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ABSTRACT

In this work scanning probe techniques, namely frequency-modulated atomic
force microscopy (FM-AFM) in the non-contact regime and related meth-
ods like Kelvin probe force microscopy (KPFM), magnetic force microscopy
(MFM), and magnetic exchange force microscopy (MExFM), are utilized in
ultra high vacuum and at low temperatures to structurally, electronically and
magnetically study the monolayer regime of iron on tungsten (001) in real
space. Implementing the spectroscopic mode of MExFM, that is, magnetic ex-
change force spectroscopy (MExFS), the exchange interaction between single
iron atoms with antiparallel coupling is experimentally accessed for the first
time.

Iron grows pseudomorphically on W(001) whereby the layers are highly
strained. Differences in strain between first and second layer iron and hy-
bridization with the substrate lead to differences in electronic properties and
magnetism: both layers exhibit a different work function, mapped with KPFM.
Interestingly, even on the same layer, different work functions are observed.
Moreover, both layers are magnetically different. The second layer is ferro-
magnetic (FM) with in-plane anisotropy as verified by MFM, while the first
layer is antiferromagnetic (AF) with out-of-plane anisotropy. Using MExFM
the AF alignment of the monolayer magnetic moments is resolved by detect-
ing the short-ranged magnetic exchange force between tip and sample. The
origin of the magnetic contrast formation is discussed and compared to ab
initio calculations. Later, MExFS, which allows to directly measure the dis-
tance dependence of the magnetic exchange interaction between an atomically
sharp magnetic tip and the antiferromagnetically ordered Fe monolayer on
W(001), is employed. The site specific distance dependence of the total tip-
sample interaction is recorded above Fe atoms which exhibit parallel as well
as antiparallel atomic magnetic moments. The contribution of the magnetic
exchange interaction between both sites can be extracted by subtracting the
two curves from each other. All other interactions are identical on both sites.
The experimental results are compared to ab initio calculations accounting
for magnetically different tips composed of either Cr or Fe, or mixtures of
both. Depending on symmetry and stability of the experimentally used
probe tips, qualitatively different MExFM contrasts and MExFS data with a
stronger distance dependence are observed. By analyzing the energy loss per



single cantilever oscillation cycle, simultaneously recorded with topography
and frequency shift in the experiments, a bottom-up characterization of the
structurally and magnetically unknown probe tip apex is given. Considering
the tip apex as magnetically and structurally independent cluster allows to
explain the observed tip behavior.
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CHAPTER 1

INTRODUCTION

The semi-empirical Bethe-Slater curve, known since 1930 (figure 2.3), shows
that, when the separation between atomic moments in a solid is varied by
changing the element and hence the lattice constant, the exchange interaction
changes from antiferromagnetic to ferromagnetic or vice versa. To directly ac-
cess and measure this distance dependence of the exchange interaction strength
between two magnetic atoms of the same element is not possible, because the
separations between magnetic atoms in a solid of a given material are fixed by
the crystal structure. On surfaces the situation changes and surface imaging
techniques can be applied to address this theoretical hypothesis.

Scanning probe methods such as spin-polarized scanning tunnelling mi-
croscopy (SP-STM) [1-4], spin-flip spectroscopy [5, 6], and the recently de-
veloped atomic force microscopy (AFM) |7, 8] based magnetic exchange force
microscopy (MExFM) [9,10], allow one to study magnetic ordering on surfaces
with atomic scale precision. SP-STM and MExFM allow for direct characteri-
zation of even more complex magnetic structures with atomic-scale resolution.
These techniques help to gain a fundamental understanding of spin-related
magnetic phenomena within the field of condensed matter research.

In the past, scanning tunneling spectroscopy (STS) has been employed to
measure the oscillatory distance dependent nature of the Ruderman-Kittel-
Kasuya-Yosida (RKKY)-type magnetic exchange interaction between pairs of
individual Co adatoms on Cu(111) by evaluating the Kondo resonance using
a non-magnetic tip [11], and on Pt(111) by analyzing magnetization curves
using a magnetic tip [12]. In both cases the magnetic coupling was mediated
via conduction electrons of the non-magnetic substrate.

While the application of SP-STM and SP-STS, which combine the atomic-
resolution capability of STM with spin sensitivity, is limited to probe conduct-
ing systems, that is, metallic and semiconducting magnetic nanostructures,
MExFM opens up the possibility to extend spin characterization with at least
equal precision towards insulators. Proposed by R. WIESENDANGER et al. [13]
in 1991, the basis of MExFM is to combine the atomic resolution capability of
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AFM with the magnetic sensitivity of magnetic force microscopy (MFM) [14],
but down to single spin resolution. Applying MExFM, the exchange interac-
tion between a magnetic probe and the single magnetic moments of surfaces is
visualized in real-space at length scales that are not accessible by other mag-
netic sensitive techniques, such as MFM [15] and magnetic resonance force
microscopy (MRFM) [16]. Hence, MExFM promises to be a powerful tool to
investigate many different types of exchange interactions, such as direct ex-
change or the prominent RKKY-interaction, either mediated by a substrate,
between single molecules, or even single atoms.

The feasibility of MExFM to map spin structures with atomic resolution on
insulating surfaces was demonstrated on antiferromagnetic NiO(001) [9, 17].
The key to success, in contrast to previous attempts to perform MExFM [18-
22|, was the application of an external magnetic field. The field was used to
align the magnetic moment of the foremost probe tip apex atoms to enhance
the interaction strength between the tip and sample moments. Implementation
of the magnetic field paved the way for direct measurement of the magnetic
exchange coupling between tip and sample atoms and for the visualization
of the rowwise antiferromagnetic contrast between neighbouring rows of Ni
atoms.

This work expands upon the first successful application of MExFM towards
more systems and more capability. The sample system studied within this work
is the first and second atomic layer of iron on tungsten with surface orientation
(001). The focus, however, is put on the first atomic iron layer. This layer
has been subject to theoretical considerations using density functional theory
(DFT) [23], and it has already been studied earlier using SP-STM [24]. It
has been found that, due to hybridization with the tungsten substrate, the
iron monolayer becomes antiferromagnetic with out-of-plane anisotropy, that
is, monolayer Fe atoms arrange in a checkerboard pattern with the moment of
every second iron atom pointing either up or down, respectively.

The electronic and magnetic structure of iron is very different to that of
the insulating NiO. Namely, the itinerant d-electron spins of the iron ML are
delocalized, while, in NiO, the d-electrons are localized at the Ni atoms and
couple via superexchange. Therefore, the study of Fe/W(001) with MExFM
and the comparison to NiO(001) allows new insights into the contrast mecha-
nism in MExFM. Since no further systems have been investigated successfully
with MExFM, and since there is a lack of experiments on insulators which can
be compared with SP-STM studies [1,4, 12,25-27], it is vital to understand
the relevant contrast mechanisms in detail to clarify whether MExFM can be
developed into a versatile tool for the analysis and manipulation of atomic
scale magnetic structures.

