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A BSTRACT
p p
During this thesis we investigated single Co atoms on Cl-( 3x 3)R30° reconstructed Cu(111). We optimized
the deposition technique for Cl using LEED and identified the characteristic LEED-features for an oversaturated surface. A first step was made in the decomposition of Co clusters. Using DFT and multiplet calculations we predict the Co atom in the ground state absorption site to have a rotated triangle shape and to
have its electronic configuration mixed between d 7 and d 8 , in particular in a d 7.82 state. While the results
of the multiplet calculations have not been verified, the DFT calculations have been verified using STM. We
found different IETS spectra for the center and the corner of a Co atom, which may be explained by the d z 2
orbital being filled and that we are spatially probing different orbitals. This would be the first time the specific
orbitals of a single atom are directly measured. We estimate the radius of the in-plane orbitals to be 1nm.
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1
I NTRODUCTION
This thesis will be focussing on the field of Scanning Tunnelling Microscopy (STM). STM is a technique developed in the ’70s, with a first fully functional STM built in 1981 which received a Nobel Prize in 1986 [1]. Since
that moment STM has shown to be a very powerful tool for studying and manipulating atomic structures on
metallic surfaces with sub-nm precision [2][3][4][5]. A long-term goal may be constructing quantum computers [6], which could be possible by using magnetic atoms. There is already some progress on the way such
as constructing quantum versions of logical NOR (and OR) gates [7][8]. Development in the further miniaturization of memory and switching devices is also achieved in this field [9][2][10].
An STM works by placing a needle (called "tip") over a surface and allowing tunnelling electrons to drive
a current. This current can be related to the distance between the tip and sample and so a height-profile of
the sample can be made. By applying a voltage atoms can be moved around, thereby allowing manipulation
of the surface. Interesting properties can be directly measured such as the density of states or the spin states
of single magnetic atoms.
In this thesis we will be focussing on single cobalt atoms on top of an atomic chlorine layer deposited on
bulk copper. This chlorine layer decouples the cobalt atom enough from the metallic surface without being
so large as to not allow tunnelling [11][12][13].
As we will see in section 2.1 we use Cu(111) which presents a hexagonal lattice on which the chlorine is
deposited. The deposition technique is explained in section 3.4.2 and will a create hexagonal chlorine lattice on top of the copper. This deposition technique has been refined in section 4.1.1 using LEED. Finally
cobalt will be evaporated on top, after which we show both atomic manipulation of cobalt atoms in section
4.3 and inelastic tunnelling spectroscopy (IETS) which provides us with more information about the electronic configuration of cobalt on such a surface (chapter 5). These results are compared with their theoretical
predictions shown in section 2.2 (DFT) and 2.4 (multiplet). The procedure for obtaining these results are
described theoretically in section 2.5 and the results will be interpreted in chapter 6 according to the theory
presented in section 2.3, from which we conclude that we might be seeing spin excitations of specific orbitals.
Although single orbitals of molecules have been observed by STM before [14], this would be the first time, to
our knowledge, that electronic orbitals of a single atom have been probed by IETS.
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2
T HEORY
In this chapter we will cover the theoretical description of a single cobalt atom on a particular absorption site
on Cl-reconstructed on Cu(111). The cobalt atom on this absorption site will be called a "rotated triangle"type atom, due to its appearance, as shown in figure 5.2. We will describe it using DFT (density functional
theory) and multiplet calculations based on calculations by Dr. Fernando Delgado, a postdoc researcher in
the Departamento de Física at University of Lajuna, and Dr. Jhon W. González, a postdoc researcher at the
Centro de Física de Materiales in San Sebastián. We will first focus on the surface on which the cobalt atom
bonds.

2.1. C U (111) CRYSTAL
Copper as a crystal is in the so-called fcc (face-centered) form. This form is characterized by atoms at the
corner of the unit cell and atoms at the center of each face of the unit cell, see figure 2.1. This crystal is cut
along the (111) plane, as shown by the blue parallelogram in the figure with the darker atoms. This gives rise
to a hexagonal lattice at the surface, as shown in darker blue. The lattice has an ABC stacking. The top layer
is shown in dark red, this is the A-plane. The second layer of atoms is shown in pink, this is the B-plane and
contains the atoms 2, 4 and 6 shown in both diagrams of figure 2.1. The third layer of atoms is shown in green,
this is the C-plane and contains the atoms 1, 3 and 5 (not shown). Underneath the C-plane there is another
A-plane and this repeats, hence the ABC-stacking. Cu(111) has a cell parameter of 3.62Å [15], which is the
length of a side of the cubic unit cell.
When we deposit a layer of chlorine on top of the Cu(111), the Cl will arrange themselves as shown in
figure 2.2. On the left we show what we consider a full monolayer (ML) of Cl on top of Cu(111). On the right
rd

we show the coverage we will be working with, which has only 13 the coverage of the 1 ML case. Furtherp
more its unit cell, shown in red, has an in-plane lattice parameter of a = 4.43Å which is 3 times as large as

Figure 2.1: left Copper as a crystal has an fcc (face-centered cubic) lattice. The parallelogram shows the lattice cut along the (111) plane.
This can be regarded as the A-plane. right Cu(111) cut along the (111) plane gives rise to a hexagonal pattern. Top layer (A-plane) Cu
atoms are shown in dark red. Second layer (B-plane) Cu atoms are shown in pink and at positions 2, 4 and 6, among others. Third layer
(C-plane) Cu atoms are not shown, but are located at positions 1, 3 and 5; these are green on the left.

3
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Figure 2.2: This figure shows what a full monolayer (ML) of chloride looks like, as well as 13 -monolayer, where the distance between the
p
Cl-atoms has increased 3-fold in both directions and is rotated over an angle of 30°. Notice the hexagonal reconstruction of the Cl on
top of the Cu. The Cu lattice, in white, has in-plane lattice parameter a = 2.56Å, whereas the Cl lattice, in red, has in-plane lattice
parameter a = 4.43Å.

the in-plane lattice parameter of the hexagonal lattice of the Cu(111) at a = 2.56Å,
in white. It is also
p shown
p
rotated by an angle of 30°. This is all summarized by assigning the term 13 ML ( 3 x 3) R30° to our desired
coverage. Any coverage higher than this will be regarded as "oversaturated".
On top of this hexagonally reconstructed chlorine layer we will deposit cobalt atoms. These atoms can
occupy three types of adsorption sites. These are the so-called FCC-sites, where the cobalt atom sits atop a
Cu atom in the 3rd layer, the so-called Bridge-site where the cobalt atom sits on the line connecting two Cl or
the so-called Top-site where the cobalt atom sits on top of a Cl atom. We will be focusing on the atom on an
FCC-site which we will refer to as a "rotated triangle", due to its appearance, see figure 2.4. An atom on top of
a Bridge-site will be referred to as an "arrow" as it looks like an arrow on an STM-scan, see figure 5.2.

Figure 2.3: This figure shows the various adsorption sites available for the cobalt atoms and their respective names.

2.2. DFT
Density Functional Theory (DFT) is a modelling method in which the position of nuclei and the number of
electrons in the electronic ground state are provided as variables and the resulting electronic energy is a function of those variables. DFT aims at minimizing this energy, thereby determining the location of the nuclei
[16].
The DFT calculations were performed by Dr. Fernando Delgado and Dr. Jhon W. González using the software package Quantum Espresso. As these are not our own findings we will not elaborate much on them and
discuss the main results.
The calculations show the Cl atoms confirm the inter-Cl distance of 4.4Å. It also shows that the most
energetically favourable adsorption site for cobalt is an FCC-site. There it is surrounded by three almost
equidistant Cl atoms, as shown in figure 2.4. These atoms are rotated approximately 15° clock-wise from their

2.3. ATOMIC ORBITALS AND H AMILTONIAN
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Table 2.1: Summary of results from DFT calculations.

Distance Co-Cl
Distance Co-surface
Magnetic moment
Energy compared to rotated triangle
Degeneracy

Rotated Triangle

Arrow

2.23Å
2.14Å
2.15µB
0meV
Two-fold

2.23Å (?)
2.28Å
2µB
+212meV
Three-fold

Figure 2.4: Rotated triangle types and arrow type from DFT calculations.

respective absorption sites with respect to the cobalt atom. The Co-Cl distance is found to be 2.23 Å and the
Co-surface distance is found to be 2.14 Å. Due to its rotated nature we will refer to this as a rotated triangletype atom. We can recognize two types of rotated triangles, those which are rotated from an up-triangle,
and those which are rotated from a down-triangle, though they are topologically the same. Furthermore, it is
worthwhile to quickly comment the next energetically favourable adsorption site. This is the Bridge-site and
a Co atom on this site will be called call an "arrow"-type. These arrows are three-fold degenerate as they can
only point north-east, south-east or west (west is shown in figure 2.4). An arrow has 212 meV more energy
than a rotated triangle and the Co atoms sits 2.28 Å above the surface. Furthermore the rotated triangle atom
has a magnetic moment of mC o = 2.15µB whereas the arrow atom has a magnetic moment of mC o = 2µB .
For their DFT-calculated pictures we refer to figure 2.4. Compare these with the scans in section 5.1 which
shows a very good agreement between the DFT calculations and the actual atomic bonding. Table 2.1 shows
a summary of these mentioned values.

2.3. ATOMIC ORBITALS AND H AMILTONIAN
Any theoretical description of atoms requires a description of the atomic orbitals. These are the wave functions of electrons in specific shells. In our particular case we will be looking at the d-orbitals as our cobalt
atom has a partially-filled d-shell. The full electronic configuration for cobalt in free space is [Ar ]3d 7 4s 2 . If
we start by considering the cobalt in free space, these d-orbitals are a solution to the Schrödinger equation
[17]. These orbitals are shown both as spherical harmonics (functions Ylm ) and atomic orbitals (functions d µ
where µ ∈ {z 2 , zx, z y, x y, x 2 − y 2 }). Both sets are orthogonal bases and so they can be written in terms of each
other. The spherical harmonics are defined according to their quantum numbers l and m, where l = 2 in our
case (d-shell). The atomic orbitals are useful when dealing with magnetic anisotropy as will be the case when
we place our atom on the surface.
In the absence of any environment all atomic orbitals have the same energy and so (with spin included)
provide a 10-fold degeneracy. However, our cobalt atom is not in free space. It is influenced by the crystal
exerting a local electric field on the atom ("crystal field"), orbitals overlapping with those of neighbouring
atoms ("neighbour orbital overlap"), a coupling between the spin and angular momenta ("spin-orbit coupling") and an externally applied magnetic field ("Zeeman splitting"). All of these effects can be included in
the Hamiltonian shown in equation 2.1:

6
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Figure 2.5: left Spherical harmonics which are solutions of the Schrödinger equation. right Atomic orbitals, which span the same space
as the Spherical harmonics.

