At a short LTA, similar to those we have discussed above, the strong interaction between
the tip and the molecule decreases the magnetic moment of the Cr tip-apex and the weak
interaction between the molecule and the Co atom increases the magnetic moment of the
Co atom, while at a large LTA, the magnetic moment of the Co atom decreases and the Cr
tip-apex increases, as shown in Fig.3.14.
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Figure 3.14: (a) Total energy of the system at different LTA, (b) Magnetic moment of the
Cr tip-apex and Co atom as a function of LTA.



Chapter 4

Interaction of the STM tip with
single adatoms on metal surfaces

In this chapter, we demonstrate the effect of the STM tip on electronic and magnetic
properties of single magnetic adatoms on metal surfaces. We present theoretical studies
supported by experiments showing the importance of structural relaxations in the tip and
at the surface for understanding the Kondo effect on a single magnetic adatoms. Effect of
the STM tip on an adatom dynamics on metal surfaces is discussed.

4.1 Controlling the Kondo temperature with the STM tip:
experimental motivation

The location of the STM tip at the proximity of surfaces and adatoms can cause pertur-
bations due to the tip-sample interaction[110, 112]. Even a small change in the tip-sample
distance can significantly affect the tunneling current, since it depends exponentially on the
distance. Recent theoretical studies have shown that the tip can strongly change positions
of adatoms above the surface and could affect their electronic and magnetic properties[108].
Ab initio calculations and the molecular dynamics simulations have revealed that the Cu tip
strongly changes the position of Co adatoms above the Cu(001) surface. Atomic relaxations
in the tip and the substrate have been found to significantly depend on the tip-surface dis-
tance [108]. It has been found that approaching the tip towards the Co adatom from the
tunneling regime to the contact regime, the minority d states of the Co adatom are slightly
shifted to lower energies, while the majority d states move to the Fermi level and deplete
their population. Therefore the magnetic moment of the Co adatom has been found to be
strongly suppressed due to the hybridization between d states of the adatom and the s states
of the tip-apex and the Cu atoms in the substrate. Since the Kondo effect is caused by the
interaction of a magnetic impurity with the conduction electrons of a surrounding metal
host, the changes of the LDOS could lead to measurable changes in the Kondo temperature.
Such scenario has been recently confirmed by experiments of Néel et al.,[109]. Approaching
a tip towards a cobalt adatom on Cu(001) surface from the tunneling regime to the contact
regime the Kondo temperature of the system has been found to increase from 78 K to more
than 130 K[109]. Motivated by the above mentioned works we have addressed the following
questions: What is the effect of the atomic geometry in the contact and tunneling regimes
on the electronic and magnetic properties of a single adatom? It is a priori not evidence
if the Kondo temperature strongly depends on the tip-surface distances for closed-packed

53
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substrates as has been seen for (100) surfaces[109]. In other words, the question which
we are going to address is what is the interplay between structural relaxations due to the
tip-adatom interaction and the Kondo temperature? We have performed a theoretical in-
vestigations in order to support experimental results of the tip-adatom interactions on a
Cu(111) surface.

Experiments have been performed in the group of Prof. Klaus Kern (MPI Stuttgart)
using a home built scanning tunneling microscope operated at 6K in ultra high vacuum
(UHV) with a base pressure of 1×10−11mbar. Cu(111) single crystal have been cleaned in
UHV by cycles of Ar+ ion sputtering and annealing. Co single atoms were deposited on the
Cu surface at 20K from a thoroughly degassed Co wire wound around a W filament. This
resulted in a coverage of about 10−3ML of isolated immobile Co adatoms. The STM tip,
chemically etched from tungsten wire, was treated in vacuo by electron field emission and
soft indentation into the copper surface. This assured a spectroscopically featureless tip
near the Fermi energy. Given this preparation, the tip was most likely covered by copper
atoms deriving from the substrate.

The inset in Fig.4.1 shows the conductance of a single Co adatom at various tip-sample
displacements. This has been achieved by recording the current while approaching the tip
towards the atom, in open feedback conditions. As the tip sample distance is reduced the
current increases smoothly from the tunneling to the point contact regime following the
exponential dependence with the tip-substrate distance (z) characteristic of the electron
tunneling process I(z) = I0exp(−Az) (where A is proportional to the work function of
tip and substrate). As the point contact regime is reached the current is found to exhibit
a characteristic quantization plateau with only a weak dependence on the distance. The
plateau is observed to be 1G0 where G0 is the conductance quantum G0 = 2e2/h (h is
the Planck constant) in agreement with studies on Co/Cu(100)[109]. Topographic images
acquired before and after the tip was approached and retracted from the point contact
configuration confirm that the contact region as well as the tip have not changed during
the tip displacements.

Information on the Kondo resonance has been obtained recording the dI/dV spectra
on top of the Co adatom at various tip-sample displacements. In Fig.4.1, the spectra
obtained at the tip-substrate separation indicated by the circles in the inset are shown.
All the curves obtained in the range from the initial tunneling (∆Z = −2Å) to the point
contact (∆Z = 0.2Å) condition show a characteristic dip in the local density of states at
an energy close to the Fermi level. This dip, which is due to the Kondo resonance can be
characterized according to its width ∆E, which is proportional to the Kondo temperature
TK , ∆E=2kBTK , where kB is the Boltzmann constant[32, 113].

The Kondo temperature can be extracted from these curves by fitting the experimental
spectra with a Fano line function according to:

dI/dV ∝ (q + ε)2

(1 + ε)
(4.1)

with
ε =

(eV − εK)
kBTK

(4.2)

where q and εK define the asymmetry of the curve and the energy position of the resonance
with respect to the Fermi energy [115]. The obtained Kondo temperature TK is presented
in Fig.4.1. for each sampled tip position. As can be seen, the Kondo temperature for the
Co on Cu(111) system is constant, within the experimental error, from the tunneling to the
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Figure 4.1: Conductance and dI/dV spectra for isolated Co atoms on a Cu(111) surface
achieved at different tip-substrate distances ∆Z from tunneling to point contact. Prior
to the point contact measurements the tip was stabilized at a defined sample distance,
setting the tunneling conditions at 8 meV and 5 nA. In the inset a representative current
vs tip displacement is shown. dI/dV spectra have been recorded at the positions indicated
by circles in the inset. The curves are normalized to the tunneling current at the tip
height location and a vertical offset has been added for a better visualization. The Kondo
temperature TK given on the right side of the image has been obtained fitting the curves
with a Fano line shape (light line),see Ref[114].

point contact regime. These results have been reproduced with different tips and different
tip treatments which assured a spectroscopic featureless tip in the energy range at the Fermi
level.

The observed behavior of the Kondo temperature on the Cu(111) surface contrasts with
the behavior previously reported for the Co/Cu(100) system, where a considerable increase
of the Kondo temperature (from 70-90K in tunneling to 150K in point contact) was observed
[109]. As will be shown below this difference can be ascribed to the sensitivity of the Kondo
effect to the local atomic geometry.
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4.2 Atomic-scale simulations and ab initio studies of the ef-
fect of the STM tip on the electronic properties of mag-
netic adatoms

Figure 4.2: Setup for MD and DFT calculations. H is the tip-adatom distance and L is the
adatom-substrate separation.