Up to now, MExFM was only utilized in imaging mode. However, its spec-
troscopic mode, that is, measuring the interaction between probe tip and sam-
ple as a function of tip-sample distance, should allow to directly measure the
distance dependence of the exchange interaction between single magnetic mo-



ments and a magnetic tip across a vacuum gap. By performing such mea-
surements, as shown here, it is now possible to quantify the magnitude of the
exchange interaction for the first time. Hence, this work presents the first
successful application of the spectroscopic mode of MExFM, i.e. magnetic
exchange force spectroscopy (MExFS), where, in contrast to previous STM-
based experiments [11,12], the magnetic exchange interaction is not mediated
by a substrate.

After an introduction into the field of atomic magnetism in chapter 2, chap-
ter 3 introduces the basic principles of AFM, where a super-sharp tip probe,
mounted at the end of a vibrating cantilever, scans a surface. Within a certain
distance between tip and surface, tip-sample interactions lead to a mechan-
ical response of the cantilever vibration. Measuring this response allows for
the analysis of the various interaction forces, such as chemical and magnetic
exchange force, with a sensitivity of a few pN. A detailed description of the ex-
perimental setup and the preparation of Fe/W(001) are found in chapter 4.1.
Chapter 5 discusses different properties of the used probes and the sample
system, studied with KPFM and MFM.

After characterization of both, probe and sample, the ¢(2 x 2) surface mag-
netic unit cell of the iron monolayer is obtained by MExFM utilizing iron and
chromium coated probes, presented in chapter 6. By comparison with theory,
the origin of the obtained image contrast of the magnetic moments oriented
perpendicular to the surface is revealed. Due to the difference in electronic
structure, the corrugation amplitude as obtained on Fe/W(001) is essentially
larger than it was observed in the first MExFM experiments performed in 2007
on NiO(001) [17]. Furthermore, chromium coated probes turn out to be much
better suited than iron coated probes at small tip-sample separation for stable
imaging with atomic and spin resolution. In contrast to the preliminary ex-
periments on NiO(001), first successful MExFM experiments without external
magnetic field are performed using chromium coated probes.

Chapter 7 presents the first direct measurement of the magnetic exchange
interaction across a vacuum gap by combining magnetic exchange force spec-
troscopy (MExFS) and three-dimensional force field spectroscopy (3D-FFS).
In MExF'S, the spin sensitive probe is approached perpendicular to the sample
surface and the total interaction potential between tip and sample is measured.
Subtracting two curves obtained on oppositely oriented atomic magnetic mo-
ments on the surface yields the magnetic exchange interaction between both
moments. All non-magnetic interactions are elegantly eliminated using this
method, since all surface iron atoms are chemically identical. Comparison
with DFT calculations reveals that theory is able to reproduce the measured
magnetic exchange energy qualitatively and quantitatively using pyramidal
shaped tips. However, some experimental results are not reproducable. They
indicate that the used tips are not stable but undergo a strong modification
during approach and retraction within single cantilever oscillation cycles. This
assumption is supported by a strong variation of the energy dissipated while
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keeping the oscillation amplitude of the cantilever constant. A survey on dissi-
pation is presented in chapter 8 and leads to a classification of the used probe
tips as either stable or unstable.

Chapter 8 further presents methods for the in situ preparation of magnetic
sensitive tips. It is shown that, although coated with magnetic material, the
tips used in this work do not show spin sensitivity from the beginning. Instead,
spontaneously or deliberately induced modifications of the tip apex are needed
to eventually perform successful MExFM and MExXFS experiments. The find-
ings of the last chapter are of further interest concerning the manipulation of
single atoms in MExFM for realizing future atomic spin logic devices [28|.



CHAPTER 2

MAGNETISM IN SOLIDS

The background of magnetic phenomena in solids are magnetic moments (spins)
of electrons. Spins are able to interact in a cooperative way, which leads to a
behavior quite different from what is observed, if magnetic moments are iso-
lated from each other. Spin-coupling via one of the various types of magnetic
exchange interaction leads to a surprisingly rich variety of magnetic properties
in solids. This chapter shall introduce into the field of magnetism in a rather
short and simple way from single magnetic moments to magnetic interactions
between ordered moments in a solid. For simplicity, from knowledge base, as
one can find it in recent textbooks [29-31], only the parts fundamental to un-
derstand this work are discussed. The discussion is focused on the magnetism
of the 3d-metals iron and chromium, as they are the matter of interest in this
work.

2.1 Atomic Magnetism

The quantum mechanical spin S and the orbital angular momentum L of an
electron result in a magnetic dipole moment. For the sake of simplicity this
atomic magnetic moment will be referred to as ,spin‘ throughout this work®. In
atoms with filled electron shells, the spins are in up/down? pairs and the total
magnetic moment of all electrons is zero. Atoms with partially filled shells
do have a net magnetic moment, written as a multiple of the Bohr magneton

!Not only electrons have a magnetic moment, but also nuclei can possess a non-zero spin
resulting from their angular momentum. However, nuclear magnetic moments are typ-
ically a thousand times smaller than electronic moments and are not relevant in the
context of this work.

2The spin quantum number s takes the value of % for electrons. For the value of the spin
angular momentum mgh this means only two possible values so that ms; = :l:%. The
component of angular momentum along a particular axis is then 7/2 or —h/2, referred
to as ,up‘ and ,down‘, respectively.
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Figure 2.1: Angular electron density distribution of s, p and d orbitals. The d 2
and d,2_,2 levels are grouped together and called the ey levels. The dyy, dy. and d,
levels are grouped together and called the to, levels.

U = %, which is a convenient unit to describe its magnitude. For bulk iron

this value amounts to 2.2up [32,33].

Every solid is formed by atoms, which can either possess zero or a net
magnetic moment larger than zero. To be able to characterize the magnetism
of a material we have to take into account the cooperation of all magnetic
moments carried by the individual atoms forming the solid. These moments
and their interaction can depend on the particular environment of each atom,
that is, its nature and the position of neighboring atoms, temperature, and
external magnetic field. Moreover, the magnetic moments in a solid can be
either localized or carried by delocalized conduction (itinerant) electrons that
can move nearly free inside the solid.



2.1 Atomic Magnetism

The atoms of a paramagnet do have a non-zero magnetic moment because of
unpaired electrons, but the moments of neighbouring atoms do have a negligi-
ble interaction with each other and can be assumed as independent. Without
external magnetic field, they can orient themselves randomly in any direction,
resulting in a zero net magnetic moment of the paramagnet. On applying a
magnetic field, the spins are able to align with the field. This results in a net
magnetic moment parallel to the applied field. Hence, paramagnetic materials
are attracted to magnetic fields, but the total magnetization will drop to zero
in the absence of the applied field.