H = λC oul HC oul + λC F (HC F + Hnei g h ) + λhopp Hhopp + λSO HSO + H Z eem

(2.1)

where HC oul is the contribution due to coulomb interaction between the electrons and nuclei of the cobalt
atom, HC F is the contribution due to the electric field of the crystal, Hnei g h is the contribution due to the
overlap of neighbouring orbitals, HSO is the contribution due to spin-orbit coupling and H Z eem is the contribution due to Zeeman-splitting. The term Hhopp is a novel term which takes into account the possibility of
electrons hopping between the cobalt and its neighbours. The terms λα for appropriate α are so-called activation parameters and they are taken between 0 and 1 depending on whether that contribution is activated
for the calculations or not. We will find these parameters again in the multiplet calculations. Let us first go
over all of these contributions.
First we have the Coulomb interaction, which is due to the electrons and the nuclei. This can be expressed
in this form [18]:
HC oul =

n
X
j =1

{−(

Z
X
1 1
e2
1 27e 2
)
}+ (
)
4π²0 r j
2 4π²0 j 6=k |r j − rk |

(2.2)

Here ²0 is the vacuum permittivity, and r is the location-vector for the different electrons. We put the
factor 27 as this is the atomic number of cobalt. As a first approximation we only consider this Hamiltonian
ħ2
(and the kinetic term 2m
∇). Further approximation includes changing from the atomic orbitals as our basis
to the so-called Wannier orbitals as basis. In order to account for the spatial distribution of these orbitals,
when these are maximally localized they approximate the atomic orbitals. However, these Wannier orbitals
are useful when dealing with lattices, which is why they are preferred for computations. The exact details
about them are outside the scope of this thesis.
As we mentioned before, the cobalt atoms we study are not in free space and so they experience an electric field due to the crystal on which they resides. The details of HC F , Hnei g h and Hhopp are outside the scope
of this thesis.
We include a spin-orbit coupling term, which comes down to [19]:
HSO = (

1
e2
)
S·L
8π²0 m 2 c 2 r 3

(2.3)

Here m is the mass of the electron, c is the speed of light, r is the radius of the electron around the nuclei
(which is known for the d-shell), S is the spin angular momentum and L is the orbital angular momentum.

2.4. M ULTIPLET C ALCULATIONS
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Figure 2.6: Projected Density of States (DOS) of the various orbitals in the crystal surrounding the Co atom. Cu-s stands for the
s-orbitals of copper, Cu-d stands for the d-orbitals of copper, Cl-p stands for the p-orbitals of chlorine and Cu-first layer stands for the
weight of the DOS of the top layer of Cu-atoms as a layer (rather than individual atoms). We can clearly see the that these atoms do not
really contribute to the DOS at the Fermi energy E F .

Figure 2.7: A comparison is made between the DOS of the cobalt atom (split in the s-orbital part and the d-orbital part) and the
remainder of the atoms (normalized by the amount of atoms). We can clearly see that the s-orbital only has contributions far from the
Fermi energy E F , whereas the d-orbital shows a lot of contribution at the Fermi energy.

One assumption we make is that this spin-orbit coupling is not affected by the environment.
Finally, we have a splitting of the energy levels due to the (mis-)alignment of the orbital momenta and an
externally applied magnetic field. This gives a final contribution [19]:
H Z eem = (

e
)(L + 2S) · Bext
2m

(2.4)

Here Bext is the external magnetical field. We assume here that only the electrons in the partially filled
d-shell contribute to Zeeman splitting and so this will only be applied to those electrons.
With this theoretical framework multiplet calculations were performed as shown in the following section.

2.4. M ULTIPLET C ALCULATIONS
Now that we understand the theoretical and mathematical framework on which the calculations are done
by Dr. Fernando Delgado and Dr. Jhon W. González, let us activate the various parts of the Hamiltonian by
increasing λα one by one. This gives rise to the so-called multiplet calculations, of which we will present the
results now. We will start by considering the case in which the Co-atom resides in the d 7 -configuration, which
is the configuration in which the Co adatom maintains its electron occupancy despite the crystal. After that
we will consider the d 8 -configuration, where we allow electrons from the neighbouring atoms to hop on to
the Co adatom to fill the eight available state in the d-shell. Finally, we will consider a mixing of the two states,
where the occupancy lies somewhere between d 7 and d 8 , as the d 8 -configuration assumes unrealistic values
for the addition energy.
While this is still work in progress and not in its final state, let us first give a justification for considering
only the d-shells of Cobalt. For this we refer to figures 2.6, 2.7 and 2.8 where we show results from DFT calculations.

8
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Figure 2.8: The DOS is further decomposed into its various parts. We can see that of the d-orbitals in the Co atom, it is mainly the
d x 2 −y 2 and d x y orbitals which contribute at the Fermi energy E F . We can also see that due to the anisotropy the energy levels split up
between those that are entirely in the z direction, those that have a component in the z direction and those that have no component n
the z direction. Finally, we can see the neighbouring atoms having no significant contribution to the DOS at the Fermi level E F .

In figure 2.6 we find that the surroundings of the Cobalt offer very little contribution to the overall DOS
at and around the Fermi energy (E F ). In figure 2.7 we see the contribution to the total projected DOS of the
cobalt atom’s s-orbitals and d-orbitals. We can clearly see that the main contribution to the projected DOS at
E F comes from the d-shell. The contribution of the different d-orbital is further broken down in figure 2.8. We
conclude that the energy levels of the d-orbitals lost their degeneracy depending on its z-component. That
is, d z 2 would be nondegenerate while d x 2 −y 2 and d x y on the one side, and d zx and d z y on the other side are
degenerate. In free space they would be ten-fold degenerate (five orbitals, two spin-states), now we find that
the orbitals have different energies associated with them depending their spatial distribution. This can otherwise be stated as saying that this is due to magnetic anisotropy. Magnetic anisotropy breaks the degeneracy
in the atomic orbitals as a result of, in our case, the underlying crystal.

2.4.1. M ULTIPLET CALCULATIONS ON THE d 7 CONFIGURATION
Now we will consider the Co atom to be in the d 7 configuration. This means its seven electrons reside in the
d -shell. We will activate the different parts of the Hamiltonian shown in equation 2.1. See figure 2.9(a). We
assume the Coulomb interaction to already be present (as that would be the same in free space). From there,
we first activate the crystal field by changing λC F from 0 to 1. Since we will be dealing with the ground state
of the cobalt atom, we will focus on the lowest energy states. Notice that the ground state is not yet visible on
this logarithmic scale. We then activate the spin-orbit coupling by letting λSO increase from 0 to 1. We find
some energy levels splitting up, indicating that they lost their degeneracy. Finally we increase the external
magnetic field perpendicular to the surface to activate the Zeeman splitting. Figure 2.9(a,right) shows the
energy levels in a linear scale, where the ground state is visible (shown in black). We see a strong dependence
on the magnetic field B Z of the lowest energy states and on top of that we see that there are various transitions
possible.
We have also plotted the calculated spin momentum and orbital momentum of these four different states
using the same colour scheme. These are shown in figure 2.9(b). We can see that the system behaves like a
spin- 23 system. This is important to consider because when doing IETS on the cobalt atom we can only excite
states if the associated difference in spin quantum number ∆m s ∈ {0, 1}. For more information on this, we
refer to section 2.5.
Let us now consider the d 8 configuration.

2.4. M ULTIPLET C ALCULATIONS
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Figure 2.9: a The effect of activating various parts of the hamiltonian on the cobalt atom which is assumed to be in a d 7 state. First we
activate the crystal field (CF) which breaks the degenarcy into seven times a four-fold degeneracy. Activating the spin-orbit coupling
(SO) breaks this degeneracy further. Finally applying a magnetic field B Z breaks all degeneracies. b top The average spin angular
momenta of the eight states lowest in energy behave like a spin- 23 system. Although the activation of the spin-orbit coupling changes
which state is associated with which spin, it does not break the system. Nor does the application of an external magnetic field. b
bottom Only upon activation of the spin-orbit coupling does the orbital angular moment play a role, as expected. This is not broken
down by the application of an external magnetic field.

Figure 2.10: a The effect of activating various parts of the hamiltonian on the cobalt atom which is assumed to be in a d 8 state. First we
activate the crystal field (CF) which breaks the degenarcy into seven times a three-fold degeneracy. Activating the spin-orbit coupling
(SO) breaks this degeneracy entirely. There is not a strong dependence on externally applied magnetic field B z . b top The average spin
angular momenta of the three states lowest in energy behave like a spin-1 system, as of the activation of the hopping term. This is
unchanged upon activation of the spin-orbit coupling and the application of an external magnetic field. b bottom Only upon the
activation of the spin-orbit coupling is the projection of the orbital angular momentum along the z-axis not quenched. This is
unchanged with the application of an external magnetic field.
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2.4.2. M ULTIPLET CALCULATIONS ON THE d 8 CONFIGURATION
As before we will activate the different parts of the Hamiltonian of equation 2.1. See figure 2.10(a). Having an
extra electron in the d-shell, we can consider this electron to possibly hop to neighbouring orbitals. Therefore
we will now include the hopping term. We first activate the crystal field, followed by the hopping term and
then the spin orbit coupling. When we increase the magnetic field B z we see a very small dependency on the
field. We can also identify an S = 1 system in the lowest three energy states, where the ground state would be
in the m s = −1, the first excited state in the m s = 0 and the second excited state in the m s = 1 state. We find
an energy difference between the ground state and the first excited state to be ∆E 0,1 =∼ 8meV , whereas the
energy difference between the ground state and the second excited state is ∆E 0,2 =∼ 16meV .
Again, we also look at the spin and orbital angular momenta of the states. See figure 2.10(b). For the reason presented section 2.4.1, we can exclude the excitation ∆E 0,2 , because ∆m s = 2. The energy difference and
the low dependency on the magnetic field are an indicator that we can describe the Co atom in a d 8 state, as
they correspond to earlier measurements done on this system.
We will now consider the mixing between the states of d 7 and d 8 as a result of electrons hopping on and
off the Co atom, see figure 2.11(a). We will not elaborate much as that is outside the scope of this thesis, but
the conclusion based on realistic values of EUD is that the mixing should occur at EUD = 7.03 which corresponds
to an average occupation of n = 7.82. Here E D is the energy required to put an electron in the d-shell, and U
is the energy related coulomb repulsion. As such we will describe the Co atom to be in a state d 7.82 .