To demonstrate the interplay between the structure of the junction and its electronic
and magnetic properties first, we performed atomic-scale simulations of the structure for the
different tip-substrate distances. Then, we considered the effect of structural relaxations
on electronic properties of Co adatoms performing ab initio calculations. Reducing the
tip-substrate separation can induce a local perturbation on the atomic arrangement of
the junction which can influence the coupling between the orbitals of the electrodes and
of the Co atom, and can consequently affect the electronic and the magnetic properties
of the system. To simulate the nanoscale-junction on the atomic scale, we have performed
molecular dynamics (MD) calculations using many-body interatomic potentials fitted to the
spin-polarized ab initio calculations[116]. In these simulations the tip has been represented
as a pyramid consisting of 10 Cu atoms arranged in fcc(111) stacking order, as shown in
Fig.4.2. Fig.4.3 shows the variation of the tip-adatom and the adatom-substrate separations
during the tip displacement [panels Fig.4.3(a) and Fig.4.3(b), respectively]. On a first
glance one can see that beside an initial region, the tip-Co adatom as well as the Co
adatom-substrate distances are not linearly proportional to the tip displacement. As the
tip-substrate distance is reduced, the atomic order at the junction relaxes: the atoms of
the tip, the Co impurity as well as the atoms of the substrate move to new equilibrium
positions. The real tip-substrate distance is then a dynamic variable according to the
specific location of the tip and to its attractive and repulsive interaction with the surface
and the impurity. Specifically, up to the minimum distance of 5.3Å, the tip-Co adatom
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distance is almost linear with the tip displacement. Approaching further, the distance
between the opposite sides of the nanometer scale junction is reduced to a larger extent
than the effectively applied tip displacement due to an attractive interaction (up to 4.7 Å).
By reducing the tip-substrate distance below 4.7 Å, the interaction becomes repulsive. At
such tip proximity, the adatom-substrate distance (defined as the vertical distance between
the Co adatom and its first nearest neighbor) is strongly reduced while the distance between
the tip and adatom is only slightly decreased. This implies that the Co adatom shifts
towards the substrate. As a consequence when the point contact configuration is reached,
the Co-Cu(111) surface distance is greatly decreased comparing to the equilibrium distance
predicted for the tunneling condition [dotted line in panel 4.3(b)].
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Figure 4.3: Atomic relaxation at the single Co atom junction as a function of the tip
displacement. The initial tip-adatom distance (H) is the same for Cu(111) and Cu(100)
surfaces. The adatom-substrate (L) distances for Co adatom on the two surfaces is shown
in panel (b). ∆z is the displacement of the STM tip. The dashed lines show the Co-
substrate distance in point contact conditions. (A), (B), and (C) indicate the position
where the LDOS shown in Fig. 3 have been calculated; the values in the brackets are the
tip-substrate distances for these three positions.

It is important to compare atomic relaxations in junctions on the closed-packed Cu(111)
surface with those on the Cu(100) surface. These results are presented in Fig.4.3. The gen-
eral trend of attractive and repulsive interaction of tip-adatom and surface can be observed
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in both cases. However, differences in the atom dynamics under the influence of the tip
and in the adatom-surface distance are obvious. Specifically, under the influence of the
tip the Co impurity is pushed deeper towards the Cu (100) surface in the point contact
regime [dotted line in panel Fig.4.3(b)] than that in the tunneling regime. Therefore, the
hybridization between d states of the Co adatom with the sp states of the surface increases.
Considering that a reduction in tip-adatom distance by 1 Angstrom typically results in
ten-fold increase of the tunneling current, it can be concluded from the above discussed
results that the dynamics of the relaxations caused by the tip must have profound influence
on STM and STS results.
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Figure 4.4: Spin-polarized LDOS for d states of the Co adatom on the Cu(111) surface.
The curves are calculated tip-substrate displacements as denoted in Fig.4.3

.

Figure 4.5: Influence of the tip proximity on d states of Co adatom on Cu(001) at three
different tip-substrate separations. The figure is taken from[108].

.

To demonstrate the effect of the tip on electronic properties of single magnetic adatoms,
we have performed ab initio calculations of the local density of states (LDOS) in a fully
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Figure 4.6: Influence of the tip proximity on the d levels center of Co atoms on Cu(001)
and Cu(111) surfaces. The lines connecting the points are a guide to the eye.

.

relaxed geometry for three different tip-adatom distances denoted as A, B and C in Fig.4.3.
Spin-polarized calculations were performed within LCAO formalism by means of density
functional theory implemented in SIESTAÅ[67]. The geometry was optimized by SIESTA
until all residual forces on each atom are smaller than 0.01 eV/. LDA has been used
for the exchange and correlation potentials, and a 250 Ry energy cutoff is used to define
real-space grid for numerical calculations involving the electron density. Core electrons of
all elements are replaced by nonlocal norm-conserving Troullier-Martins pseudopotentials.
Valence electrons of the Cu substrate are described using a double-ζ plus polarization atomic
orbital basis set, and a triple-ζ plus polarization atomic orbital basis sets for the Co adatom.
The displacements of the Co adatom at three tip-adatom distances calculated by the MD
method are 0.02, 0.21, and 0.05 Å, respectively. They are 0.01, 0.26, and 0.08 Å obtained
from SIESTA code, coinciding with the MD results very well. Relaxation of the atoms in
the tip is also taken into account in our calculations.

In Fig.4.4, d states of the Co adatom on Cu(111) are shown for different tip-substrate
separations with the energies given with respect to the Fermi level. For comparison, we also
present d state on the Co adatom on Cu(100) at different tip-substrate separations[108],
as shown in Fig.4.5. It can be seen that only d states of the Co adatom on Cu(111) are
slightly affected by the tip-adatom interaction. In contrast, for the Co adatom on Cu(100)
at distances between 4.5 and 3.5 Å, the majority of d states are drastically influenced by
the interaction between the tip and the adatom.