To be able to consider the interactions between an atom and its immediate
surroundings and the magnetic interactions between adjacent atoms in a crys-
tal, it is convenient to review the shapes of the atomic orbitals [29]. Figure 2.1
shows the angular dependences of the electron density of the s, p and d or-
bitals. While the s orbital is the onlyone with spherical symmetry, the others
have a pronounced angular dependence with zero electron probability density
at the nucleus. The d orbitals are divided into two classes, the ty, orbitals,
pointing between the z, y and z axes (d,y, d,, and d,, orbitals) and the e,
orbitals which point along these axes (the dy,2_,2_,2, abbreviated to d,2, which
has lobes pointing along the z axis and the d,2_,» with its lobes pointing along
the x and y axes).

2.1.1 Exchange Interaction between Atoms

As the magnetic moments have been introduced as magnetic dipoles, the first
interaction to be considered between two moments is the magnetic dipole inter-
action. The magnitude of the interaction of two iron dipoles with 2.2 ug each,
separated by their nearest neighbour distance in the metallic iron, 7 = a/v/2,
can be estimated to &~ (g - (2.2up)?/4mr®) = 30 peV corresponding to 0.35 K.
Given that many magnetic materials arrange at much higher temperatures,
like iron does up to its Curie temperature of T = 1043 K, this interaction
is too weak to account for the ordering. From molecular field theory we can
calculate the exchange constant of iron to J=11.9meV [30], which is a four
hundred times larger than the dipolar interaction. The molecular field® can be
estimated to B, =2100T. Hence, it is a thousand times bigger than the con-
tribution to a B-field due to the magnetization of iron, oM =2.2'T. The high
Curie temperature and the large internal field of iron can only be explained
by exchange effects.

Up to this point all arguments are based on the overlap between orbitals
of neighbouring atoms in a solid. Noteworthy, neither direct nor indirect ex-
change can explain the non-integral value of iron atoms of 2.2 ug in the solid

3The molecular field model had been proposed by WEISS in 1907. It assumes that the
exchange interaction is nothing more than an internal magnetic field By,s and is related
to the exchange interaction characterized by J;;. It can be shown that T scales with
the strength of the exchange interaction [30].
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state. A correct description of magnetism in solids must include their band
structure as well.

Since the interaction between electrons is governed by their Coulomb energy,
we can describe the exchange interactions between two magnetic moments
in a proper way by considering the wave functions of two undistinguishable
electrons with s = % which have spatial coordinates r; and rs, respectively.
As fermions, electrons have to fulfill the Pauli exclusion principle. Therefore,
the total wavefunction has to be antisymmetric. Considering the spin of the
electrons, there are two possibilities: a symmetric spatial part ¢) in combination
with an antisymmetric spin part x, representing a singlet state with s = 0,
or an antisymmetric spatial part in combination with a symmetric spin part,
representing a triplet state with s = 1. The total wave functions for both cases
is written as

s = izwamwb(rg) T ara)d(r1)) - Xs (2.1)
1
W = E(%(rl)%(b) + a(r2)p(r1)) - X7 (2.2)

The difference in energy between the singlet case 1g and triplet case ¢, Eg —
ET, is

B~ Bx =2 [ 3{r0)0i (0 Ebule2) ey drdrs, (23
and the exchange constant (or exchange integral) J is defined as

_ Es—Er

/ 2

~ [witoui ) B hr)dndr. (24)
Using S; and Sy as operators for the two spin—% electrons, their interaction
can be described by the Hamiltonian

H=AS;-S,. (2.5)

After parametrization of singlet and triplet state the spin-dependent term of
eq. 2.5 can be written as

H=-2JS;-S,. (2.6)

If J >0, then E5 > Et and the triplet state s = 1 is favoured. If J < 0, then
Es < Er and the singlet state s = 0 is favoured. HEISENBERG found that
this simple formula for two electrons can be applied between all neighbouring
atoms in a solid and derived the Hamiltonian of the Heisenberg model as
a simple three dimensional generalization of the spin-spin interaction of two
electrons:
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antibonding % T
Ey

bonding M r
Figure 2.2: Regarding the exchange between two electrons on different atoms,
molecular orbitals have to be considered. The sum of the two atomic orbitals is
the so called bonding orbital, which is spatially symmetric with S=0. The bonding
orbital is of lower energy than the antibonding orbital, which corresponds to the
difference of the atomic orbitals and, which is spatially antisymmetric with S = 1.
Due to its lower energy, the singlet ground state is favoured and the electrons fill the
bonding state while the antibonding state is empty.

H=-) J;S-8S;, (2.7)

ij

where J;; is the distance dependent exchange constant between " and j™
spin. If the exchange interaction is negative (.J;;<0) it is favourable for nearest
neighbour magnetic moments to align antiparallel to each other and the solid
is in an antiferromagnetic (AF) ground state. For a positive exchange
interaction (J;;>0) it is favourable for the moments to align parallel to one
another at T'= 0K resulting in a ferromagnetic (FM) ground state.

Ferromagnetism is characterized by a spontaneous magnetization even with-
out applying an external magnetic field. For both ground states a critical
temperature exists, at which the available thermal energy overcomes the in-
teraction energy between the spins. Hence, paramagnetic behavior can also
be observed in ferromagnets that are above their Curie temperature, and in
antiferromagnets above their Néel temperature.

Direct Exchange

If two electrons are on the same atom, the exchange integral in the Heisenberg
model is usually positive. Thus, the triplet state is stabilized and an antisym-
metric spatial state is ensured, minimizing the Coulomb repulsion between the
two electrons by keeping them apart. If the two electrons are on neighbouring
atoms, any joint state will be a combination of two states, one centered on each
atom. By forming bonds, the electrons can save kinetic energy, because now
they are allowed to wander around both atoms rather than just one. Thus,
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we have to consider molecular orbitals instead of atomic orbitals. Figure 2.2
demonsrates that the molecular orbitals can be either bonding, that is, spa-
tially symmetric, or antibonding, that is, spatially antisymmetric. Because
the antibonding orbital has a larger kinetic energy due to its greater curva-
ture, the singlet state with antiparallel spin orientation is favoured and hence,
the exchange integral is likely to be negative.

Indirect Exchange

As soon as two atoms are so far apart that the overlap between their spin car-
rying orbitals is negligible, direct exchange is not effective any more. However,
magnetic ordering is still observed. This effect is most dramatic for Gd, where
the spin is localized in the f-states, which do not overlap at all. In this case the
exchange interaction is indirect, as it is mediated by the conduction electrons.
The localized magnetic moment spin-polarizes the 5p and 6s conduction elec-
trons and this polarization hence couples to a neighbouring localized magnetic
moment in a distance r. This is known as RKKY-interaction, named after
Ruderman, Kittel, Kasuya and Yosida, who discovered this effect [34-36]. The
exchange integral takes the form of an r-dependent interaction given by

cos (2kpr)
rs

Jriky (1) o (2.8)

The oscillatory dependence with wavelength 7 /kp shows that quite large
variations in the strength of the interaction and even reversal of its sign are
possible with small changes in the relationship between the interatomic dis-
tance and the periodicity of the spin density. For d-electron metals like Fe
an analogous indirect exchange mechanism via the s-conduction electrons (s-
d-coupling) is present and actually contributes stronger to the ferromagnetic
ordering than the direct exchange due to the rather small overlap between the
d-orbitals of neighbouring Fe atoms.