2.4.3. M ULTIPLET CALCULATIONS ON THE MIXED STATE
So we will consider the case in which the states are mixed. That means that the d-shell is considered to be an
intermediate state between d 7 and d 8 , in particular d 7.82 .
Again, we activate the crystal field, the hopping term and the spin-orbit coupling. See figure 2.11(b). After
applying a magnetic field we can see a rather small dependency on the magnetic field just like in the d 8 case.
We can also determine energy differences to be around ∆E 0,n =∼ n ∗ 8meV for n ∈ {1, 2, 3}.
Finally we will check whether these excitations are measurable according to IETS. See figure 2.11(c). We
see that an excitation ∆E 0,2 ≈ 16meV is not possible, because ∆m s > 1. This again corresponds well with
our findings. In general we can say that the d 7.82 state behaves very similar to d 8 , which we had already
determined to be comparable to what we measure.
From this we conclude that our system may reside in a mixed state of d 7 and d 8 . This does not provide
a full description and is still work in progress. However, as we will see in chapter 5 this description may
correspond to what we find in the lab.

2.5. I NELASTIC E LECTRON T UNNELING S PECTROSCOPY
In our experiments we use tunnelling currents to probe cobalt atoms. Since quantum tunnelling allows electrons to pass through a classically forbidden region, tunnelling electrons are able to overcome the vacuum
potential barrier between the tip and sample. Since the electron will not lose energy in this process it is considered an elastic process. If, however, we place an atom on top of the sample (adatom) which extracts energy
from the tunnelling electron, we will refer to this as inelastic tunnelling [20].
Let us now consider the set-up as shown in figure 2.12. We will assume the density of states (DOS) of the
tip and the sample to be homogeneous and filled up to their Fermi energy E F . The tip will have filled energy
states up to E F + eV where V is the applied bias voltage between the tip and sample. This opens up a bias
window between the tip and the sample. With the tip far enough from the sample to suppress direct tunnelling between tip and sample, a significant portion of the current will pass through the adatom. Therefore
it is interesting when there are available excitations in the bias window.
As shown in figure 2.12, an electron from the tip with spin quantum number m s = −1/2 can tunnel to the
adatom (red arrow). The adatom will be in a virtual state where it has more electrons than is energetically
favourable. Therefore an electron will tunnel from the adatom to the sample. As shown this may even be an
electron with a different spin (green arrow), effectively decreasing the total spin of the adatom by ∆m s = 1.
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This difference in spin may be associated with a higher energy, effectively putting the adatom in an excited
state with a certain excitation energy. This in turn means the adatom extracted energy from the tip-sample
system, thereby making it an inelastic process. In general we can say that for such a process to happen, for
difference in total spin of the adatom it holds that ∆m s ∈ {0, 1}, as was used in section 2.4.1.
This inelastic electron tunnelling phenomenon can be investigated through means of Inelastic Electron
Tunnelling Spectroscopy (IETS) [20][21][22] whereby we measure the conductance as a function of the applied bias voltage. As the bias voltage increases, the bias window will increase as well. For IETS to work we
require that an available spin excitation lie within the bias window. That is, the energy difference between two
spin configurations must be less than e ·V . There can be several of these. See figure 2.13, taken from Heinrich
et al. They show very clearly that as the bias window increases, the conductance increases with sharp steps.
These steps are associated with another excited state entering the bias window. One may also call these conduction channels. The energy at which this happens may grow or shrink depending on the externally applied
magnetic field B , as seen before in section 2.4.1. One can also infer that, since the steps are already present
at B = 0T , the magnetic anisotropy is strong enough to cause a degeneracy among the different spin states.
Otherwise a new step would appear only as a result of an applied magnetic field.

Figure 2.11: a The term E D /U determines the average occupancy of the d-shell of the Co atom. Once E D /U reaches a critical limit just
before 7.00, it quickly grows. However, for << n d >>= 8 it appears that E D /U is very large, suggesting that the d 8 configuration will not
be physically realizable. b The effect of activating various parts of the hamiltonian on the cobalt atom which is assumed to be in a d 8
state. First we activate the crystal field (CF) which breaks the degeneracy into seven times a three-fold degeneracy. Activating the
spin-orbit coupling (SO) breaks this degeneracy entirely. There is not a strong dependence on externally applied magnetic field B z . c
top The average spin angular momenta of the four states lowest in energy. c bottom Only upon activation of the spin-orbit coupling
does the orbital angular moment play a role, as expected. The degeneracy is not broken down by the application of an external
magnetic field.
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In our experiments we will be performing IETS in order to probe the spin excitation energies of Co adatom
on Cl-reconstructed Cu(111). The results of these measurements can be found in chapter 5.

Figure 2.12: Inelastic Tunnelling Tunnelling Spectroscopy (IETS). Electrons from the tip will tunnel to the adatom, leaving the adatom in
a virtual state. While in a virtual state the adatom will lose an electron which is tunnelled to the sample. If the incoming and outgoing
electron have different spin the total spin of the adatom is changed, which may result in an energy increase. This energy increase needs
to lie within the bias window for IETS to work.

Figure 2.13: This image is taken from Heinrich et. al’s 2007 paper titled "Large Magnetic Anisotropy of a Single Atomic Spin Embedded
in a Surface Molecular Network" in Science Magazine Volume 317. This image shows conductances measures a function of bias voltage
for several magnetic fields. There are clear increases of conductance around 0.2meV , 3.8meV , and 5.7meV for the B = 0T case. As B
increases these plateaus either move out (green) or move in (blue), depending on dependency of their energies on the B -field.

3
E XPERIMENTAL S ET-U P
In this chapter we will explain how STM-measurements are done and what facilities an operational machine
requires. This includes the vacuum pumps and the cooling system. We have two STM machines; the so-called
JT system and the so-called He3 system. We will elaborate more on the He3 system. We also explain some
standard procedures which are done during experiments.

3.1. S CANNING T UNNELLING M ICROSCOPY
As the term suggest, Scanning Tunneling Microscopy measurements are done by scanning over a surface and
using tunnelling currents to get a microscopic image. In fact, STM spatial resolution reaches the atomic level,
as seen in figure 3.1(b). Although some groups perform STM-measurements at ambient conditions [23], for
us it is essential to do this in Ultra High Vacuum (UHV, < 10−9 mbar ) and at very low temperatures (< 20K ,
preferably < 1K ). The UHV ensures us that limited contamination interferes with our measurement. This
contamination includes any form of gas or dust present in the scanning chamber or on the sample surface
or on the scanning tip. The low temperature minimizes cluster formation of atoms, maximizes the stability
of atoms and maximizes the resolution in energy. Besides scans, it is also common in the world of STM to
perform spectroscopies. We will now quickly illustrate both.

3.1.1. C ONSTANT-C URRENT MODE
A common method to create scans (images) such as those in 3.1(b), is by using a so-called constant current
mode. In this mode the tip is placed above the sample, as shown in figure 3.1(a). A voltage (typically a few
mV, but may go up to some V) is applied between sample and tip and the tip is brought so close to the surface
that tunneling electrons cause a current between both [24]. This current (e.g. 100 pA) is attempted to be kept

Figure 3.1: (A) Overview of how an STM-scan is performed. The tip height is adjusted to give a constant current I t unnel as the tip scans
over the surface. As the tip moves across the surface it adjusts its height for different copper plateaus, adatoms and even the subtle
difference between on top and between chloride atoms. (B) A resulting scan of Cl reconstructed on Cu(111) with Co adatoms on top.
The various shapes of the adatoms are related to how they are bounded to the underlying surface. Image taken at 20mV , 30p A.
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constant as the tip moves across the sample by means of a feedback loop. This means that the tip must move
closer to the sample ("moving down") when placed in between atoms, and further away ("moving up") when
reaching the center of an atom, or when reaching a higher surface plateau or an adatom. By carefully tracking
the height of the tip a height-profile of the sample surface can be made by scanning over it.
Note that this assumes that height is the main variable for the current at a given voltage, rather than the
type of atom it scans. Considering the tunnelling current is exponentially proportional to the distance this is
quite accurate. However, the tunnelling current also depends on the density of states (DOS), which will be exploited when performing spin-resolved STM measurements. Nonetheless, typically the height-dependency
dominates over the DOS-dependency. Note, however, that we do find a larger current for a lower surface in
our experiments, which is when we tunnel to copper patches underneath chlorine.
Some of the parameters to be considered here are the requested tunneling current (I t unnel ), the several
feedback coefficients, the bias voltage (Vbi as ), the amount of pixels, the area of the scan, the time taken to
register each pixel and the linear velocity of the tip between each pixel.
On top of that it is important to be wary of three pitfalls. The first is that we might be dealing with something that is known as a double (or multiple) tip, see figure 4.6. In this image it is clearly shown that the all
features appear twice. This is because in this case the tip itself is not a perfect tip, but in fact has two apices.
Since the "ghost"-image is less pronounced, the apex related to this is further away from the sample. This can
be fixed by tip indentation onto a metallic surface, see section 4.2.
The other pitfall is piezoelectric drift. Drift means that the tip is moving even though the controller says
it is not. This in effect causes the internal coordinate system to change, meaning that recorded coordinates
between measurements are not always reliable. This is caused by subjecting the x, y and z-piezoelectric motors to a large extension in a short amount of time and by changes in temperatures. Drift is especially a major
problem when taking spectroscopies, also known as STS: Scanning Tunnelling Spectroscopy.
Similar to drift there is also creep which is due to the voltage taking a finite time to change to any value.
Therefore after moving the tip it will still move slowly in the same direction because the voltage does not reach
the desired value immediately. Since this is a deterministic process we can take measures to counter-act this.

3.1.2. S CANNING T UNNELLING S PECTROSCOPY
Besides giving us nice scans of the surface, an STM can provide us also with information about electronic
states and electrical conductances. In order to do this we fix the tip at a certain x y, and z-coordinate (e.g.
above an adatom) and we sweep the voltage (e.g. between -20mV and +20mV). On top of that we measure the
differential conductance, which tells us more about the density of states (DOS), though it not a direct measure
of the DOS.
In order to measure the differential conductance we impose a sinusoidal signal (Vmod ∼ 1 kHz) to the constant dc voltage by means of a lock-in amplifier, see figure 3.2. By measuring the variations in the current as
a result of this modulation, we determine the differential conductance. However, this signal will not have the
right units as it is dependent on the modulation settings, it will be referred to as the modulated differential
conductance. Instead we want the differential conductance from an (I,V)-curve. For this we differentiate the
dI
dI
) curve which does have the right units. However, this numerical ( dV
) curve is prone
(I,V) curve to get a ( dV
to a low signal-to-noise ratio, unlike the modulated differential conductance, and so we normalize the modudI
lated differential conductance to the units of the numerical ( dV
) curve. What we end up with is a normalized
differential conductance which has a high signal-to-noise ratio and in the right units.
Since these measurements are taken by continuously hovering at the same location with the feedback
loop switched off, it is essential to have minimal drift.