Moreover, on Cu(111) surface, the energy differences U between the center of the oc-
cupied spin-up states (or majority states) and the center of the partially unoccupied spin-
down states (or minority states) at three tip-substrate separations are nearly the same.
Consequently, the magnetic moment of the Co adatom (1.99 µB, 1.96 µB, and 1.78 µB,
respectively) at these three tip-substrate separations are only slightly affected by the tip
proximity. On the contrary, a large energy shift of d states is seen for the Co adsorbed on
Cu(100) surface (Fig.4.5), which leads to a strong reduction of the magnetic moment of the
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Co adatom on Cu(100) (down to about 1.2µB in the contact regime). A comparison of the
energy position of the occupied d levels is shown in Fig.4.6. On both surfaces the position of
the occupied d levels shifts towards higher energies under the influence of the tip proximity.
On the Cu(111) surface this shift is, however, much smaller than that on Cu(001) surface.
On Cu(100) the substantial change in the occupation of the d states is reflected by the
increase of the Kondo temperature in point contact. The difference in the change of the
Kondo temperature on Cu(111) and Cu(100) is caused by different atomic relaxations which
occur on both substrates. For all tip positions the distance between the Co adatom and
Cu(111) is significantly larger than that that on Cu(100) (see Fig.4.3 (b)). Therefore, the
hybridization between d states of Co adatoms with sp electrons of the substrate is weaker
on Cu(111). As a result, only very small changes in the LDOS of Co adatoms are found on
Cu(111). Accurate calculations of the Kondo temperature for our system are, however, not
straightforward. Nonetheless, the theoretical predictions and the experimentally observed
Kondo temperature in the point contact regime follows the trend described by the model
proposed by Wahl et al.[113]. The increase of the occupation of the Co d states effects
sensibly the Kondo temperature on Cu(100) and almost negligibly on the Cu(111) surface.

Finally, we comment on calculations of the Kondo temperature for magnetic junc-
tions. The Kondo effect is a genuine many-body phenomenon, and therefore the results
of ground state DFT simulations cannot be directly related to the Kondo temperature. In
several works the Kondo temperature has been calculated exploiting the Anderson impurity
model[34, 117]:

TK ∝ 1
kB

√
2∆U

π
exp

[
− π

2∆

(∣∣∣∣
1
εd

∣∣∣∣ +
∣∣∣∣

1
εd + U

∣∣∣∣
)−1

]
(4.3)

Within the single-orbital Anderson model, ∆ is the width of the impurity state. In
the case of several impurity levels, as for the Co adatom, it denotes the broadening due to
the crystal field splitting between these levels. The parameter εd is the energy difference
between the occupied d-band center and the Fermi level, and U is the on-site Coulomb
interaction between spin-up and spin-down states. The crystal field splitting shows up as
the half-width of the spin-up density of states of the d band. Now, the problem is to find
the the center of the occupied d band of the impurity, its half-width ∆, and the on-site
Coulomb interaction U. The on-site Coulomb interaction can be calculated between spin-up
and spin-down states by estimating the center of the d band for occupied and unoccupied
states. The crystal field splitting ∆ can be obtained by fitting the peaks in the DOS to
a Gaussian, which is not very precise and the evaluations of the Kondo temperature TK

would reflect some errors.
Néel et al., [109] used this model to estimate the dependence of the Kondo temperature

on the tip-substrate for a Co adatom on Cu(001) surface and found the increase in the
Kondo temperature during the tip approaching. However, there is a great difference in
the values of the Kondo temperature between the experimental and the theoretical results.
From the equation of the Anderson model, it can be seen that the Kondo temperature
exponentially depends on the crystal field splitting ∆. Even a small change of the ∆ would
result in a big difference in the Kondo temperature. To get a precise Kondo temperature,
as pointed by Újsághy et al.,[34] details of the band structure have to be taken into account
in order to reproduce the tip-substrate dependence quantitatively.
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4.3 Interaction between the STM tip and adatoms at the
atomic scale: tailoring an adatom dynamics

Here, we discuss our results for an adatom motion on metal surfaces caused by the in-
teraction with the tip. We reveal the effect of the STM tip on the surface diffusion of a
single Co adatom on a Cu(111) surface. The main goal of this section is to resolve the
energy landscape for the diffusion of a Co adatom in the presence of the tip. Atomic-scale
calculations by means of MD method and ab initio studies are presented. It is known that
the STM tip causes modification in the energy landscape in its vicinity which, in turn, con-
trols the characteristic of an atomic manipulation[118]. Detailed knowledge of the energy
landscape in the presence of the tip may help control atomistic processes such as chemical
reactions, growth and nanostructuring. Several interesting theoretical studies have been
already perfomed in this field. For example, a lowering of the activation energy for an Au
atom diffusion on Au(100) surface in the presence of a Au tip has been reported[119]. Also
a significant lowering of the diffusion barrier for a Cu adatom on Cu(111) with Cu(111) tip
toward the surface and increasing the barrier for the motion away from the tip has been
found[10]. A simple scenario explaining the effect of the tip on adatom diffusion is the
following: at particular heights, the adatom gains new bonds with the tip atoms, which
makes its motion more favorable toward the tip than away from it. Another example of
the effect of the STM tip on energy landscape has been demonstrated in both calculations
and experiments for Ag(111): a Ag adatom can be extracted from a Ag mound by a Ag
tip through the pulling mode[21]. Recent molecular dynamics calculations suggest that it
could be possible to extract Cu atoms from Cu clusters affecting the energy landscape by
the STM tip[118]. A significant influence of the tip on atomic diffusion on the top and the
edges of mesosocopic Co islands on Cu(100) has been revealed in MD calculations[120]. It
has been shown that for certain tip-surface separations, the hopping diffusion of Co adatoms
on the top of Co islands and the upward mass transport at the edge of the islands can be
strongly enhanced. The size-dependent strain relief in the islands[121, 122] caused by the
tip and the substrate has been shown to play very important role in atomistic processes on
islands.

To the best of our knowledge, the effect of the STM on magnetic adatoms on metal sur-
faces has not been studied yet. Such studies will be of great interest for ”atomic engineering”
of magnetic nanostructures.

The model for our calculations is presented in Fig.4.7. Co adatom is shown with a red
ball, Cu(111) substrate and Cu tip are sketched with blue spheres. The adatom is placed
initially aside the tip apex. Then we start to move adatom towards the tip. The direction
of this movement is shown with a dashed red line in Fig.4.7 b. The position of the tip apex
is pointed with a yellow star. Nearest to adatom absorption sites are marked with numbers.
Distances between the Co adatom (red star in Fig.4.7 b) and 1st, 2nd, 3rd and 4th hollow
sites are 1.5, 2.5, 3.0 and 3.9 Å, respectively.

At each point the adatom, the Cu substrate and the Cu tip are relaxed and the total
energy of the system is calculated. We expect that the energy landscape will depend on the
tip geometry and its position. First, we have performed calculations for a sharp tip made
of 10 Cu atoms arranged as a pyramid with fcc (111) stacking of atomic planes. Here we
describe the tip position with the vertical distance H between the tip and the substrate, and
with the vertical distance L between the tip apex atom and the Co adatom (see Fig.4.7).