2.1.2 Magnetism in Metals

Magnetic order is relatively rare for pure materials. At room temperature only
Fe, Co, Ni, Gd are ferromagnetic and only Cr and Mn are antiferromagnetic.

The Bethe-Slater curve [37] displays the correlation between the sign of
the exchange constant J, and the ratio r,,/rq with r,, being the interatomic
distance and rq the radius of the d shell (see figure 2.3). As indicated in the
figure this curve allows to distinguish between ferromagnetic 3d elements like
Fe, Co, and Ni exhibiting a parallel alignment and thus a positive exchange
constant and antiferromagnetic elements like Mn and Cr with an antiparallel
orientation of the magnetic moments, having a negative exchange constant.
The semi-empirical Bethe—Slater curve is widely used to explain changes in the
magnetic moment coupling, when the interatomic distance between two atoms
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is changed. However, it only considers direct exchange between overlapping
d-orbitals in transition metals, but not the band structure of the solid.

Jex
+ aFe o Ni
0 ferromagnetic
~Fe antiferromagnetic Tab/Td
_ Mn
Cr

Figure 2.3: The semi-empirical Bethe-Slater curve links the magnitude of the ex-
change integral with the ratio of the interatomic distance r,;, and the radius of the
d shell rq.

The structure of iron is body-centred-cubic (bce) with a bulk lattice constant
of a = 286.7pm [38]. However, the bond length of two adjacent iron atoms,
which is their nearest neighbour distance, is a/v/2 = 202.7pm [39]. With
eight valence electrons the electronic configuration of iron is [Ar].3d%.4s?. The
orbital radii of the outermost electrons of iron are calculated to 136.6 pm and
38.2 pm for the 4s- and 3d-orbital, respectively [40,41]. By reviewing the radial
distribution of the 3p, 3d and 4s orbitals of iron in figure 2.4, it becomes obvious
that the 3d orbitals of two adjacent atoms in bulk iron do overlap, leading to a
direct exchange between the magnetic moments of iron. This direct exchange
is not effective, when two iron atoms are farther apart. Here, the exchange
interaction is indirect and mediated by the 4s electrons (s-d-coupling).

Magnetic exchange mechanisms are important in allowing the magnetic mo-
ments in a solid to communicate with each other. Other magnetic exchange
mechanisms like superexchange and double exchange do exists in solids, but
they are not relevant for pure metals and thus are not discussed here.

Band Ferromagnetism

To understand collective magnetism in solids correctly, their band structure has
to be considered. Metals exhibit conduction electrons that can be described
as free electron gas, because they are able to travel through the solid as a
result of the overlap between the wave functions of neighboring atoms in the
lattice structure. The wave functions thus form a band with an equal number
of spin up and spin down electrons. When a magnetic field is applied, only
the electrons in a range kgT" close to the Fermi level will respond by raising or
lowering their energy depending on their spin. A small surplus of one type of
spins will result. The spin-split bands are separated by gugB (for electrons the
g-factor amounts to 2 at T'= 0 K, neglecting the orbital momentum), indicating



12

Chapter 2: Magnetism in Solids

S

‘g half distance to nearest neighbour }

I ! hzilf distance to next nearest neighbour |

g { :

o a 3p orbital A

g:o = 3d orbital

%3 « 4s orbital
A ‘ | — e

100 150 200 250 300 350 400
7 in pm

Figure 2.4: Radial distribution of the 4s, 3p and 3d orbitals in iron. Half distance
values to nearest and next nearest neighbours in the metal are marked by arrows.
Obviously, the orbitals of the spin carrying 3d electrons and of the 4s conduction
electrons of two adjacent iron atoms do overlap.

that the splitting is very small. This weak paramagnetic effect, known as
Pauli-paramagnetism, is visualized in figure 2.5a.

Spontaneous spin splitting

Considering paramagnetic spin split bands, an equal number of spin up and
spin down electrons is present. If in the absence of an applied field a small
number of electrons at the Fermi surface is taken from the spin down band and
placed spin-flipped in the spin up band, this costs energy and the whole process
looks unfavourable. This situation is shown in figure 2.5b with d ' being the
energy range of the shifted and spin-flipped spin down electrons. However, the
interaction of the magnetization with the molecular field reduces the energy
leading to a ferromagnetic instability. Prerequisitions for this instability are
that the Coulomb effects (exchange processes) are strong enough and that the
density of states at the Fermi energy is large. With U being the Coulomb
energy, we can write

UD(Ey) > 1, (2.9)

which is known as the Stoner criterion for ferromagnetism. If this criterion
is not satisfied, spontaneous ferromagnetism will not occur. Only the elements
Fe, Co, and Ni exhibit a value of UD(FEF) > 1, which is mainly caused by the
large density of states directly at the Fermi energy. If the Stoner criterion is
fulfilled a splitting of the spin up and spin down bands occurs without applying
an external magnetic field.

Fe, for instance, possesses 8 valence electrons in 3d and 4s states. Different
measurements [30]| show that Fe has slightly less than one electron that can
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Figure 2.5: a Parabolic density of states for a free electron gas showing splitting of
energy bands in an externally applied field B. The splitting of both bands amounts
to 2upB. b Density of states showing spontaneous spin splitting of energy bands
without an applied magnetic field [29, 30, 42].

be called free or itinerant (4s5%%°). The remaining 7.05 electrons occupy the
more localized 3d band. The number of d electrons with respect to each spin
subband is therefore

ny +ny = 7.05. (2.10)

The observed magnetic moment of 2.2 up per atom yields

Thus, we obtain that 4.625 of these 7.05 3d electrons are spin up and 2.425
are spin down electrons.

[tinerant ferromagnetic order usually only happens in relatively narrow d-
bands that are poorly delocalized. In general one can say that strong delocal-
ization in a solid due to large overlap with neighboring wave functions tends to
lead to pairing of spins and thus weak magnetism. This is why s- and p-type
metals are all paramagnetic.

Metals with an exchange splitting smaller than the energy difference between
the Fermi energy Er and the top of the d-band are called weak ferromagnets.
One example is Fe.

In summary magnetism in metals arises from the Coulomb repulsion between
two electrons present on the same site. This repulsion acts to push away
electrons that have antiparallel spins. An atom carries a magnetic moment,
if Stoner’s criterion is locally satisfied, that is, if the local density of states is
larger than a certain critical value.
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Anisotropy Effects

The local density of states strongly depends on the environment of the atom.
Considering magnetic moments embedded in a ferromagnetic crystal, the total
energy [, depends on the direction of the magnetization with respect to its
crystal axes. This effect is the source of the magnetocrystalline anisotropy
energy (MAE), Fyag. It involves electrostatic crystal-field interaction and
arises from spin-orbit-coupling (SOC). The spin-orbit interaction itself is, sim-
ply speaking, the dipole interaction of an electron spin with the magnetic field
created by its orbital motion. SOC typically is much smaller than Coulomb
and exchange interaction, depending on the electronic structure of the atom.
For example, a high effective nuclear charge of inner electrons as within rare-
earth atoms enhances the SOC. In transition metal compounds, the splitting of
the crystal field favours the supression (quenching) of orbital moments. In such
solids, SOC has to compete against the splitting and this competition deter-
mines the degree of quenching and the magnitude of the magnetic anisotropy.
3d electrons tend to undergo strong quenching, for example, Fe has a magne-
tization of about 2.2 ug (cf. chapter 2.1.1), but only about 5% of this moment
is of orbital origin [31].