3.2. VACUUM SYSTEM
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Figure 3.2: top left (I,V) curve. Typically this is taken twice, once while ramping up the bias voltage and once while ramping down the
bias voltage, these are respectively known as the "forward" and "backward" curves. By imposing a modulated voltage Vmod on top of a
dc voltage, we measure I mod . top right From I m od and Vm od we can extract a modulated differential conductance. While this has a
high signal-to-noise ratio, its values are by several orders of magnitude. bottom left By taking the derivative from the (I,V) curve, we get
a numerical differential conductance. While this has a low signal-to-noise ratio, its values are related to the physical definition of
differential conductance. We fit the modulated differential conductance to the numerical differential conductance by "normalizing"
(i.e. multiplying by the quotient of their means). bottom right We end up with a normalized differential conductance which has a high
signal-to-noise ratio.

3.2. VACUUM SYSTEM
Since all of these measurements are done at UHV conditions, we require pumps in order to keep the pressure
low. There are several types of pumps we have used, each with slightly different characteristics. Below these
pumps are listed from highest to lowest attainable pressures.
• Scroll pump: We use VARIAN SH-110 scroll pumps which pumps air by forcing the molecules along
a path using two non-concentric spiral plates which rotate independently. These pumps are roughing
pumps, meaning they bring the pressure down from atmospheric pressure to the order of 10−2 mbar.
• Turbomolecular pump: In our system we use VARIAN TV-301 turbo pumps. The pumping is obtained through a high speed turbine (max. 56000 rpm). This turbine consists of 8 blades which give
the molecules momentum towards the outlet of the pump, which is connected to the scroll pump. It
can reach 2 · 10−10 mbar in optimal conditions. It stops functioning well at pressures higher than 10−1
mbar, but preferably used at lower than 10−3 mbar.
• Ion pump: We use the VAC I ON P LUS 300 by A GILENT T ECHNOLOGIES. These pumps ionizes gas and
places a large voltage over them (several kilovolts), subsequently pushing them towards a cathode. They
can reach pressures in the 10−11 mbar region, but typically reach 10−10 region. They cannot be operated
in pressures higher than 10−3 mbar, but experience tells they should be operated at pressures in the 10−9
region in order to avoid saturation of the cathode.
• TSP pump: We use the A GILENT MODEL 916-0050/716-0050 Titanium Sublimation Pump (TSP) cartridge in an isolatable room. By heating up the cartridge titanium is evaporated and sublimated on
the wall. This clean titanium is very reactive and will react (thereby absorbing) with most atoms and
molecules which reduces the pressure over time until the layer is saturated, after which a new layer may
be applied. There are no specifications provided in regards to estimated pressures achievable, but they
provide a supporting role to the ion pump.

B AKE - OUTS AND DEGASSING
Sometimes the system needs to be opened at one end, which means the vacuum needs to be broken. This can
be the case when adjustments needs to be made, crucibles need to be filled or samples and tips need to be

16

3. E XPERIMENTAL S ET-U P

Figure 3.3: A photo of the USM 1300-3He system. For a schematic overview, see figure 3.4. The transfer bars are used to move samples
from one chamber to the next. The aluminium foil is used for baking.

loaded. Although sometimes contamination can be minimized by putting an overpressure of inert nitrogen
gas, it can never be truly avoided. After this has happened it is essential to bake-out the system and to degass
the various pumps and modules.
A bake-out is done by wrapping the STM-system with heating tape and a layer or two of aluminium foil
on top of that. The wires are then heating to keep the system at around 120° ∼ 130°C while the pumps are
pumping out the resulting water vapor and residual gas (which might have stuck to the wall). This may take
several days.
Degassing means achieving the same goal, but simply done by running high currents through the modules so that they reach high temperatures, causing them to shed their dirt, while pumping. This may last
anywhere between a few minutes to a few hours, depending on how contaminated it got.

3.3. I NTRODUCING USM 1300-3H E SYSTEM
Although the two STM systems we worked on used different cooling mechanics, we will explain the more intricate one here. As seen in figure 3.3 and figure 3.4 the system is equipped with various tools. Items (samples
and tips) enter through the load lock into the vacuum system and using transfer rods they are moved towards
the STM which is physically below the so-called exchange chamber.
The STM is kept cool by using 3 He and 4 He, see figure 3.5. The sample is kept at the bottom of the cryostat,
in UHV and is cooled through contact wires by the 3 He nearby. This 3 He can reach down to 300 mK. The pot
containing the (liquid and gaseous) 3 He is a closed circuit; this is called the 3 He-pot. The 3 He starts off being
entire gaseous, but can be cooled by the 4 He which is at 1K in order to condense the 3 He. Once enough 3 He
is condensed and there is an equilibrium with the vapour pressure, the 3 He is at its boiling point of 3.19K.
To further decrease the temperature of this liquid 3 He the sorb gets cooled down which absorbs the gaseous
3
He. The sorb is a sorption pump: a very porous material (charcoal in our case) which absorbs more or less
gas depending on the temperature. By decreasing the temperature of the sorb the pressure of the 3 He-pot
is decreased thereby decreasing the boiling point of the 3 He. The latent heat required to boil more 3 He is
extracted from the liquid 3 He and subsequently the temperature of the liquid 3 He goes to 300mK.
In order to cool down the sorb, cold 4 He is passed along the sorb using tubes. The rate at which this passes

3.3. I NTRODUCING USM 1300-3H E SYSTEM
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Figure 3.4: Schematic overview of the USM 1300-3He system. Blue coloured items indicate pumps. Red coloured items indicate items
useful and/or necessary for sample preparation. Black thick lines indicate valves. The load lock offers an access to the outside world
without breaking the vacuum of the whole system, though this does require breaking the vacuum of the load lock. The load lock can be
pumped by a scroll pump and turbo pump to achieve UHV. Samples (and tips) can be moved from the load lock to the prep chamber
and subsequently towards the exchange chamber and into the STM which is below 4K. The load lock has a home-made evaporator on it
with a single crucible containing CuC l 2 . The prep chamber contains a tip heater and sample heater for annealing, an ion gun for
sputtering and LEED system. The prep chamber has two pumps on it which are accessed through the same valve. The exchange
chamber also has two pumps on it and two different evaporators. The STM itself has access to a magnetic field of 9T out of plane and 2T
in plane. The exchange gas can needs to be pumped in order to isolate the STM chamber to the liquid reservoir.

Figure 3.5: The cooling system of the USM 1300-3He. See text for an explanation. The sample is placed in the bottom of the UHV where
it is being cooled by the liquid 3 He which may reach 300mK.
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along the sorb can be determined by valve V3, see figure 3.5.
The 4 He at 1K reached this temperature through Joule-Thomson cooling, using valve V1, in which the liquid 4 He at 4.22K decreases temperature as it quickly expands. This quick expansion is regulated by increasing
or decreasing the size of the the narrow opening at V1. After the expansion of the 4 He, at which point it became a gas, it condenses to liquid 4 He at 1K.
The liquid 4 He needs to be refilled every so often as the 4 He is consumed and pumped away through either V2 or V3. Our university recycles this 4 He.
Now that we are familiar with the system, let us look at some common procedures which are performed
during experimental runs for the preparation of the sample.

3.4. S AMPLE PREPARATION OF C O ON C L / C U (111)
We start with a sample of bare Cu(111), about 2x2x1mm 3 large. This sample is fixed on a sample holder, see
figure 3.6. The sample is then placed in the the load-lock of the UHV-system, see figure 3.4 and moved to the
preparation chamber. In the preparation chamber the sample will be annealed and Ar+ sputtered in order to
clean it. After cleaning the sample we can evaporate CuC l 2 on it. Using a LEED we can quickly see what kind
of resulting structure we get. We will go into more detail about the LEED shortly.
Each of these processes, though, require fine tuning of parameters. Let us go over each process.

Figure 3.6: A sample of bare Cu(111) on a sample holder. The sample is about 2x2x1mm large and has a distinct copper-color.

3.4.1. A NNEALING AND A R + S PUTTERING
Annealing is the process of heating up the sample in order to smooth out its surface irregularities and to move
unwanted dopants out of the bulk. This has been applied many times before, in conjunction with Ar+ sputtering [25][26][27][28][? ][29], in particular for cleaning samples which came out of atmospheric pressure.
Figure 3.7 shows that annealing causes surfaces to smooth out. It has also been shown, using molecular dynamics simulations, that adatoms may be absorbed by the surface [30], whereas it has also been shown that
certain dopants get desorped during annealing [26].
In our system the sample holder contains an electron beam heating system. For details on this see section 3.4.2. In our case we will heat up a sample locally and to a much lower temperature, but the method is
essentially the same. We put our sample in a closed feedback loop using an infrared pyrometer to drive the
emitter current, where we use an Arduino as the PID-controller. With this our sample reaches the desired
temperature (600°C) within a minute and quickly shows fluctuations of only ± 1°C. Typically the pressures at
which this is done is around 10−9 mbar.

3.4. S AMPLE PREPARATION OF C O ON C L / C U (111)
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Figure 3.7: By heating up the sample we smooth out the top lay(er and move up all impurities.

Figure 3.8: By shooting high-energy argon atoms on the sample we remove its top layer, which may be dirty. Note however that it does
not leave the sample very smooth.

We perform annealing both when we want to clean the sample after it has been exposed to atmospheric
pressure, as well as when we want to clean it after we take it out of the STM. On top of that, we will sputter our
sample in both instances. Goddard et al. has shown that this last step is not necessary for a clean surface of
Cu(111) with Cl on top. However, our sample will be cooled to around 1K in order to perform measurements.
After we take out the sample to prepare it again, the sample is still cold initially, causing it to act like a cryopump, thus getting contaminated really quickly. For this reason we typically sputter in both instances.
Sputtering is the process of shooting high-energy ions (Ar + in our case) at our sample to clean it, akin to
abrasive blasting, see figure 3.8. We allow Ar to enter the prep chamber by means of a sputter gun connected
to an argon reservoir, while still continuously pumping as to keep the pressure controlled. We fill the chamber up to ∼ 10−5 mbar and apply a large voltage to ionize the argon which subsequently gets pushed towards
the sample. There it may scratch off the top few layers of the sample, which will be pumped away. Since the
argon ionizes, we can measure the current between the sputterer and the sample. This current is typically
around 2.0µA.
A typical cleaning round is done by three rounds of sputtering followed by annealing, each step taking
about 5 to 10 minutes. However, if the sample was exposed to atmospheric pressure it is extremely dirty and
hours must be spent on repeatedly sputtering and annealing. See table 3.1 for a typical run, including the
units which are being kept track of.
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Table 3.1: Typical short run for sputtering followed by annealing. Three cycles of these are done after each sample is prepared in order
to clean it. Values which are bolded are parameters we choose, whereas the other values result from the system. I sput is the sputtering
current between the sputterer and sample, see text. p pr ep is the pressure in the prep chamber. I f i l is the current on the emitter
filament, I l eak is the leak current between filament and sample and U HV is the voltage between filament and sample. T is the
temperature of the sample and t is the time each cycle lasts.