In our calculations we used the many-body interatomic potentials formulated in the sec-



62 Chapter 4. Interaction of the STM tip with single adatoms on metal surfaces

HL

Diffusion direction Tip center

1

2

2

3

3 4

4

adatom

(a)

(b)

Figure 4.7: Schematic set up for the calculations. (a) H is the vertical tip-substrate distance,
L is the vertical tip-apex adatom distance. (b) Top view of the surface. Red star is the
initial position of the adatom and the yellow star is the position of the STM tip. Numbers
denote the Nth nearest neighbors of the adatom.

ond moment of tight-binding approximation with parameters fitted to ab initio calculations[116].
At a short tip-substrate distance 7.9 Å (Fig.4.8 a), the Co adatom jumps from fcc3

site to fcc4 site (these sites are pointed in Fig.4.8 c) with the diffusion barrier of 19 meV.
Such atomic event can be operative only at temperature larger than 6 K. If the adatom is
closer to the tip apex it moves towards the tip without the barrier. When the tip-substrate
distance is increased to 8.5 Å (Fig.4.8 b), the barrier for the Co adatom to jump from
fcc3 site to hcp3 is 30 meV. And the barrier for jumping from hcp3 to fcc4 site is only
5 meV. We conclude that in both cases Co adatom can hop from the hcp site to the fcc
site towards the tip. The displacement of the adatom in this case is 1.48 Å. The driving
force which ”pushes” the adatom to move towards the tip is mainly caused by electronic
interactions between the adatom and the tip apex. To prove it, we have calculated the tip-
adatom interaction by means of ab initio KKR Green’s function method[123](calculations
have been performed together with P. Ignatiev, MPI Halle). The tip constructed of 4 Cu
atoms was placed at 2.1 Å, 4.2 Å and 6.3 Å above Cu(111) surface at distances ranging
from 0 Å up to ∼ 10 Å. The interaction energy was determined from the total energies
at short tip-adatom separations and the force theorem and single particle energies were
used otherwise[124]. The interaction energies are plotted in Fig. 4.9. It is evident that a
strong attraction appears when the tip is situated close to the adatom. This effect can
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Figure 4.8: Diffusion barriers of the Co adatom under a sharp tip at different tip-substrate
distances: (a) 7.9 Å, (b) 8.5 Å. fcc and hcp positions in (a) and (b) are marked in (c).
The Y axis is the energy and its unit is eV. In calculations, even for the same tip-substrate
distance would have different tip-adatom distance, which is due to the relaxation effect.

be explained by the formation of a direct bond between the adatom and tip atoms. The
attraction almost disappears at separations larger than ∼ 6 Å. These results suggest that
when the tip approaches the surface all the barriers for adatom jumps between hollow sites
situated closer than 6 Å from the tip apex can be drastically reduced. As a result the adatom
can move from the tip periphery towards its center. Surface state electrons were found to
play a minor role in the studied phenomena due to the density vanishing exponentially to
the vacuum.

To extend our study, we have performed calculations with different blunt tips. Our
first blunt tip is modeled by a pyramid arranged in fcc(111) stacking with 3 Cu atoms in
apex plane (Fig4.10 a). If the tip-substrate distance equals to 7.8Å, the diffusion barrier
for the Co adatom jumps from fcc2 to fcc3 site under the tip is 7 meV (Fig.4.10 c). The
displacement distance is around 2.55 Å. The further displacement is suppressed by strong
adatom-tip repulsive force, which increases the barrier of diffusion from fcc3 site to fcc4 site
up to 92 meV. At larger tip-substrate distances, however, this barrier disappears due to
significant reduction of adatom-tip interaction. Energy profile for tip-substrate distance of
to 8.2Å is demonstrated in Fig.4.10 (d). If adatom has already moved to the site fcc3, the
tip retraction pushes it into the site hcp3 (Fig.4.10 (d)) and the total displacement is 4Å.

Another blunt tip which have been probed in our calculations is a pyramid stacked in
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Figure 4.9: Energies of the interaction between the tip and adatom calculated for various
tip heights h and various tip-adatom separations R. These plots give a clear evidence of a
significant attraction of the adatom to the tip.

fcc(111) order with 6 Cu atoms in the apex plane (Fig.4.11 a). At a short tip-substrate
distance (7.9Å), the diffusion barrier for the Co adatom to jump from site hcp1 to site fcc2
is 13 meV. If the adatom is placed closer to the tip center it gets to the point pos1 under
the tip without any barrier. The displacement in this case is 2.9Å. The further movement
could be blocked at very low temperature by the barrier of 14 meV caused by the adatom-
tip interaction. The retraction of the tip from the surface results in the disappearance of
this barrier (see Fig.4.11 d for H=8.6Å) and the adatom gets at the tip center. The total
displacement in this case is 4Å. These results give a clear evidence that energy landscape
for a single adatom on the surface can be ”engineered” by choosing the tip position above
the surface and the shape of the tip.
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Figure 4.10: (a) Tip apex in the blunt tip and the red star is the center of the tip-apex.
(b) Different positions on Cu(111) surface. Diffusion barriers of the Co adatom under the
blunt tip at two tip-adatom distances: (c) 7.8Å and (d) 8.2Å.

Figure 4.11: (a) Tip apex in the blunt tip and the red star is the center of the tip-apex.
(b) Different positions on Cu(111) surface. Diffusion barriers of the Co adatom under the
blunt tip at two tip-adatom distances: (c) 7.9Å and (d) 8.6Å.





Chapter 5

Tailoring a single spin on metal
surfaces by a magnetic STM tip

The control over magnetic ordering down to a single atomic magnet, such as a single atomic
spin on a surface, is of great interest for spintronics devices. The delicate interaction
between the adatom and its surrounding, mediated by a supporting substrate or host, de-
termines the resulting behavior of the spin orientation. The spin directions of interacting
adatoms can be driven into either parallel (ferromagnetic), antiparallel (antiferromagnetic)
alignment, or even noncollinear, depending on the sign of the exchange coupling. Recent
scanning tunneling microscopy (STM) experiments demonstrate the ability to measure the
exchange coupling between spins[125, 37]. The magnetic exchange interaction can be ob-
tained from the excitation spectra of a magnetic chain with different length [125] or the
Kondo resonance of the interacting adatoms at various separations[37]. One can also use
the magnetic exchange coupling to control the spin state of a single magnetic adatom by
depositing it on an insulating thin film[6] or on magnetic islands[107, 126]. Moreover, Hein-
rich et al.,[127] have observed a spin-flip phenomenon for a single manganese adatom on
a metal oxide island. In all the above experiments, the STM tip is only used as a tool
probing the status of adatoms on surfaces, but the influence of the STM tip on electronic
and magnetic properties of adatoms has not been investigated. However, theoretical and
experimental studies have shown that electronic and magnetic properties, as well as the con-
ductance behavior of a single adatom on metal surfaces strongly depend on the tip-surface
distance[110, 108, 109, 114].In this chapter we show that exchange interaction between the
magnetic STM tip and the magnetic adatom (a single atom junction) can be manipulated
by changing the distance between the tip and the surface. We reveal that a direct inter-
action between d-states of the tip and the adatom at short tip-substrate separations leads
to the antiferromagnetic coupling between the tip and the adatom, while at large distances
an indirect interaction between d-states of the tip and the adatom via sp electrons leads
to a ferromagnetic coupling between them. We perform a comprehensive study of a spin-
dependent charge transfer between the tip and the adatom at different positions of the tip
above the surface. Our study demonstrates the possibility of controlling a single spin on
metal surfaces exploiting the magnetic STM tip. We concentrate on the magnetic Cr tip
interacting with 3d adatoms (Cr, Mn, Fe, Co) on Cu(001).