Adding an external magnetic field applied in a certain direction also induces
an anisotropy because the ZEEMAN-energy has to be taken into account.
The interaction of a magnetic moment m with an external magnetic field His
described by the energy

Eyceman = —pom - H, (2.12)
where i is the magnetic field constant. The Zeeman energy favours spin
alignment parallel to the external magnetic field.

Furthermore, the direction of magnetic moments in a ferromagnet depends
on its shape. The resulting shape anisotropy energy can be considered as
magnetostatic dipole interaction along the magnets surface. Typical magne-
tostatic anisotropy energies are much smaller than the MAE. However, the
interaction is long range and, if many atoms are involved, it results in the
formation of magnetic domains.

A kind of exchange anisotropy occurs in the presence of SOC, when the
spins create orbital currents that interact with both the crystal field and with
neighboring spins, hence changing the electrostatic energy of the electron. This
single-ion anisotropy is the leading anisotropy mechanism in most magnetic
materials.

Magnetoelastic anisotropy is caused by strain of a crystal’s lattice. It
is equivalent to the MAE, because a strained cubic lattice might as well be
considered as an unstrained lattice, but with reduced symmetry. The main
source of magnetoelasticity is magnetocrystalline single-ion anisotropy.

Surface and interface anisotropies are of particular importance in mag-
netic thin films and nanostructures. They occur on surfaces or at the interface
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of two materials due to reduced symmetry, for example, due to surface rough-
ness or lattice mismatch, respectively. Surface anisotropy is of magnetocrys-
talline origin, too: strength and symmetry of the anisotropy is determined by
the interplay between crystal-field interaction and SOC.

A phenomenon related to single-ion anisotropy, surface and interface anisotropy
is the exchange bias effect [43,44] at the interface between a ferromagnetic and
an antiferromagnetic layer.






CHAPTER 3

ATOMIC FORCE MICROSCOPY AND
SPECTROSCOPY

The atomic force microscope |7] detects (atomic) forces between a probe and
a sample. A silicon tip mounted on a silicon cantilever (see figure 3.1) with
spring constant ¢, is used as force probe and scanned across the sample surface.
Scanning is realized by piezoelectric tube scanners, moving the sample (or, as
in other set-ups, the probe). The forces occuring between tip and sample
lead to a mechanical response of the cantilever, detected by means of a laser
interferometer (see chapter 4.1 for details). In the static mode simply the
deflection of the cantilever is detected. Different dynamic modes, where the
cantilever is deliberately vibrated during scanning, either detect the change
in cantilever resonance frequency, phase or amplitude. AFM is a real-space
imaging technique that reveals surface features such as terraces, islands and
steps, that is, the topography. Height differences in atomically resolved images
reflect variations of the magnitude of the atomic forces between the foremost
tip atom and the surface atoms underneath. However, AFM data is always
a convolution of sample topography and tip geometry. Hence, the lateral
resolution of AFM is determined by the size of the interaction region and
strongly depends on the sharpness of the tip. In order to properly evaluate
AFM images, a rough knowledge of tip shape and dimension is inevitable (see
chapter 8).

3.1 Principle of AFM

In this work only frequency modulation AFM (FM-AFM) [8] in the non-contact
regime has been utilized. In FM-AFM, the cantilever oscillates self-excited at
its resonance frequency f, with amplitude A. The oscillation signal is phase-
shifted by 90° and fed back as excitation acc. to the shaker piezo driving the
oscillation. A feedback loop adjusts the excitation such that A remains con-

17
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Figure 3.1: Sketch of the oscillating cantilever tip. The adjusted tip-sample distance
z and the closest tip-sample distance d = z — A are shown. Note that the sizes of
tip and cantilever are not realistic. Typical dimensions are a tip height of 10 um
with a tip radius of about 2nm, while the cantilever beams have lengths of 225 ym
to 250 pum, widths of 38 um to 71 pm and thicknesses of 7 um to 10 pm [46].

stant (see figure 3.2). Thereby the tip-sample distance is not altered by changes
in the oscillation amplitude, but by a shift of the resonance frequency of the
unperturbed cantilever due to conservative tip-sample interactions, Af(z). If
non-conservative forces occur between tip and sample, the energy loss has to be
balanced by an increase of excitation energy to keep the amplitude constant.
The actual frequency of the cantilever f = f, — Af, is detected by a phase
locked loop (PLL) [45]. In the constant Af mode, the frequency shift is used
as set-point (feedback) signal for surface scans and a piezo scanner adjusts the
tip-sample distance accordingly. The voltage applied to the piezo scanner is
interpreted as topography (z(z,y)-map). An exemplary frequency shift versus
distance curve as work curve of the topography-feedback is discussed in figure
3.8. A second method to scan the surface is the constant height mode, where z
is kept constant, the topography-feedback is switched off, and a A f(z, y)-map
is acquired.

3.2 Forces between Surface and Probe

All experiments presented in this work have been carried out in ultra high
vacuum (UHV) utilizing metallic tips and samples. Therefore, this chapter is
limited to vacuum forces between (magnetic) metallic surfaces and a probing
tip. Later on the focus is put on atomic forces in close proximity to surface
atoms.

When working in the dynamic mode where the cantilever is vibrated and a
change in cantilever resonance frequency, phase or amplitude is detected due
to some tip-sample interaction, but no energy is lost during approach and re-
tract of a single cantilever oscillation cycle, the forces between tip and sample
have to be considered as conservative. One common way to deal with con-
servative forces between probe and surface is a classification into long-range
and short-range forces, depending on the distance dependence of the interac-
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Figure 3.2: Working principle of FM-AFM and KPFM: an amplitude feedback
keeps A constant, while the frequency shift feedback allows to scan the sample at
constant frequency shift, Afs. Besides A(z,y), frequency shift Af, excitation
texc(z,y), and phase shift of the self excited oscillation, ¢(x,y), are recorded. In
red, the additional set-up needed to perform KPFM is sketched (cf. chapter 3.4).

data acquisition system
z(x,y) (topography)

tion potential. If the variation of the interaction potential is negligible on the
scale of interatomic distances, the forces are called long-range forces. They
decay over a distance range of several nanometers or tens of nanometers. If
the variation is significant on atomic length scales, the force is called short-
range. The following model system is used (figure 3.3a): a macroscopic probe
of pyramidal shape ends in single atoms, referred to as foremost tip end. The
ideal macroscopic sample surface is a flat plane, but we deal with single sur-
face atoms within the microscopic range. Probe and sample are electrically
connected, for instance, to apply a bias voltage Uyi.s. The total force in the
non-contact regime between tip and sample is a superposition of long-range
and short-range forces.