Sputtering
I sput
p pr ep
t

Value at start
2.0µA
2.8 · 10−5 mbar
0

Value at end
1.6µA
2.8 · 10−5 mbar
5min

Annealing
p pr ep
I f il
I l eak
U HV
T
t

Value at start
3.4 · 10−9 mbar
2.18A
17.5m A
300V
600C
0

Value at end
2.9 · 10−9 mbar
2.04A
12.3m A
300V
600C
10min

3.4.2. E VAPORATION METHODS
After we cleaned the sample using annealing and Ar+ sputtering, we can continue the preparation process by
depositing Cl on it. For this we evaporate CuCl2 powder inside a crucible which is placed in-situ. See figure
3.9(a), where we have a filament surrounding our crucible. Inside the crucible we have CuCl2 powder which
gets heated and subsequently evaporated due to heat generated by applying a high current over the filament.
We perform this evaporation in the load lock, see figure 3.4.
As we will show in section 4.1.1 the evaporation of CuC l 2 can be performed more accurately by using
LEED. For that reason, we will now discuss what LEED exactly is and show some LEED images of our sample.

Figure 3.9: (a) Thermal heating. Inside the crucible is placed the evaporant. By applying a large current over the wires, the wires heat up
causing the crucible to heat up which in turn heats up the evaporant. (b) In e-beam heating high-energy electrons are pulled towards
the conducting crucible which is kept at high voltage, causing the heating to happen extremely local. The electron flux is proportional
to the emission current, which can be measured and controlled. This kind of heating may also work in the case where a rod is kept at
high potential (rather than a crucible with evaporant) where the rod itself gets evaporated.

LEED
LEED stands for Low-Energy Electron Diffraction and it uses an electron gun which shoots low-energy electons (up to 3000 eV for our Specs ErLeed-3000d, although we typically only go between 20-200 eV). The elastic
backscattering of these electrons produces a diffraction pattern on a fluorescent screen. This pattern gives
information about symmetries on the surface and underlying few atomic layers.
We can get a similar image by taking the 2-dimensional Fast Fourier Transform (2D FFT) of our scans,
though this only gives us information about the top layer, whereas the LEED image also includes information
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Figure 3.10: Photo taken of the fluorescent screen of the LEED. The six dots correspond to a hexagonal pattern on the surface. Electrons
fired at 133eV .

about the substrate. See figure 3.10 for an example of a picture taken with LEED. The image shows six dots,
which corresponds to a hexagonal structure of the surface. This particular image shows the hexagonal structure of the Cu atoms of bare Cu(111). The large black object in the middle is the electron gun and is also used
to block the center of the image which will always show the highest intensity.
One of the downfalls of using LEED is that does not leave the sample entirely intact, as shown by the white
dots in image 4.2(g).

C O EVAPORATION

Figure 3.11: Evaporation of Co on CuC l 2 on Cu(111). Temperature was too high to isolate atoms. Dark spots are single atom vacancies.
Lighter spots are vacancies of more than one atom (which are brighter due to the highly conductive Cu(111) underneath). The larger
brighter spots are cobalt clusters where in the individual atoms can be discerned in most cases. Image taken at 20mV , 30p A.

After we have a satisfying layer of Cl on our surface, we want to evaporate Co on it. This is done means of
Electron Beam Heating (EBH), see figure 3.9(b). Here a tungsten filament gets heated which ejects electrons.
The electrons will be attracted to the crucible which is at a high voltage. The incoming electrons subsequently
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heat very whatever they crash into. As shown in the image this may be the powder inside a crucible, but it
may also be a rod of pure Co (as is the case for us) which itself is kept at a high voltage.
Unlike CuC l 2 evaporation, performing the evaporation of cobalt is typically done at low temperatures
(5-10K) in order to isolate single atoms [31][32][33], since performing this at room temperature gives rise
to localized cobalt structures [34][29][35][36]. Notice that in these references cobalt was deposited on bare
Cu(111), whereas we will deposit Co on CuC l 2 on Cu(111). Despite that, we expect the Co to also clusterize
when performing the evaporation on a warm surface of Cl reconstruction on Cu(111), while we expect to find
single Co atoms when evaporating on a cold surface. Over the course of this project we found out that this is
indeed the case.
As mentioned in the beginning of this chapter we created samples in both of our STM-systems. The JTsystem gives us data for fields up to 3T out of plane. The He3-system can provide us with data for fields up to
9T out of plane and 2T in plane. Unfortunately, we were not able to evaporate cobalt with pleasing results on
the He3-system. This is due to the temperature during evaporation. We are able to perform cold evaporation
on the JT-system but the He3-system is not prepared for evaporation on cold samples and the sample temperature reaches over 20K (though the exact temperature is unknown). We tried to keep the sample cold by
cooling down the transfer rod before evaporation by placing it on the sample for a long time, as to minimize
the heat leaking in from the transfer rod. This was insufficient to provide a cold enough sample to avoid cluster forming. See figure 3.11 for such a cluster. We tried to solve this by trying to decompose the clusters, see
section 4.3.2.

4
O PTIMIZATION OF E XPERIMENTAL
T ECHNIQUES
In this chapter we will go over the various techniques that I personally employed and which provided meaningful improvement for the group in order to get the right measurements going. The three techniques we will
cover are the sample preparation, tip fabrication and atom manipulation. All three techniques are necessary
(to various degrees) for the measurements to take place. One of these techniques has not been done in the
group before nor in the field of study in general, to the best of our knowledge.

4.1. CuC l 2 EVAPORATION
We developed a new process over the course of 30 sample preparation which allows us to control Cl deposition carefully without relying on fluxmeters. This technique was developed because our home-made evaporator does not contain a flux meter and trying to repeat the results of Goddard et al. [26], where the coverage
is approximated by L = ∆pCuC l 2 ∗ t , where ∆pCuC l 2 is the partial pressure of CuC l 2 and t is the time, did not
provide us with a reliable method. Nonetheless, during the development of the process we found the following things:
With our evaporator being in the load lock, we initially deposited CuC l 2 by moving the sample from the
preparation chamber to the load lock and then turning it to face the evaporator. The time it takes for this is
of the same order of magnitude as the entire evaporation duration. What we found is that it is not necessary
for the sample to face the evaporator. We could just leave the sample unturned and perform the evaporation.
Although this increased the required evaporation time, it decreased the uncertainty in the time spent and
time required. In order words; it seems that the partial pressure of Cl was enough to deposit Cl on the surface.
Though, as stated before, the coverage cannot be described linearly in time and partial pressure.
Secondly, we tried to keep the vapour pressure of the CuC l 2 always the same in each preparation and let
time be the only variable for determining the coverage. We did not find any conclusive data on this which
would suggest that this is the right method. With similar pressures and similar times we have achieved both
oversaturation and severe undersaturation (∼ 70%). We cannot rule out that this is the right method, though.

4.1.1. F INE C ONTROL OF C L COVERAGE BY MEANS OF IN - SITU LEED
We extrapolated our first finding to the point where we kept the sample in the preparation chamber. Although
the required time increased thirty-fold, we were able to deposit Cl on our sample in a very controlled manner
by taking LEED images of our sample during the deposition. This offered us a very quick way to check the
coverage of the sample compared to the STM, where it takes a long time for the sample to cool down. The
disadvantage of this is that an exact coverage cannot be found as accurately as with STM scans and that the
sample gets partially destroyed due to ionization (see the dots in figure 4.2(g)). To avoid that we can also perform regular evaporations in the load lock and check the coverage with LEED.
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Figure 4.1: LEED images taken while evaporating in the preparation chamber. Images taken at 133eV. One can identify the onset of
hexagonal reconstruction at t = 36 minutes. The onset of oversaturation is not as clear, but happens around t = 78 min. The last two
images are taken with different lens settings and there it is evident that we have achieved oversaturation.

4.1. CuC l 2 EVAPORATION
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For that we put the sample in the preparation chamber facing the LEED camera and continuously take
images as we turn on the thermal evaporator in the load lock. See figure 4.1 where one can see that at t =
0 min we only have the bare Cu(111) surface. Over time, starting from t = 36 min but more evidently at t =
42 min one can see the hexagonal pattern due to the reconstruction of Cl. The points related to this pattern
diffuse as of t = 78 min, suggesting there is a reconstruction similar to but not exactly hexagonal. At t = 90 min
we find three dots instead of one, suggesting heavy oversaturation.
With this method we can control the deposition of Cl very well, and so we can determine the relate the
LEED images to STM scans. This is done in figure 4.2, with which we will show how to interpret the LEED images. The first row shows no coverage of Cl, the second row shows a Cl-coverage of 76%, the third row shows
full Cl-coverage (considered saturated) and the final row shows oversaturation.
In the fist column we show a typical STM image of the respective coverages. In (a) one can see the large
patches of bare Cu(111) and their terrace steps in this 200x200 nm 2 image. The inset shows a hexagonal structure, though not very clearly because it is difficult to get atomic resolution on bare Cu(111). In (d) one can
clearly identify patches of vacancies and single vacancies. The inset shows a vacancy patch in more detail.
In (g) one can see the perfect hexagonal reconstruction, except for the diagonal oversaturation lines known
as "domain walls". The inset shows the hexagonal reconstruction. When these domain walls stack close together, we get the situation as in (j) where there is clear oversaturation. The inset highlights these domain
walls.
In the second column the 2D FFT is taken of the STM image of the first column (the inset of (a) is taken,
as it is the only image with atomic resolution). In the third column the respective LEED images are shown.
The larger white diamond corresponds to the Cu(111) lattice, whereas
p the smaller red diamond corresponds
3 times as large as the red hexagonal and
to the Cl hexagonal reconstruction. The white
hexagonal
sides
are
p p
rotated over an angle of 30°, verifying the ( 3x 3)R30° reconstruction on the Cu(111) lattice, as discussed in
section 2.1. Notice also how the Cl-dots in (e) and (f) are not as sharp and distinct as in (h) and (i), because
the coverage is lower.
Regarding image (j), (k) and (l), when taking a 2D FFT of (j) we do not get the 2D FFT as shown in (k).
However, if we overlay the corresponding 2D FFT with itself rotated over 60° and 120°, we get image (k), which
corresponds very well to the LEED image. We created the 2D FFT as such because the scan shows only one of
the three possible configurations (the saturation lines are degenerate over a rotation of 60°).
Next we tried to use our findings to perform regular deposition by putting the sample in the load lock for
a short while and checking the result with the LEED. Within a few attempts we found a good sample. See
figure 4.3. Here we applied a current of I = 0.585 A to get a pressure of 9.5 · 10−9 mbar in the load lock during
the first 30 seconds of the evaporation. We saw there was hexagonal reconstruction, but the points were not
very bright, suggesting we reached undersaturation. We added another 10 seconds to the evaporation with
a current of I = 0.563 A in order to get a pressure of 1.09 · 10−8 mbar. After checking the sample in the LEED
again (at 113 eV), we found the peaks to be brighter. They were slightly diffused, suggesting we have reached
slight oversaturation. After putting the sample into the STM and taking a scan, we find figure 4.2(g) where we
can indeed see oversaturation lines. But they are fortunately so far apart that we can have large patches of
clean hexagonal reconstruction.
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Figure 4.2: Overview of STM-scans with 5x5nm 2 insets (first column), with their respective 2D FFT (second column) and LEED images
(third column). (a-c): No coverage. (d-f ): 76% coverage (g-i): slightly oversaturated, (j-l) oversaturated. There is a clear correspondance
between LEED images and coverages. LEED images (c), (f), (i) taken at 113eV, image (l) taken at 133eV. Note that this does not explain
the difference in colour, this is likely due to Cu deposition on the LEED since image (l) is taken first.
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Figure 4.3: LEED images of our Cu(111) sample after evaporating CuC l 2 in the load lock for 30s (left) and an additional 10s (right).
Images taken at 113eV.