67
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5.1 Description of ab initio calculations

In order to gain insight into the magnetic interactions between the spin polarized STM tip
and single magnetic adatoms on Cu(001) surface, we have performed first-principle calcula-
tions based on the density functional theory (DFT) within the generalized gradient approx-
imation (GGA) implemented in VASP code[59, 60, 61, 62], with the exchange-correlation
function of Perdew and Wang (PW91). In order to describe the ion core electrons, the pro-
jector augmented wave (PAW) potentials are used. This approach keeps the computational
efficiency of pseudopotentials by substantially reducing the number of plane waves required,
but, at the same time, it is an all-electron scheme providing very realistic valence-electrons
distributions important for studying the magnetic properties of the system. The electronic
states are expanded in terms of plane waves with the number restricted by maximal kinetic-
energy cutoff of 400 eV. All parameters in the calculations are chosen to converge the total
energy to 10−5 eV.

Figure 5.1: Two different types of the STM tips used in calculations. The arrows in the
figure are the spin directions of atoms. Presented numbers depict the magnetic moment(µB)
of the Cr atoms. Blue balls are the Cu atoms and yellow balls are the Cr atoms.

The coupled system consisting of the tip, the adatom and the substrate is calculated
in a supercell geometry. In two dimensions (2D) our supercell corresponds to a (4×4) unit
cell with respect to the Cu(001) surface. The Cu(001) substrate is modeled by a slab of 5
layers of Cu atoms with 16 Cu atoms in each layer. The Cr adatom is placed above the
hollow site of the top Cu layer. In our model the distance between the tip and its image
in its neighbor is larger than 10 Å, thus interaction between them is negligible. Three Cu
bottom layers of the substrate and the top layer of the tip are fixed, all the other atoms are
fully relaxed. The geometries are optimized until all residual forces on each atom are less
than 0.01 eV/Å.

One of the most delicate aspects in modeling the STM experiments is the geometry
used for the tip. Ideally, the model for the tip should consist of thousands of atoms to
mimic tips used in real experiments. However, in practice one is limited by the compu-
tational resources required for the calculation. Fortunately, the interaction between the
tip and sample is dominated by the foremost atoms of the tip[110] due to the exponential
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decay of the wavefunctions. There are two main approaches to model a metal tip: i) the
cluster model, where the shape and the atomic arrangements can play a role in determin-
ing the electronic properties of the apex atom. ii) an extended substrate model (as 3D
supercell or 2D slab systems), where the metallic properties of the system could be better
represented[110].

In our calculations, we use a cluster model for the tip. The following two approaches
for the tip structure have been investigated: (1) the tip is modeled by a pyramid consisting
of 13 Cu atoms and one Cr atom at the tip-apex (denoted as single-Cr tip in this work),
and (2) by a pyramid consisting of 14 Cr atoms (denoted as 14-Cr tip in this work). These
two models are presented in Fig.5.1. The top layer of the tip is fixed while atomic positions
for other atoms in the tip are determined by a fully relaxed geometry.

Since the Cr tip has an antiferromagnetic ground state[128], the spin direction of atoms
in the second layer of the tip is set to be antiparallel to the spin direction of atoms in other
two layers, as shown in Fig.5.1. We restrict ourself only to the collinear magnetic structure
of the tip, while a more complicated spin configurations in the tip could exist. Our studies
have revealed that the exchange coupling in the single atom junction is mainly determined
by the interaction between the adatom and the tip apex. Our calculations have shown that
the magnetic moment of the Cr tip apex decreases from 4.01 µB to 3.41 µB with increasing
number of Cr atoms in the tip from a single Cr atom to 14 Cr atoms.

5.2 Exchange interaction between the tip and adatoms

First of all, we perform calculations of the interaction between the single-Cr tip and a Cr
adatom on Cu(001) surface. The interaction between the 14-Cr tip with the Cr adatom
will be discussed later. The single-Cr tip is approached vertically towards the Cr adatom
on Cu(001) surface. In all calculations, the spin direction of the tip-apex is fixed (spin
up), while the direction of the spin could be reversed for the Cr adatom (either to be spin
up or spin down). At each tip-substrate separation, we perform calculations for parallel
(P-configuration, the spin direction of the Cr tip-apex and Cr adatom to be parallel) and
antiparallel (AP-configuration), as shown in Fig.5.2 (a). The tip-adatom distance d is the
distance between the tip and the adatom without relaxations.

The magnetic interaction between tip and adatom can be inferred directly from the
exchange energy Eex defined as:

Eex(d) = Eap(d)−Ep(d)

and displayed in Fig.5.2 (b).
One can see that the exchange energy changes its sign when the tip approaches to

the surface. At large tip-substrate distances, the energy difference between P- and AP-
configurations increases and reaches its maximum (91 meV) at about 9.2 Å. At a short tip
substrate separations, however, the exchange energy decreases and shows a clear changes
in its sign at about 7.9 Å. The exchange energy increases to -42 meV at the tip-adatom
distance of 7.7 Å. We did not decrease the tip-adatom distance further, which will increase
the exchange energy to an even larger value. The negative value of the exchange energy
indicates that the antiparallel alignment is energetically favorable, while for the positive
value corresponds to a parallel alignment of spins. The central result of our study is the
change of the sign of the exchange energy when the tip approaches the surface.

Now we turn to the discussion of the atomic relaxations in the single-atom magnetic
junction.
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Figure 5.2: (a) Setup for calculations. The upward arrow in the tip-apex means that its
spin direction is fixed to be spin up. Two arrows denote that the spin direction of the
adatom can be reversed; d is the tip-substrate distance without relaxations. (b) Exchange
energy as a function of the tip-substrate separation.

Displacements of the Cr adatom and tip-apex in parallel (P-configuration) and antipar-
allel (AP-configuration) configurations at different tip-substrate separations are plotted in
Fig.5.3. It can be seen that the Cr adatom and the tip-apex show different relaxation be-
havior. When the distance between the tip and the adatom decreases, both the tip-apex
and the adatom exhibit strongly vertical displacements. For the P-configuration, in the
range between 10.2 Å and 9.2 Å, the tip-apex is pulled down, while the adatom is pulled
up. At this stage the attractive interaction between the tip and the adatom is the driving
force for the observed atomic relaxations. However, at a short tip-substrate separation, the
repulsive interaction between the tip and the adatom plays an important role. As can be
seen from figure, at a short tip-substrate separation, the Cr tip-apex is pushed up while the
adatom is pushed down.