At small tip-sample separation repulsive forces, for example, hard sphere
repulsion, Pauli-exclusion interaction and Coulomb interaction, start to domi-
nate. Repulsive forces are very short-range and have an exponential decaying
or inverse power law with higher order distance dependence. Different types
of forces as sketched in figure 3.3b are discussed in the following.
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Figure 3.3: a Sketch of a macroscopically flat surface probed by a sharp tip, both
electrically connected. At small separations the atomic structure of tip and sample
become important. b By approaching the surface from a certain height in z-direction
various distance dependent electromagnetic forces are detected.

Electrostatic Interactions

Within most metallic tip-sample systems it is very likely that tip and sample do
have an electrostatic potential difference, leading to an electrostatic tip-sample
interaction potential between tip and surface. This interaction potential is best
evaluated in terms of the contact potential difference (CPD), cf. figure 3.4. If
two metals with different work functions ®; and ®, are conductively connected
electrons will flow from the metal with smaller work function to the metal with
larger work function to equalize their Fermi levels. Thereafter, both metals

are electrically charged. At small separations a capacitive electrostatic energy
E.ap results [47]:

1
Ecap = §C(UCPD - Ubias)27 (31)

with C being the capacitance of the tip-sample system. This capacitive in-
teraction can be nullified by applying a well set bias voltage Upi.s = Ucpp =
(&1 — @5)/e that compensates for the CPD.

While in homogeneous systems the CPD between tip and sample materials
can be balanced, it is impossible to nullify the electrostatic force everywhere in
multi-component sample systems during scanning with one fixed bias voltage.
Consequently, wrong heights are measured and constant force maps may ex-
hibit apparent height differences, which are bias dependent [48-50|. Because
the resulting capacitive force is proportional to AU?, sweeping AU results in
a parabolic change of the tip-sample force that can be used to find the contact
potential difference between tip and sample and to further characterize the tip.
Local variations of electrostatic forces, for example, on multicomponent sur-

faces, can be imaged with Kelvin probe force microscopy (KPFM) (see chapter
3.4).
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Figure 3.4: a Two metals, such as tip and sample, having different work func-
tions ®1 and ®,. b Conductively connected, chemical potentials are equalized by
electrons flowing from the metal with smaller work function ®5 to the metal with
larger work function ®;. Thereafter, both electrodes are electrically charged. In a
tip-sample configuration an attractive capacitive force can be detected. ¢ Applying
an appropriate bias voltage Upias = Ucpp = A® /e nullifies the capacitive force.

van der Waals Interactions

Fluctuations in the electric dipole moment of atoms and the polarization occur-
ing thereafter within neighbouring atoms cause dispersive forces known as van
der Waals forces. On atomic scale the very weak and always attractive van der
Waals force is short-range with 1/r%-dependence, while on macroscopic scale,
that is, summing up over all interactions of individual atoms of macroscopic
tip and sample, the van der Waals force is long-range and rather strong'. For
a spherical tip with radius R next to a flat surface the van der Waals potential
can be written as [52]

AHR

62
with the distance between border of the sphere and surface z, and the material
dependent Hamaker constant Ay. Van der Waals forces significantly depend
on the macroscopic geometry in close vicinity to the probe apex and it is thus
often not possible to estimate the real van der Waals interaction potential
between probe tip apex and sample [53].

Evaw x — (3.2)

Magnetostatic Interactions

Long-range magnetostatic interactions play a crucial role, when tip and sample
are ferromagnetic. In this case, the magnetic field Hy;, emanating from the

IThe strength of the van der Waals forces may dominate the tip-surface interaction in
many cases [51].
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tip interacts with the magnetic polarization fsample from the surface (and vice
versa). The resulting magnetostatic interaction energy is given by

Frag = — / Jsample * Hiip dV. (3.3)
tip

This interaction is utilized in magnetic force microscopy (MFM) to image the
domain structure of ferromagnetic samples (see chapter 3.4). Strength and
range of the magnetostatic interaction strongly depend on tip (geometry of the
tip magnetization) and sample configuration and might vary locally. Hence,
measuring the corresponding magnetostatic force allows to image the domain
structure of ferromagnetic samples. However, as identical stray fields above a
surface can be a result of different magnetic configurations of tip and sample,
interpretation of MFM measurements is not unambiguous.

Magnetic Exchange Interactions

In the case of tip and sample being magnetic and in very close proximity on
the order of some hundred pm, a spin dependent exchange force has to be
considered. As introduced in chapter 2.1.1, this force is due to the exchange
between two magnetic moments, in an ideal fashion between the moments of
foremost tip atom and surface atom underneath. For two spin carrying atoms
1 and j, the exchange energy can be written as

Ee = —2JS; - S;, (3.4)

with J being the effective exchange integral® and S; und 5’; being the atom
spins. Exchange forces occur only on atomic length scales and are much
stronger than any magnetostatic interaction. Utilizing thess forces to map
spin structures with atomic resolution and measuring the distance dependence
of this force experimentally is the main topic of this thesis.

Chemical Interactions

While long-range forces between probe and sample originate in full volume and
surface of the macroscopic tip and are a critical function of tip shape, short-
range forces involve mainly the tip apex, in an ideal case only the foremost tip
atom sensing the surface atoms underneath. Hence, chemical forces only act,
when the orbitals of foremost tip atom and sample atoms start to overlap.

Following the description for the covalent bond between two hydrogen atoms
the interaction potential can be described by a MORSE potential [54], which
is an exact solution of the SCHRODINGER equation:

EMorse(T) _ EO (€2a(T0—T) o zea(ro—r)) 7 (35)

2The exchange integral has been derived in chapter 2.1.1, eq. 2.7.
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with Ey being the bonding energy, ry the equilibrium distance and o = +/k./2Ej
the decay length. k. is the force constant of the oscillation of the two atoms
at equilibrium distance.

If not chemical interactions but short-range van der Waals forces or dipole
interactions are dominant, the potential between tip and sample atom can be
described by the LENNARD-JONES potential [55]

Evy(r) = —Ey (2 (%)6 - (i—o)lQ> . (3.6)

The first term includes the attractive van der Waals force, while repulsive
forces (second term) set in with descreasing tip-sample distance, as described
by the MORSE potential.

3.3 Dissipation of Energy

As soon as the deliberately vibrated cantilever looses energy on approach and
retract of a single cantilever oscillation cycle, non-conservative (or dissipative)
tip-sample forces play a crucial role, and additional energy has to be invested
to keep the cantilever oscillation alive. Friction for instance, that depends on
time and velocity, is a non-conservative force that appears in close contact of
tip and sample. Other dissipative processes might occur as well, for example,
if energy is lost into vibrations of atomic junctions at the tip apex or of surface
atoms.