4.2. T IP FABRICATION
Without a good tip, one cannot perform STM-measurements. Tips are typically made from a sturdy and noble metal wire, such a tungsten (W) or platinum-iridium (PtIr). You can buy them from the supplier of the
STM-machine (Specs and Unisoku in our case) or you can fabricate them yourself. The advantage of fabricating tips ourselves is one of cost, but it also provides flexibility in the available tips we can use. We improved
upon commercial setup for the fabrication of a sharp tip.
In order to create a tip, we used a tungsten (W) wire in an electrochemical etching set-up, see figure 4.4. A
voltage is applied between the W wire and the washer, using a membrane of KOH (5.15M) solution to mediate
the etching. Electrochemical etching has been investigated heavily in literature [37][38][39]. Most researchers
use a beaker of KOH (or NaOH) solution [37][38], whereas we use a small membrane. During etching we actually produce two tips, one which falls down into the tip catcher (with the apex pointing up) and one which
stays locked in the air (with the apex pointing down). It has been shown [40][41] that the bottom tip is sharper.
Having a set-up with a tip catcher as shown in figure 4.4 makes it very easy to move this tip without accidently
breaking it (which it is very prone to do). This is a modification from the way the electrochemical etching tool
was designed. We compared both top and bottom tips by means of a scanning electron microscope (SEM)
and have indeed found the bottom ones to be sharper than the top ones (see figure 4.5).
As described elsewhere [37], the etching process follows the following chemical reaction:
6H 2O
W (s)

+
+

6e −
8OH

→
→

3H2 (g )
W O 42−

+
+

6OH −
4H2 O

+

6e −

W (s)

+

2OH −

+

2H2 O

→

W O 42

+

3H2 (g )

Notice that this redox reaction requires a voltage of at least 1.47 V [37], but preferably more. We applied a
few volts. The power supply we have stops offering voltage once the current drops below 8 mA, which would
indicate the tip has broken off. As noted by Bryant et al. there will still be some current even with the bottom
tip already in the tip catcher, which causes the top tip to be etched smooth, increasing the radius of the apex
(thereby making it less sharp).
Before we can place the tip into the system, we need to make sure it is entirely clean. For this we grab the
tip using a reverse tweezer and soak them in a beaker of acetone. We put the beaker in an ultrasonic bath for
5 minutes and move the tip to a beaker with isopropanol and repeat the process. Finally we do the same after
moving the tip into a beaker of deionized water. Using pressured nitrogen we blow the tip dry and place it in
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Figure 4.4: Electrochemical etching of a wire to fabricate an STM tip. A wire is placed in the middle of a washer, above a vase. The
washer has a membrane of 5.78M KOH solution. Sometimes a piece of cloth is wrapped around the tweezers to avoid KOH solution
from creeping up in the narrow slit of the tweezers. The tip catcher is a glass bottle with the top end of a pipette placed in the opening,
which in turn is filled with cloth. The tip will fall on the cloth and its apex will stick out of the catcher, as to avoid touching it and
breaking it. See text for a detailed description of the etching process.

Figure 4.5: Scanning Electron Microscopy image of our tip. Inset shows the tip is sharp up to nanometer scale.
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29

Figure 4.6: left An STM tip in a tip holder for the JT-system. right A scan showing double tip. The red adjacent arrows show examples
where one can clearly see a "shadow" . Especially at step edges this is very clear. 1V , 100p A.

a tip holder, see figure 4.6. Finally, we performed in-situ preparation of the tip by Ar+ sputtering.
Once the tip is in place we may find that the apex is just not sharp enough. Further treatment of the tip
includes indenting the tip into a metallic sample. This has also been done by other groups [42]. One may also
apply a voltage while poking. This is also used to get rid of double tips (two apices). See figure 4.6 on how to
recognize double tips, and see image 4.2 which contains only images made by a W tip I have etched.
Besides of having etched W-tips, I also etched a Cr tip (99.99% purity), using the same technique, this time
creating C r O 4− in the process [41]. These Cr-tips are said to have a spin-polarization [41]. Spin-polarization of
a tip implies that the electrons in the tip have a preferred spin orientation when tunnelling from tip to sample
(and vice versa) due to the energy level of a certain spin state being lower. In the case of a Cr tip this results in
an effect spin polarization with components both parallel and perpendicular to the surface [41]. This would
be the first spin-polarized tip for our group increasing the range of possibilities for the group.

4.3. ATOM MANIPULATION
As described before in section 3.4.2, we have both a sample with cold evaporation and isolated cobalt atoms
and a sample with warm evaporation and cobalt clusters. With cold evaporation we mean evaporation while
the sample is still in the cryostat, whereas warm evaporation means that the sample is out of the cryostat
and thus warms up rapidly. Our group have previously managed to move the isolated cobalt atoms, but new
is the controlled ability to pick up the cobalt atoms. As for the atom clusters, it has not been shown before
that it is possible to deconstruct them - until now. I found a way to declusterize them partially. We did not
identify single atoms, but this method offers potential. Further research into this might open up possibilities
for groups who cannot perform cold evaporation of cobalt. But let us first look at the isolated case.

4.3.1. S INGLE ATOM MANIPULATION
Single atom manipulation can be divided into two different types: lateral and vertical. Lateral single atom
manipulation is defined as the movement of single atoms on the surface without lifting them off the surface
(one essentially slides or pushes them). In vertical single atom manipulation atoms are picked up from the
surface and dropped off somewhere else. Both techniques are useful for the creation of large atomic structures or the isolation of particular atomic configurations.
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Figure 4.7: Lateral single atom manipulation. Top row shows movement in small steps. Bottom row shows larger steps and an atomic
excitation from the rotated triangle type to an arrow type. Top row images at 5x5nm 2 , bottom row images are 7x7nm 2 . Movement is
cause by a temporary increase the applied voltage in the vicinity of the atom. All images taken at 20mV , 100p A, except for top-left, that
one is taken at 20mV , 1n A.

L ATERAL ATOM MANIPULATION
One cannot talk about lateral single atom manipulation without referring to the paper by the company IBM
about the quantum corals [4]. More recently our group was able to perform lateral single atom manipulation
on a large scale: thousands of atoms over a patch of 96x126 nm [2] and we are is still developing new intricate
structures. However, each system presents completely different manipulation parameters which need to be
investigated. This section goes into details of that investigation in regards to the manipulation of Co atoms on
Cl-reconstructed Cu(111) and has not been able to rely on any literature due to apparent lack thereof. Most
of this work has already been done by R. Toskovic in a as of yet to be published PhD thesis, but I repeated it
as verification.
As can be seen in figure 4.7 an atom is moved along the surface. There are two known methods for this.
This can eiher be done through dragging or pulsing. In the case of dragging the tip is put to a height corresponding to 20mV , 2n A,the voltage is increased to around 100 − 140mV typically and the atom is essentially
"dragged" around the surface. During the dragging the current read-out gives a good guideline as to whether
the atom is successfully dragged. See the top row of figure 4.7 where the voltages went up to −170mV and
100mV (sign has not been shown to have any consistent effect). In the other method the atom is given voltage
pulses. These pulses work at around similar parameters (e.g. 1n A, 150mV ), but may also be increased to 1V
to move the atom further away (see bottom row in figure 4.7). Both methods may cause the rotated triangle
to shift towards an arrow-type, see bottom right picture in figure 4.7 where a −1V -pulse was applied.
V ERTICAL ATOM MANIPULATION
Vertical atom manipulation has been achieved before, either as an atom cluster [43] or by single atoms
[44][45][46][47].
See figure 4.8. These results have been achieved in our group, but they have not been as reproducible as
my results. We moved our tip towards the atom with a bias current of 100p A and a bias voltage of 1V . We then
turn off the constant current feedback loop (see section 3.1.1) and move our tip close to the atom. As we do so
the current will increase. Typically at around 300−1000 nA we see a current drop, informing us that we picked
one up. We move the tip back up, apply the constant current mode again at the same settings and rescan the
area. As shown in figure 4.8 we removed a single atom from the 15x15nm 2 area and our tip changed a bit (as

4.3. ATOM MANIPULATION

31

Figure 4.8: Vertical single atom manipulation. An atom was picked up by the tip, thereby removing it from the sample. The tip itself also
changed a bit, indicating indeed that the atom was picked up. The change in tip can be seen by the increase of detail. Images are
15x15nm 2 . Images taken aat 20mV , 100p A.

can be seen by some details appearing clearer).
We are particularly interested in creating a spin-polarized tip by picking up Cobalt atoms. Since only the
probing atoms determine the spin-sensitivity [48], it is typical to coat a non-polarized tip with ferromagnetic
or antiferromagnetic coatings such as Fe, Co, Ni and Gd or respectively Cr, Mn and MnNi [48][49][50]. It has
been shown that picking up several Co atoms does lead to the creation of a spin-polarized tip by our group
[3], but I was unable to achieve this with picking up a single Co atom.
Interestingly, when trying to pick up a cobalt atom using the bias voltage of 20mV and applying a field
of 3T we have been able to change an arrow type back to a rotated triangle form. This also happened in the
absence of the field, but was not as consistent.