Checking Fig.5.3 carefully, one can see that for short tip-substrate distances displace-
ments of the tip-apex and the adatom in P-configuration are larger than those in AP-
configuration. As we have already discussed, at a short tip-substrate distances, the inter-
action between the tip-apex and the adatom is repulsive. Moreover, at a short separation,
two electrons with the same spin direction repel each other, while two electrons with the
opposite spin direction attract each other. Therefore, at a short tip-substrate distance, the
repulsive forces between the tip-apex and the adatom in P-configuration would be stronger
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Figure 5.3: Atomic relaxation as a function of the tip-substrate separation for parallel and
antiparallel configurations; (a) ∆l=l0-l is the displacement of the tip-apex without and with
the tip-adatom coupling; (b) ∆d=d-d0 is the displacement of the adatom with and without
tip-adatom coupling.

than that in AP-configuration. At this stage displacements of the tip-apex and the adatom
in P-configuration are larger than those in AP-configuration. To reveal the effect of atomic
relaxations on the exchange interaction between the tip and the adatom we have calculated
the exchange energy without any relaxations. Results are presented in Fig.5.4. In both P-
and AP-configurations, the initial tip-adatom distance is the same. Results for relaxed and
unrelaxed geometries look qualitatively similar: the spin direction also changes from the
P-configuration to the AP-configuration at the tip-adatom distance about 7.9 Å. Still, an-
tiferromagnetic alignment is energetically favorable at short-adatom separations. However,
the exchange energy is quantitatively different. At the tip-adatom distance of 7.7 Å, the
exchange energy in the unrelaxed configuration is nearly three times larger than that in the
relaxed configuration.

In order to check the influence of the tip size on the exchange energy, we have also
carried out fully relaxation calculations for the exchange energies using the tip consisting
of 14 Cr atoms (denoted as 14-Cr tip, see Fig.5.1 (b)). At the tip-substrate distance of 9.2
Å, the energy difference between AP- and P-configurations is about 77 meV, while it is -84
meV at 7.7 Å. Although exchange energies are quantitatively different for the single-Cr tip
and the 14-Cr tip, the trend for both tip models is the same. For 14-Cr tip, the exchange
energy still keeps a negative value at short tip-adatom distances. In other words, at short
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Figure 5.4: Exchange energy as a function of the tip-substrate separation with and without
relaxation.

tip-adatom distances, the antiparallel alignment of spins of the tip apex and the adatom is
energetically more favorable.

We have also studied the exchange interaction between the Cr tip and other different
magnetic adatoms such as Mn, Fe and Co. Results presented in Fig.5.5 reveal the following
interesting trends. First of all, for all the magnetic adatoms M (M=Mn, Fe and Co), the
exchange energy changes its sign at a short tip-adatom distance. At a large tip-adatom
distance, the exchange energy is positive, which means that spin directions of the Cr tip
and a magnetic adatom M would prefer to be parallel. A large negative exchange energy
at a short tip-adatom separation denotes that an antiparallel configuration is energetically
more favorable. These results indicate that it is in general true that the spin direction of
a single magnetic adatom can be controlled with a spin polarized STM tip by changing its
position above adatoms.

The Fig.5.5 also shows that the Co adatom changes its spin direction at the tip-adatom
distance of about 10 Å. Fe and Mn adatoms change their spin directions at the tip-adatom
distance in the range between 9.2-9.4 Å and 9.0-9.2 Å, respectively. As it has been discussed
before, the Cr adatom changes its spin direction only at a very short tip-adatom distance
in the range of 7.8-8.0 Å. In other words, going from Cr to Co adatom, the tip-adatom
distance where the adatom changes its spin direction increases.
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Figure 5.5: Exchange interaction between the Cr tip and magnetic adatoms M (M=Mn, Fe
and Co).

This interesting trend is closely related to the spin splitting (energy difference between
the center of the spin up and spin down states) of the magnetic adatoms. The spin splitting
decreases from the Cr atom to the Co atom. The exchange energy changes its sign due
to the charge transfer between the tip and the adatom. To go more deeper insight effects
reported above we have done the investigation of the charge transfer between the tip and
adatoms as will be discussed in the next section.

5.3 Spin-dependent charge transfer in the magnetic junction

The origin of exchange interactions can be traced to the different electronic structure of the
magnetic junction in the P- and AP-configurations. In order to study the nature of these
interactions, the charge density difference for these two types of coupling at different tip-
adatom separations should be analyzed in detail. We will concentrate on the spin-dependent
charge transfer between the Cr tip and the Cr adatom on Cu(001).

The charge density of the Cr tip on Cr adatom at two tip-adatom distances 9.2 Å (P-
configuration) and 7.7 Å (AP-configuration) are plotted in Fig.5.6(c), (d), in comparison
with that of the isolate Cr tip (Fig.5.6(a)) and a single Cr adatom on Cu(001) surface
(Fig.5.6(b)). Obviously, the charge density overlap between the tip and the adatom at a
short tip-adatom separation is much stronger than that at a large separation. It is seen
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Figure 5.6: Cross-sectional charge density plots along the [110] direction for (a) an isolated
Cr tip and (b) for a single Cr adatom on Cu(001) surface, total charge density for the Cr
tip interacting with the Cr adatom at two different tip-adatom distances (c) 9.2 Å and (d)
7.7 Å. The slice is cut across the center of the Cr tip-apex and the Cr adatom. Contours
in the panel start from 0e/Å3 and change successively in steps of 5× 10−3e/Å3.

that the charge accumulation in the center area of the junction is strongly increased, which
facilitates the charge transfer between the tip and the adatom. The Fig.5.7(a) shows the
total charge density difference plot for the parallel and antiparallel configurations for the
tip-adatom distance of 9.2 Å. The charge density difference is calculated by subtracting the
charge density of the isolate Cr tip (ρtip) and that of the Cr adatom on Cu(001) surface
(ρCr/Cu(001)) from the charge density of the Cr tip on Cr/Cu(001) (ρtip−Cr/Cu(001)). At a
large tip-adatom separation, in both P- and AP-configurations, the tip-apex and the Cr
adatom lose electrons, and there is a small excess charge accumulation between Cr tip-apex
and Cr adatom. The charge accumulation in the P-configuration is stronger than that in
the AP-configuration which indicate that the P-configuration is more energetically favorable
than AP-configuration (as shown in Fig.5.2).

It can be also seen that the charge densities on the nearest-neighbor Cu atoms beneath
the Cr adatom and Cu atoms in the second layer of the tip are also slightly redistributed.
The charge redistribution on Cu atoms is caused by their small magnetic moments induced
by Cr adatom or Cr tip-apex.