The dissipation of energy into the tip-sample system can be deduced from
the excitation signal recorded simultaneously with topography, amplitude and
frequency shift during imaging and spectroscopy. In FM-AFM, the measured
dissipation is averaged over many oscillation cycles. Far away from the sample
Qexc,0 cOmpensates for intrinsic losses, since the cantilever is partially damped
due to intrinsic friction mechanisms, related to its macroscopic quality factor
Q = 2:%, with 7y being the intrinsic damping coefficient. The quality factor,
which 1s influenced by cantilever material, geometry of the cantilever base
and thermomechanical properties of coatings, is determined from the width of
the cantilever resonance curve, ) =~ mf%m The intrinsic loss of energy per
oscillation cycle can be expressed as

o A) = “54 | (3.7)

Quantitatively, the energy dissipation per cantilever oscillation cycle is ob-
tained relative to intrinsic losses by using the general formula derived in [56,57]:

S
Jo

Ph=P,— Py = WCQZf (Qaexc Asin g — A

) (3.8)
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where P.,,, Py and Pp, are the power fed into the cantilever oscillation, the in-
trinsic loss of the cantilever and the dissipated power due to the non-conservative
tip-sample interaction, respectively. For the self excitation FM-AFM mode
with constant amplitude used here, the phase is ¢ =90°, f equals f, and
A = @ - Qexe far away from the surface where P, = F,. Further, the dissi-
pated energy per oscillation cycle is given by Fp = Pp - f; ', hence

TC A% Goxe
Ep = (

0 'aues 1). (3.9)
The dissipation data presented in this work, either obtained during imaging
or Af(z)-spectroscopy, are calculated following eq. 3.9 and hence show the
energy dissipated per oscillation cycle given in eV.

While conservative forces lead to a distance dependent shift of the resonance
frequency, non-conservative (or dissipative) forces result in a distance depen-
dent increase of the excitation, Gex.(z) [58]. Several mechanisms leading to
non-conservative forces and explaining an additional energy dissipation on the
atomic scale exist, but it is not straightforward to relate the measured damping
of the cantilever to the different origins of dissipation. Many effects of dissi-
pation are not understood, yet. Moreover, besides true dissipation, different
mechanisms leading to apparent damping exist and most experimental data
do not allow an unambiguous assignment of the underlying mechanism.

3.3.1 Apparent Damping

It has been suggested that dissipation is an artefact of the response of a not-
well adjusted amplitude regulator [59]: as the amplitude regulator has limited
response time, in the range of a millisecond, the excitation may not be ex-
actly out of phase with the cantilever oscillation, ¢ # 90°. This results in an
atomic-scale change of the excitation and thus in an apparent damping sig-
nal observable as atomic scale contrast in the excitation during imaging. By
simulating an experiment using typical experimental parameters, it has been
shown that the contrast in the excitation channel due to apparent damping is
typically less than 1meV /cycle, which is much too small to account for most
experimental observations [60].

Another apparent damping mechanism might originate from an inharmonic
cantilever-motion [61]: the equation used to calculate the total tip-sample
interaction is only valid for harmonic motion, but as soon as tip and sample
start to interact, the motion of the cantilever becomes slightly non-harmonic.
In consequence, a part of the oscillation energy is stored in overtones of the
cantilever frequency and the phase controller increases the measured excitation
amplitude, although the interaction might be still conservative.

Moreover, crosstalk between topography and dissipation channel might also
lead to apparent damping: during constant frequency shift imaging the tip-
sample distance is varied to keep the interaction constant. This change might
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lead to an atomic scale signal in the excitation, as the dissipation is distance
dependent [62]. This artifact due to the z-feedback cannot be excluded ex-
perimentally, except when the distance feedback is switched off, for example,
during constant height imaging. However, the dissipation only depends on
tip-sample distance, when true non-conservative channels exist. If the energy
loss varies on the atomic scale, the underlying mechanism is also sensitive to
atomic details [62]. Hence, crosstalk reflects true mechanisms, enhanced by
the variation of the tip-sample distance on atomic scale.

3.3.2 Dissipation Mechanisms

Besides apparent damping, several mechnisms have been proposed to explain
true dissipation processes. While a detailed review of dissipation phenomena in
FM-AFM can be found in [61], the most prominent mechanisms shall be shortly
discussed. They can be classified into velocity-dependent and hysteresis-related
mechanisms.

Velocity Dependent Dissipation

One example for velocity-dependent dissipation is Joule dissipation [63]. The
dissipation occurs, when the tip-sample capacitance is charged and discharged,
driven by the time-varying electric field produced by the tip oscillation. How-
ever, this effect only accounts for dissipation, when tip and sample are not
perfect conductors.

Hysteresis Related Dissipation

At tip-sample distances below 1 nm, hysteresis related mechanisms have been
identified as the most relevant non-conservative dissipation channels. The
energy loss involved is found to be at least on the order of chemical binding
energies [60, 64-68| and, hence, much larger than other true and apparent
damping mechanisms. In the case of tip instabilities, atoms reconfigure during
every oscillation cycle at the tip apex with a different path during forward and
backward oscillation. The structurally reversible but statistically irreversible
motion of the apex atoms between different energy minima is changing the
atomic configuration in the tip-sample junction. The motion leads to hysteresis
and hence to loss of energy.

That the microscopic system of tip and sample is able to move between two
minima on the potential energy surface was already derived in 1993 [69] and
further discussed in many publications within the scope of adhesion hysteresis
[62, 64, 70, 71]. The hysteretic movement has also been found by dynamic
simulations [65,72] and in other modelling [73-75|: the derived double-welled
potential energy surface is due to the merging of tip and surface potentials
at the onset of the tip apex atom forming a chemical bond with the surface
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(adhesion). However, in some cases the energy barrier between the minima
might not disappear or become low enough upon tip retraction and the atom
does not return to the tip or vice versa. In this special case the atom will be
permanently pulled away, resulting in a tip modification.

Different to the findings of GHASEMI [66] where only pure Si tips were
considered, the metal atoms at the tip apex used in this study are not able
to form covalent bonds. Hence, frustrated tip structures facilitating hysteretic
atomic rearrangements of the tip atoms do not occur. However, as more than
only one tip atom can be involved, rearrangements of atomic clusters with
respect to each other and, thus, discrete rearrangement of the tip apex with
respect to the tip base might show up at certain distances, as soon as the
short-range interactions are sufficiently strong to modify the local potential
energy landscape of tip and sample.

Experimentally the effects of apparent damping on the dissipation can be
minimzed by properly adjusting the feedback circuits. Though crosstalk might
still play a crucial role, hysteretic motion of atoms in combination with unsta-
ble tip apices is considered as the driving mechanism leading to the dissipation
presented in chapter 8.

3.4 Imaging Modes

Different AFM techniques covering different types of applications do exist. Be-
sides AFM which is used for structural analysis of the sample surface and to
obtain atomic resolution, Kelvin probe force microscopy and magnetic force
microscopy are used to study electrostatic and magnetostatic properties, re-
spectively. Magnetic exchange force microscopy is used to map single spins on
the surface.