4.3.2. ATOM CLUSTER DECOMPOSITION
Finally we will consider atom cluster decomposition. As discussed in section 3.4.2 we are unfortunately dealing with a surface of Cl on Cu(111) on which we have Co clusters, see figure 3.11. Using a similar technique
as for the vertical single atom manipulation, I was able to pick up parts of the cluster and drop it nearby.
The exact technique I used is as follows:

1. Move the tip to the target cluster and regulate at 20nA, 120mV.
2. Move the tip down over the course of a second to achieve 400nA.
3. When the current behaved differently than expected for a decrease in distance, we picked up (part of )
a cluster. If not, try again.
4. Move up to 20nA, 120mV.
5. Move a short lateral distance.
6. Go down again in the same way as in step 2. In case the current behaved differently again, the atom
cluster was dropped.
This technique has been somewhat reproducible, but requires further investigation. Unfortunately the
resulting smaller clusters and even the single atoms have not been proven to be pure cobalt. It may be that
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Figure 4.9: Decomposing a co-cluster from a single cluster first into two smaller ones, then into four smaller ones and finally into nine
smaller ones, two of which seem like single atoms. They have not been verified as being single atoms, though. Images taken at 120mV ,
100p A.

atoms from the tip (W or, as a result of indenting, Cu or Cl) are bonded with the smaller pieces. Nonetheless, this method may provide opportunities for groups who cannot perform cold evaporation of Co on their
sample.

5
R ESULTS
In this chapter we will go over the results of the experiments performed on Co on Cl-reconstructed Cu(111).
For that we will first show high-resolution STM images of the surface, in section 5.1. We will then look at
IETS-measurements taken on the rotated triangle type atom in section 5.2, a similar measurement now with
a magnetic field applied in section 5.3 and finally we will consider a spatially-resolved IETS measurement in
section 5.4. The results in this chapter were obtained in the JT system in UHV and at low temperature (1K).

5.1. A BSORPTION S ITES
See figure 5.1, which shows a 100x100nm 2 STM image with Co atoms at many different absorption sites.
The insert shows two rotated triangles on a hexagonal surface; one up and one down. It also shows a nonrotated triangle on a lattice dislocation (top right). Furthermore it shows two arrows, both pointing south
west. Finally there is one arrow which is on a lattice dislocation and therefore does not belong to any of
the three common types of arrows. This image highlights the importance for requiring a non-oversaturated
surface,
p p where there are less lattice dislocations. We evaporated Co atoms at low temperature (<6K) on a Cl3x 3R30° reconstructed surface on Cu(111).
Figure 5.2 showss high-resolution STM images of the rotated triangle-type atoms and arrow type atoms,
as previously described in section 2.2, in particular figure 2.3. In the case of the rotated triangle, one can
recognize that it is placed on top of an FFC site. One can also recognize the two different rotated triangles,
called up and down. In particular, for the rotated triangles (up and down), one can see the rotation of the Cl
atoms around the z-axis through the center of the Co adatom, indicating that the DFT calculations provide a
very accurate description of how the Co atom is bonded when on an FCC site. In the case of an arrow we can
indeed see that there are three possible configurations, each rotated with an angle of 120° compared to one
another, as would be expected from atoms bonded on a bridge-site. For the arrows one can see that one of
the Cl atoms is pulled towards the Co atom. This is also in accordance with DFT calculations. The Cl atom
which is pulled towards the Co atom is the one closest to the top-layer Cu atom. One can recognize the three
different arrows, pointing south west, east and north west. We will not go into further details about the Co
atom bound on a bridge site.
Since we will be focussing on a rotated triangle type, we will first explain the naming convention used
during the rest of the results and discussion. In figure 5.3 for the up rotated triangle are shown three red circles which corresponds to the locations where we will take spectroscopy measurements, in particular IETS
measurements (see section 2.5). The naming convention used will be "Center", "Corner" and "Background"
for respectively the center and corner of a Co atom and a Cl atom. The red line shows the line along which
points are taken for spectra.
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Figure 5.1: STM-topography with atomic resolution of Co atoms on Cl-reconstructed Cu(111). Inset shows rotated triangles and arrows.
Image of 100x100nm 2 . Large image taken at 20mV , 100p A, inset taken at 20mV , 50p A.

Figure 5.2: High-resolution images of the rotated triangle type atom in both degenerate forms, arrow type atoms in all three degenerate
forms and an image showing several close to each other. The red circles indicate where we will conduct STS measurements, with the
middle of the atom being referred to as "middle", the corner of an atom as "corner" and the chlorine atom as "background". When we
take spectra on many points along a line, we will do so along the red line. A legend for the top-right image is shown in figure 2.3. All
images are at 20mV , 30p A and are 3x3nm 2 large, except for the top right image which is taken at 20mV , 50p A and is 7x7nm 2 large.
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Figure 5.3: STS measurements of rotated triangle type Co atoms as indicated on the STM image on the left. Both up and down rotated
triangles show similar spectra. There are two apparent bumps, at −4.5mV and +7.2mV , shown with blue arrows. All measurements are
taken at 1K. Image taken at 20mV , 100p A. Spectra taken with similar regulation, before moving the tip 150pm closer, Vmod = 160µV .

5.2. IETS ON R OTATED T RIANGLE - TYPE C O ATOMS
Let us first look at IETS on the center of a rotated triangle type atom. For this we take measurements as explained in section 3.1.2. In short, we move our tip above the Co atom while applying a voltage Vbi as . Depending on the current we use (100p A in our case), the distance between the sample and the tip is determined. We
then measure the current as a function of Vbi as which we will sweep between −20mV and +20mV . Meanwhile we use a lock-in amplifier to apply a modulation voltage Vmod and measure the resulting I mod from
which we determine the differential conductance.
In figure 5.3 we show the spectra for three rotated triangles. Previous work done in our group has shown
that this bias range provides us with the important features for IETS.
Two of the measured rotated triangles are up (RT-1 and RT-2), and the other one is down (RT-3). They all
show very similar spectral features. From these spectra we see two bumps at −4.5mV and +7.2mV . These two
bumps are typical for a spectrum on the rotated triangle, though the left bump is always much more prevalent. Similar spectra were detected in all measured atoms throughout an analysis of 77 measurements, with
bumps ranging between −6.5mV to −3.6mV and 5.8mV to 9.6mV . The lack of symmetry of these bumps
around Vbi as = 0 suggest that what we are seeing is not a result of inelastic electron tunnelling. We are unsure
what the cause for these bumps are. We also observed a linear decrease between −4mV and +4mV . We are
also unsure about the cause of this linear decrease. A plausible explanation is presented in section 6.3.
A spectrum of the Cl surface is included (referred to as "background") as a comparison with the spectra of
the adatom in order to identify possible tip artefacts. A comparison of other measurements has shown that
the shape of the background spectrum will always be superimposed to some extent to the spectrum from the
Co atom. This can be seen by the "bump" around −11mV which is present both in the background and the Co
atoms, suggesting it is an artefact of the tip and not an inherent feature of a rotated triangle type atom. One
can also compare figure 5.3 with figure 5.5 (bottom graph). There the background spectrum (dotted) shows
different features which causes the spectrum of the center of the atom (solid) to look different. Nonetheless
the spectrum of the center still shows a linear decrease between −4mV and +mV and shows two bumps, one
at −5mV and one at +7mV .
Both features, the two bumps positioned asymmetrically arund Vbi as = 0 and the linear decrease which is
symmetric around Vbi as = 0 can be found in all IETS measurements taken on the center of a rotated triangle
and cannot be attributed to the tip.
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Figure 5.4: STS measurement of rotated triangle atoms. The names in the legend refer to those shown in figure 5.3. Blue figures are with
an applied magnetic field perpendicular to the plane. The graphs belonging to different atoms are shifted and have a different thickness
for clarity. All measurements are taken at 1K. Spectra taken while regulating at 20mV , 100p A, before moving the tip 150pm closer,
Vmod = 160µV .

5.3. IETS WITH B- FIELD
By applying an external magnetic field of 3T out of plane, we checked the dependency of these spectra on
magnetic field. Figure 5.4 shows the spectra taken at the center of the Co atom both at 0T and at 3T. As a
comparison the background spectra at 0T and 3T is included. The 0T spectra can also be found in figure 5.3.
We can see that there appears to be no dependence on field whatsoever. This was common among all
measured rotated triangle type atoms.
While the theory shown in section 2.4 predicted an energy difference of around 0.3meV for 3T , we do not
see any dependence on field. While the theoretical predictions go up to 10T , the JT system supports only up
to 3T . Since the thermal energy (∼ 0.1meV ) is in the same order as the expected energy difference, we tried
to repeat the experiment in the He3-system which can apply a magnetic field up to 9T . As shown in section
3.4.2 we did not manage to acquire this data due to not being able to evaporate cobalt atoms on a cold surface
in this system.

5.4. IETS S PATIAL MEASUREMENT AROUND A C O ATOM
We will now go over the spatial measurement of the rotated triangle. We identify a stark difference in behaviour in figure 5.5 between the corners (top graph) and the center of the atom (bottom graph). Graphs
corresponding to different corners are shifted and have different thickness for clarity. Graphs for 0T (red) and
3T (blue) are included.
Remarkably the shape of the spectra at the corners are completely different when compared to the center of the Co atom. At the corners the spectra show symmetric features: a symmetric dip and two almostsymmetric bumps just beyond the dip (at −4.8mV to −6.4m and 5.7mV to 6.9mV ). The dip may be explained
through IETS. The fact that we do not see a sharp step may be due to a finite temperature (1K ), because we are
dealing with several smaller steps close to each other, or because the excited state has a life-time t exc ≤ 10−15 .
As shown in the figure, the overall features of the spectra did no vary between corners. This has been tested
for multiple rotated triangles, both up and down, with various tips: all of them show the same symmetric
features.
For further analysis we took spectra at many points along a line, as shown in figure 5.6. This image shows
40 spectra taken at 40 different points all equally spaced along the line shown in the image. All spectra are
taken at 0T. The colours show the relative strength of the differential conductance within a single atom, where
blue is low and red is high. In between each spectrum the tip location was recalibrated to the center of the
atom in order to avoid long-term drift effects. Two spectra are thicker and the location of those spectra are
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Figure 5.5: STS measurements of rotated triangle type Co atoms. The names in the legend refer to those shown in figure 5.3 and those
shown on the STM image on the left. Blue lines denote spectra taken with an applied magnetic field perpendicular to the plane. The
graphs belonging to different atoms are shifted and have a different thickness for clarity. Graphs corresponding to different lines are
shifted and have different thickness for clarity. All measurements are taken at 1K. Image taken at 20mV , 100p A. Spectra taken at similar
regulation before moving the tip 150pm closer, Vmod = 160µV .

indicated with a green and red circle. The one at the green circle is taken at a corner, while the one at the red
circle is taken at the center of the rotated triangle. Compare these spectra to figure 5.5. From the bottom and
top spectra we can find the background. From these we can identify the tip artefacts for this set of spectra.
We conclude that even with these artefacts taken into account the shape of the spectra is undoubtedly similar
to those in figure 5.5.
There seems to be a gradual shift between the forms of the spectra. From the line spectra we can deduce
that the dip still occurs at a radius of about 1nm with the deepest dip being reached around 450pm.
Notice how only for the spectra near the center there seems to be a high noise-to-signal ratio. We did not
identify any explanation for this.
More line spectra have been taken. This includes spectra along different lines on the same atom, line
spectra on different atoms (e.g. down rotated triangle) and line spectra at 3T. The results of these will not be
disclosed in this thesis, since it does not provide extra conclusions.
As will be discussed into more depth in section 6.3, we suggest that the lack of symmetric features at the
center of the Co atom is due to fully filled orbitals accessible for the tip. That is, only the in-plane orbitals are
available for performing spin excitations. This would also explain the symmetric features at the corners.
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Figure 5.6: Spectra between −15mV and 15mV taken at 40 points along the line indicated on the right. Two spectra a thicker and are
marked with a green and red circle. The location of these spectra are shown on the right. Each spectrum has a colour scale where blue is
low differential conductance and red is high differential conductance. Spectra are shifted and equally spaced for clarity. All
measurements are taken at 1K. Image taken at 20mV , 100p A. Spectra taken at similar regulation before moving the tip 130pm closer,
Vmod = 160µV .