Total charge density difference for the parallel and the antiparallel configurations for
the tip-adatom distance of 7.7 Å is plotted in Fig.5.7(b). Both the tip and the adatom lose
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(a)

(b)

Figure 5.7: Charge density difference ([ρtip−Cr/Cu(001)]-[ρCr/Cu(001)]-[ρtip]) for P- and AP-
configurations for two tip-substrate distances; The red and blue arrows in the figure are the
positions of the tip-apex and the adatoms, respectively. The slice is cut across the center
of the Cr tip-apex and Cr adatom. (a) and (b) for the P- and AP-configurations for the
tip-substrate separation of 9.2 Å. Contours in the panel start from −0.08e/Å3 and change
successively in steps of 5× 10−3e/Å3; (c) and (d) for the P- and AP-configurations for the
tip-substrate distance of 7.7 Å. Contours in the panel start from −0.16e/Å3 and change
successively in steps of 5× 10−3e/Å3.
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(a)

(b)

Figure 5.8: Spin-dependent charge transfer, [ρtip−Cr/Cu(001)] ↑ (↓)-[ρCr/Cu(001)] ↑ (↓)-[ρtip] ↑
(↓), in the junction for the two tip-substrate separations; The red and blue arrows in the
figure are the positions of the tip-apex and the adatoms, respectively. The slice is cut across
the center of the Cr tip-apex and the Cr adatom. (a) and (b) are the charge densities for the
spin up and spin down electrons for the tip-substrate separation of 9.2 Å (P-configuration),
respectively. Contours in the panel start from −0.03e/Å3 and change successively in steps
of 5×10−3e/Å3; (c) and (d) are the charge densities for the spin up and spin down electrons
for the tip-substrate separation of 7.7 Å (AP-configuration), respectively. Contours in the
panel start from −0.16e/Å3 and change successively in steps of 5× 10−3e/Å3.
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some electrons. An excess charge strongly accumulates between the tip-apex and the Cr
adatom, which implies a strong electronic interaction between them. However, the charge
accumulation between the tip-apex and the Cr adatom in AP-configuration is larger than
that in P-configuration which indicates that the antiferromagnetic coupling between the
tip and the adatom is more energetic favorable, in agreement with the calculation of the
exchange energy.

Comparing the total charge density difference for P- and AP-configurations at different
tip-adatom distances, one can predict which configuration will be energetically more stable.

To understand the role of different spin channels in the charge transfer in the junction
we present in Fig.5.8(a) the charge density difference for majority and minority electrons
for the tip-adatom separation of 9.2 Å (P-configuration). We have found the transfer of
the spin up electrons of the tip and the adatom to the area between them. However, for
the spin down electrons, there is only very weak electron depletion, and the accumulation
of the charge between tip and adatom is too weak to be visualized in the figure. When
we put the Cr tip above the Cr adatom at large tip-adatom distances, spin down electrons
are nearly unaffected, while spin up electrons accumulate in the range between the tip and
the adatom. Therefore, there is the spin polarized charge transfer between the tip and the
adatom, and this process includes only spin up electrons.

The spin-dependent charge density difference for the tip-adatom separation of 7.7 Å in
AP-configuration is plotted in Fig.5.8(b). One can find that majority electrons deplete from
the Cr tip-apex and accumulate between the tip and the Cr adatom. However, minority
electrons deplete from the Cr adatom and accumulate between the tip and the adatom. In
other words, there are two processes in the charge transfer, one is the transfer of majority
electrons from the Cr adatom to the Cr tip-apex, and the second is the transport the
minority electrons from the adatom to the tip-apex.

In order to make clear which orbitals are involved into the charge redistribution process,
the projected density of states (PDOS) of the Cr adatom and the Cr tip-apex at the tip-
substrate separation of 9.2 Å (P-configuration) is plotted in Fig 5.9. At a large tip-adatom
separation, the direct overlap of the d states of Cr atoms is very weak. At the same time,
a strong hybridization between the d and the s states can be observed for both of the
tip-apex and the adatom. The interaction between d -states of the tip and d -states of the
Cr adatom occurs via their s-electrons. In other words, an indirect interaction between the
tip and the adatom determines the exchange coupling between them. Our results can be
explained with the classical Zener model[129, 130]. We give a short summary of Zener’s
model: All unpaired electrons within each atom strive to attain the configuration of the
lowest energy, in which according to Hund’s rule, all spins are parallel to one another. Since
the conduction electrons carry along their own spins unchanged as they wander from atom
to atom, they are able to move within an environment of parallel spins only if the spins of
all the d-shells are pointing in the same direction. This indirect coupling via the conduction
electrons will therefore lower the energy of the system when the spins of the d-shells are
parallel. This is so called a double exchange process. Ferromagnetism is possible only when
the indirect coupling dominates over the direct coupling between adjacent d-shells. In the
case of the magnetic junction considered in our work, the indirect coupling between the tip
apex and the Cr adatom via sp-electrons promotes the ferromagnetic coupling at large tip-
adatom separations. Now, let’s discuss the results presented in Fig.5.5, as has been found
that the ferromagnetic alignment in the junction is stable for Cr adatom for considerably
smaller distance between tip and adatom, compared to Mn, Fe and Co. The results can be
explained by the fact that wavefunctions are becoming more localized from Cr to Co. That
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Figure 5.9: Projected density of states for the Cr adatom (left panels) and the Cr tip-apex
(right panels) at 9.2 Å separation between them (P-configuration); a), b) 4s states; c), d)
4p states; e), f) 3d states.

means the amount of sp electrons which provide indirect coupling between tip and adatom
also reduces going from Cr to Co adatom.

However, at short tip-adatom separations the scenario of the magnetic coupling in the
junction is different. In this case a direct interaction between d-states of the tip and the
adatom determines the ground magnetic state.

In order to describe the interaction of two magnetic impurities on neighboring sites in a
free-electron-like host metal, a model was proposed by Alexander and Anderson[132]. In the
framework of this model the virtual bound-state level of the impurity E0 becomes spin split
due to the exchange interaction: E0− 1

2σIm. Here I is the exchange integral and σ denotes
the spin direction: σ=+1 for the majority-spin and σ=-1 for the minority-spin direction, and
m is the magnetic moment. The corresponding densities of states are sketched schematically
in Fig.5.10. For the ferromagnetic case one sees the bonding-antibonding splitting of the
single-impurity peaks. In the antiferromagnetic case the single-impurity peaks repel each
other and are slightly reduced in intensity. Additional satellite peaks with rather small
weights appear at the ’wrong’ energy positions; these are due to tunneled-through electrons
from the neighboring sites. The effective exchange splitting is reduced so that the peaks
are backshifted and appear at the same positions as for the isolated impurities.

According to Alexander-Anderson model, the exchange energies for two magnetic im-
purities in P-configuration and AP-configuration are[131, 132]:
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Figure 5.10: Schematic representation of the LDOS for the two configurations of a pair of
magnetic impurities: (a) ferromagnetic configuration; (b) antiferromagnetic configuration.
Full curves, LDOS of the pair; broken curves, LDOS of the single impurity. The figure is
taken from [131].