6
D ISCUSSION AND CONCLUSION
During this thesis progress has been made in the optimization of the preparation process for samples and
tips, as well as progress in the understanding of the electronic structure of Co adatoms on FCC sites of Clreconstructed Cu(111). A first step was made in directly measuring the spatial geometry of the orbitals of a
single adatom. We will highlight the most important conclusions here.

6.1. C ONCLUSIONS ON THE OPTIMIZATION OF SAMPLE AND TIP PREPARATION
We tried to gain a satisfying coverage of Cl on Cu(111) by relying on the results of Goddard et al. where the
coverage during deposition was approximated by L = ∆pCuC l 2 ∗ t , with ∆pCuC l 2 the partial pressure of CuC l 2
and t the time [26]. However, this approximation did not seem to hold during our experiment.
During the optimization of Cl evaporation we found that it is not necessary for the Cu(111) to be facing
the Cl-evaporator in order to achieve deposition; Cl partial pressure is enough to cause deposition. This is
unexpected considering deposition processes are often very directional. This will have to be taken into account in future depositions, not only of CuC l 2 , but also of other compounds.
We have shown, by means of figure 4.2 that a LEED image may be used to guide in the preparation process. In the process we have found for the first time a direct relationship between the LEED image on an
oversaturated sample (l) and the scan of an oversaturated sample (j), as shown by the worked 2D FFT in (k).
We have identified four different stages in the process: no coverage (a), undersaturation (d), saturation (g)
and oversaturation (j), each with their distinct LEED image. Although the LEED image does not provide an
accurate value of the coverage, it allows us to distinguish between undersaturated and oversaturared samples.
We used these LEED images to speed up the preparation process, by determining the coverage much
faster. Using the LEED provides a much quicker way to respond to whatever coverage we have. However, one
do has to consider that the surface will be contaminatd to some extent as a result of this, so LEED may not be
used continuously during evaporation.
Furthermore, we pioneered a new method for making tips in our group. Although the technique of elecrochemical etching has been used in other groups, it was not used in our group until the start of this thesis,
and as of now it will be continued to be used. We improved the commercial design by using a washer with a
KOH-solution membrane, rather than a bucket of KOH. This improves the quality of the tip and provides two
viable tips during one etching session. The resulting tips were imaged by SEM and checked with STM with
satisfying results (figure 4.2(a,d,g,j) and insets). We also created a Cr bulk tip which will be used in coming
experiments.
We also performed lateral and vertical atom manipulation of Co adatoms on Cl-reconstructed Cu(111).
Lateral atom manipulation of these Co adatoms in this environment has been achieved by our group before
and is fairly well-understood. Vertical atom manipulation, on the other hand, had not been performed in a
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reproducible way before and was optimized during this thesis. For vertical atom manipulation, as shown in
section 4.3, we first apply a bias voltage of 1V and regulate at 100p A above the rotated triangle type adatom.
We then move the tip closer, which increases the current. When the current reaches 300 − 1000n A we see a
current drop, indicating that we picked up an atom.
Finally we made a first few steps in the process of decomposing Co clusters on top of Cl-reconstructed
Cu(111), the process of which is outlined in section 4.3.2. Note that this has not yet resulted in the isolation
of an atom which has been identified as being a single Co atom.

6.2. C ONCLUSIONS ON THE PROGRESS OF CURRENT UNDERSTANDING OF ELEC TRONIC STRUCTURE OF C O ADATOMS AT FCC SITES ON C L - RECONSTRUCTED
C U (111)
As shown in section 2.2 and 5.1 there seems to be a very good matching between the DFT calculations and
actual Co adatom on a FCC site of Cl-reconstructed Cu(111). This is especially true for the rotated triangle
type, which is the focus of this thesis.
Chapter 2 shows DFT and multiplet calculations done by Dr. Fernando Deljado and Dr. Jhon W. González.
The DFT calculations for the rotated triangle atom show a remarkable matching with the STM scans, as seen
in figure 5.2. The theory suggest that the Co atom is in a mixed configuration between d 7 and d 8 , where d 7
means 7 electrons in the d-shell and d 8 means 8 electrons in the d-shell. The mixed configuration was chosen to be at d 7.82 , taking into account reasonable values for the addition energy E D and the energy associated
with Coulomb repulsion U . This means that the average occupancy of the Co atom is 7.82 which is possible
through electrons hopping on and off to neighbouring atoms.
The multiplet calculations of figure 2.11(a) suggest that IETS is possible and that we should be able to
see steps in the spectra at ∆E 0,1 =∼ 8meV . While we do find two bumps in the spectra of the center of the
atom, as shown in figure 5.3, we cannot identify these as the steps expected from IETS - especially since these
bumps are not symmetric around Vbi as = 0.
The theory predicted a small but finite dependency on the magnetic field, around 0.1meV /T . We found
no dependency on the magnetic field. This may be explained by the magnetic field we used (3T ) not being
strong enough, since the energy difference of 0.3meV is in the same order as the thermal energy (0.1meV ).
We wanted to verify this by doing the measurements on the He3 system where the magnetic field can go up to
9T out of plane. Unfortunately we found that it was not possible to get single Co atoms during the deposition
of Co on our surface on the He3-system. This is due to the temperature of the sample during the deposition
being too high (> 20K ) which leads to clusterization, see section 3.4.2.
Interestingly, we saw that taking spectra on different parts of the Co adatom provided significantly different spectra, as shown in figures 5.5 and 5.6. In particular we found the corners to show a symmetric dip
while the center shows a decreasing differential conductance around Vbi as = 0. The symmetric dip might be
a result of IETS, as we will argue in the next section

6.3. D ISCUSSION AND OUTLOOK
We will now provide a possible explanation for the shape of the IETS spectra as shown in chapter 5. This may
explain both the dip as seen in figure 5.5 and the linear decrease as seen in figure 5.3. We propose that we are
coupling into different orbitals when we are taking spectra at different locations.
Figure 6.1 shows a representation of how electrons move during IETS. As was explained in section 2.5,
figure (a) shows a tip in contact with the d z 2 orbital of an adatom. Electrons from the tip can therefore tunnel
from the tip to the adatom by being placed in the d z 2 orbital. Another electron from this orbital can then
tunnel from the adatom to the sample. When this involves different spin states on the same orbital it is called
spin IETS, and when it involves different orbitals it is called orbital IETS. Depending on the voltage the atoms
either go tip-adatom-sample or sample-adatom-tip. This is a well-understood process and gives a symmetric
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Figure 6.1: Image taken from Bryant et al.’s Controlled Complete Suppression of Single-Atom Inelastic Spin and Orbital Cotunneling
(2015). The d z 2 orbital is shown in blue. Other orbitals are jointly shown in green. (a) With the tip only accessing the d z 2 orbital, IETS is
possible when that orbital is not fully filled. This may either lead to a spin excitation or an orbital excitation. (b) If that orbital is fully
filled electrons cannot tunnel from the tip to the adatom, blocking the tunnelling current. This is also true for electrons wanting to
tunnel to the d z 2 orbital from the sample. On the other hand, an electron may tunnel from the sample to the adatom through a
different orbital (e.g. d x y ) which puts the adatom in a virtual state. While in this virtual state an electron may tunnel from the d z 2
orbital to the tip. Through this process, which only occurs at negative voltage, an increase in tunnelling conductance is expected.

spectra when performing IETS. All of this, however, assumes that the electrons can tunnel from the tip to the
adatom due to an unoccupied orbital which is accessible.
Figure (b) shows what happens when the accessible orbital (the d z 2 orbital) is fully filled. Now it is impossible for electrons from the tip to tunnel to the d z 2 orbital. Since this is the only orbital in range of the tip,
no IETS is possible. This is also true for electrons from the sample trying to enter the d z 2 orbital. However,
electrons are still able to tunnel from the sample to other orbitals (shown in green), since the adatom is only
decoupled by a single Cl layer. Then it is possible for an electron to tunnel to one of these orbitals (e.g. d x y )
which puts the atom in a virtual state. While in this virtual state an electron from the d z 2 orbital may tunnel
to the tip. This way conduction going sample-adatom-tip is possible while conduction going tip-adatomsample is not possible. This would lead to a higher conductance for negative voltages.
We propose that our results as follows. Referring back to section 2.4, we found that the d z 2 orbital was
mostly filled at the Fermi energy E F , while this is not true for the d x 2 −y 2 and d x y orbitals. Thus if the Co
adatom has two electrons in its d z 2 orbital around Vbi as = 0, we may find that we cannot tunnel to the adatom
for positive voltages. However, for negative voltages this is still possible. We indeed find a higher differential
conductance for negative voltages when taking spectra on the center of the adatom, as seen in figure 5.3. As
this interpretion is very recent, more calculations need to be performed in order to corroborate that the energy (around 4meV ) is plausible for such a system.
This could also explains why at the corners we see a symmetric dip. Here we are coupling directly to the
orbitals which are not fully occupied (e.g. d x y ). The symmetric dip is explained as described in section 2.5.
From the line spectra of 5.6 we can determine the radius of the in-plane orbital to be r = 1nm with the highest
point at r = 450pm.
If this is indeed the case, it would be the first time that different electronic orbitals are probed depending
on the physical location of the probing machine. In other words, we would be directly measuring the spatial
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distribution of spin-states of Co adatoms on Cl-reconstructed Cu(111). While this has been achieved before
in molecules [51], this has not been achieved before for single atoms and warrants further investigation.
We propose to investigate this further by creating differential conductance maps of the Co atom for different biases. Furthermore, it is interesting to see if this can be found in Co atoms at other absorption sites.
During this thesis we have found that the arrow-type Co atom does not show any spatial dependence for
the IETS spectra. Further investigation into multiplet calculations on the arrow-type Co atom may be done,
though.
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