∆EF = −[n0+
l (EF ) + n0−

l (EF )]V 2 (5.1)

∆EA = −2V 2/I (5.2)

where n0+
l (EF ) is the local densities of states near the Fermi level, V is the overlap

matrix element for two impurities on neighboring sites. Thus we can see that the ferro-
magnetic configuration is especially stable if the single impurity has a large LDOS at Fermi
level, i.e. if one of the virtual bound states is located at the Fermi level. It is directly clear
from Fig.5.10 (a) that then the bonding-antibonding splitting is quite effective in reducing
the total energy. In contrast, ∆EA is independent of the virtual bound-state positions and
arises only from the covalent shift ±V 2/Im. Therefore we expect the antiferromagnetic
configuration to be stable if the peaks are away from the Fermi energy.

Our results are in line with the prediction of the Alexander-Anderson model[132]. The
d states of the Cr adatom and the Cr tip-apex are plotted in Fig.5.11. The shape and the
energy position of DOS for the adatom and the tip are strongly different from those for
the isolated tip and the single adatom. Due to a strongly increased tip-adatom coupling,
two additional peaks appear in majority states, at about -1 eV (dxz,yz and dz2) and 0.2 eV
(dxz,yz) with respect to the Fermi level. The intensity of the minority part of the adatom
3d states decreases because of the strong tip-adatom coupling. A small peak (dxz,yz and
dz2) appears at about 0.8 eV below the Fermi level.
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Figure 5.11: Density of states for the Cr adatom and the Cr tip-apex for the tip-substrate
separation of 7.7 Å. 3d states of the adatom are plotted in (a). The black lines in the figure
are the d states of a single Cr adatom on Cu(100) surface. The values of the majority in
the range from -4.0 to 0.8 eV, and the minority in the range from 1.6 to 4 eV are scaled by
factors 5. 3d states of the tip-apex are plotted in (b). The black lines in the figure are the
d states of the Cr tip-apex in an isolated Cr tip. The values of the minority in the range
from -4.0 to -0.5 eV are scaled by a factor 5.

We now analyze how a change of the spin alignment between the tip and the adatom from
the P- to the AP-configuration affects the current. The zero bias transmission coefficients
for the Cr tip and the Cr adatom at different tip-adatom distances D are presented in Fig.
5.12. The values for D go from 7.7 Å, where the AP-configuration has the lower energy, to
9.2 Å, where the P-configuration is the ground state, and where the ferromagnetic exchange
energy is maximal (see Fig.5.4). We first note that the transmission is of the order of 1 for
energies around the Fermi energy. This indicates that for the chosen separations the electron
transfer rate is large, so that, indeed, a substantial interaction between tip and substrate
can occur due to the conduction electrons. One can see that the increasing separation leads
to a reduction of the transmission. Moreover the width of the high transmission region
is reduced, which is due to the decrease of the hopping between the tip and the adatom
with increasing D. The transmission around EF is in the range of 1 to 2, which shows
that more than one channel significantly contribute to the total transmission. One can
clearly attribute the various peaks in the transmission to peaks in the PDOS, shown in Fig.
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Figure 5.12: (Color online) Zero bias transmission coefficient for the Cr tip and the Cr
adatom at different tip-adatom separations, D, for P (a) and AP alignment (b). Positive
values are for majority spins, negative values for minority spins.

5.9. For D = 2.5 Å in the P configuration the majority transmission is significantly larger
than the minority ones for energies up to EF . This is due to the fact that whereas for the
majority there are significant contributions to the DOS from s, p, and d electrons, for the
minority spins the contributions from the p and d electrons are very small at these energies.
The only available channel for the minority spin electrons is, therefore, the s channel, and
this results in a smaller transmission. For D = 4 Å ,however the difference in transmission
between P- and AP-transmission is much smaller. It indicates that the extended 4s states
give the main contribution to the transmission for large separations. For energies up to
about 4 eV above EF the p orbitals also substantially contribute to the transmission. This
analysis further supports our model of the double exchange coupling at large distances.

The AP transmission (Fig.5.12(b)) can approximately be seen as a convolution of the
majority and minority transmissions. In this case, since the adatom and tip atom are both
Cr atoms, it is approximately equal for majority and minority spins. For both spins the
AP transmission around EF is smaller than the one of the P majority spins, but it is larger
than the one of the P minority spins. The total transmission for the P configuration is
however larger than the one for the AP configuration, the difference becoming larger with
decreasing D. Therefore a large magnetoresistance can be expected at small distances. The
magnetoresistance ratio is defined as RMR = (IP − IAP )/IAP , with IP (IAP ) the current in
the P- (AP-) configurations. At zero bias RMR can be obtained from the transmission at EF ,
and we obtain RMR(D = 7.7 Å) = 73%, RMR(D = 8.2 Å) = 64%, and RMR(D = 9.2 Å) =
3%. We also calculate RMR for the short tip-adatom separation of 7.7Å by calculating the
current for an applied bias of 0.2 V, for both the P and the AP configurations. Using the
obtained currents we find RMR = 70%, in good agreement with the zero bias prediction.
We note that the change of the resistance does not require external magnetic field.





Conclusions

In this work we have performed ab initio studies of the interaction of adatoms and molecules
on metal surfaces with magnetic and nonmagnetic STM tips.

We have demonstrated that the electronic and magnetic properties of magnetic junctions
consisting of 3d adatoms and a benzene molecule on metal surfaces can be tailored by the
STM tip. Varying the tip-substrate distance the magnetic moment of adatoms can be ma-
nipulated. The physics behind this effect is related to atomic relaxation in the junctions
caused by the interaction with the tip.

The effect of the STM tip on adatom diffusion is revealed. We have found that a rela-
tive location of the STM tip and the adatom can significantly affect an adatom migration.
Our results for the Cu tip and the Co adatom on Cu(111) show that for some positions of
the tip near the surface, the diffusion barrier for the Co adatom is strongly suppressed, and
the jump of the adatom to the tip can occur. The direct interaction between the tip and
the adatom is found to be a driving force for the adatom motion.

We have revealed the interplay between structural relaxations in single atom magnetic
junctions and their electronic and magnetic properties. It is found that structural relax-
ations are of significant importance and determine the Kondo behavior of a single adatom
for different tip-substrate separations.

Our ab initio studies show the possibility of controlling the spin direction of a single magnetic
adatom on metal surfaces exploiting the magnetic STM tip. We reveal a strong dependence
of the exchange interaction between the magnetic STM tip and the magnetic adatom on the
tip-substrate distance. We have found that a direct interaction between d -states of the tip
and the adatom at short tip-substrate separations leads to the antiferromagnetic coupling
between the tip and the adatom, while at large distances an indirect interaction between d -
states of the tip and the adatom via sp electrons leads to a ferromagnetic coupling between
them. Based on the spin-dependent transport calculations, we find a magnetoresistance of
about 70% at short tip-substrate distance.
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[34] O. Újsághy, J. Kroha, L. Szunyogh, and A. Zawadowski. Theory of the fano resonance
in the stm tunneling density of states due to a single kondo impurity. Phys. Rev. Lett.,
85(12):2557–2560, Sep 2000.
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Veröffentlichungen

Teile der vorliegenden Arbeit wurden an folgenden Stellen veröffentlicht:
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