Kelvin Probe Force Microscopy

The FM-AFM based KPFM [76] is widely used to acquire the work func-
tion of surfaces, even at atomic or molecular scales [47-49|. Determining
the work function of conducting tips and samples is achieved by measur-
ing the electrostatic forces between tip and sample. Applying a voltage be-
tween tip and sample, consisting of a DC-voltage Uy and a modulated voltage

Uac = Unnoa Sin (27 fioat), the electrostatic force according to eq. 3.1 becomes
10C
Fel = __U2
2 0z 3.10
10C 2 10
= ia(Udc — UCPD + Umod COs (27Tfmodt))

Tuning the frequency of the AC-voltage to the second resonance frequency of
the cantilever results in an improved sensitivity and allows the independent
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and simultaneous imaging of topography and contact potential. As a result
of the biasing conditions an oscillating electrostatic force appears, inducing an
additional oscillation of the cantilever with the characteristic frequency fuoq.
Hence, F, can be further written as

10C 1
Fo = §§(Udc — Ucpp + éUiOd)
oC
+ E(Udc — Ucop)Unmod €08 (27 fioat ) (3.11)
1oC
ZLEUmOd COS (47Tfmodt)-

The 2°¢ term with the characteristic frequency fuoq is used to measure the
contact potential and a lock-in amplifier is needed to detect the cantilever
oscillation at fi,,q. During scanning Uy, is adjusted so that the electrostatic
force between tip and sample becomes zero and thus, the response at the os-
cillation frequency f, becomes zero, and, at the same time, the response at
frequency fioq becomes maximum. Since the electrostatic force at fy0q de-
pends on Ug. — Ucpp, Uge corresponds to the contact potential. Apart from
that, one can use the normal topographic scan methods at the resonance fre-
quency fy independently of the above. Thus, in one scan, the topography and
the contact potential of the sample are determined simultaneously. The used
KPFM mode is known as frequency-modulated mode, FM-KPFM. A good
comparison between FM-KPFM and AM-KPFM, where the amplitude and
not the frequency of the oscillation is detected and tuned to zero by a lock-in
amplifier, can be found in [77].

Magnetic Force Microscopy

In MFM, magnetic dipole forces are probed with magnetic tips at a typical
tip-surface distance of h =10-20nm [14,78,79|. Since the tip (sample) should
exhibit a stray-field pointing along a specific direction®, MFM is sensitive to
the component of the magnetic stray field of sample (tip), which is aligned
within the same direction. Knowing the magnetic properties of the tip, for
example, allows to gain insights into the magnetism of the probed sample. As
most sample surfaces have a miscut, it is common to use MFM in the plane-
subtraction mode described in |79] and shown in figure 3.5: using FM-AFM
the topography of the sample, figure 3.5a, is obtained with compensated slope,
figure 3.5b. Thereafter, the feedback is switched off, and the tip is retracted
up to a certain height h. An MFM image is obtained by recording A f within
the plane at a specific constant height, where it is dominated by long-range
electrostatic and magnetostatic forces, figure 3.5c. The contribution of the
electrostatic component is minimized by applying an appropriate bias voltage
compensating for the CPD. The resolution limit for MFM is on the order of a

3This can be realized by in situ coating the side faces of a pyramidal tip [80].
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Figure 3.5: Sketch of the plane subtraction mode. After having recorded the
topography in a, in b the slope of the sample is compensated and the tip is re-
tracted. ¢ Scanning in constant height mode is typically performed at a distance of
h = 10 — 20nm. [80].

few nm. This limit partly arises from the relatively large tip-surface distances
used in MFM and the long decay length of the magnetic stray field probed at
these distances.

Magnetic Exchange Force Microscopy

In contrast to MFM, it is expected that at smaller tip-sample distances, ex-
change forces lead to atomic scale magnetic contrast. Hence, with the FM-
AFM based magnetic exchange force microscopy (MExFM) [9] magnetic nanos-
tructures are mapped with atomic resolution combined with a sensitivity to
single spins by using a probe with magnetically sensitive tip end. By this,
MExFM allows to reveal the local energy difference of spins located in the
sample surface. The measured atomic scale contrast is expected to be domi-
nated by electron mediated and short-range exchange forces, that is, tip and
sample are at close distance where the orbitals of foremost tip atom and sample
atoms do overlap. According to the Heisenberg exchange, collinear alignment
of tip and probed sample spins should lead to largest exchange energy and
hence largest corrugation amplitude.

3.5 Spectroscopy Modes

In FM-AFM different spectroscopic methods can be utilized. In contrast to
imaging, spectroscopy allows to precisely measure tip-sample interaction forces
across a vacuum gap in point mode, hence, without scanning. The methods are
used, for example, to characterize tip and surface, to measure the distance de-
pendent tip-sample interaction strength, or to measure the distance dependent
energy loss within single cantilever oscillation cycles.

3.5.1 Bias Spectroscopy

To minimize electrostatic forces, the bias voltage during scanning should bal-
ance the CPD between tip and sample. Experimentally, Ucpp can be deter-
mined by recording A f(Upas)-curves. Here, the frequency shift is stabilized
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at a fixed value A fa, above a certain point of the sample surface and the
feedback loop, that keeps Af constant for imaging, is switched off. While
ramping the bias voltage within a specified interval, the variation of Af is
recorded. Since the capacitive force is proportional to AU? according to eq.
3.1, a parabolic shaped A f(Uyas)-curve is expected with Uyas = Ucpp at its
apex. If the used tip is not perfectly conductive, hysteresis and jumps within
the spectroscopy curves do occur. Hence, A f(U)-spectroscopy can be further
used to characterize the tip.

3.5.2 Force Spectroscopy

Af(z)-curves reflect the total tip-sample interaction force within the probed
z-range. They can be converted into force curves, F(z) (cf. chapter 3.6),
hence, they allow to directly measure the distance dependence of the interac-
tion strength between tip and sample above a certain point.

Data Acquisition

A f(z)-spectroscopy curves as presented in figure 3.6 can be acquired differ-
ently: the stabilization frequency, that is, the starting point of the spec-
troscopy, can be chosen either close to the surface, A fyap(i), or far away from
it, Afsap(il). In such, the z-piezo is either retracting from the surface or
approaching the surface, respectively. Both methods will qualitatively and
quantitatively lead to the same result. While the step width is adjustable, no
absolute z-scale can be extracted from experimental data, that is, z=0pm is
arbitrarily set as closest tip-sample distance (cf. figure 3.8).

Method (i)

Sketched in figure 3.6, the tip-sample distance is stabilized at A fgap(i) close
to the surface, where an atomic contrast is observed (green dotted line), as
verified by a control image shown in figure 3.6b. The corresponding zg.,t-
position of the spectroscopy, affected by the atomic corrugation, is recorded
before moving the z-piezo. Only thereafter, the z-feedback is switched off and
the tip is retracted in z-direction from the stabilization position up to a certain
distance zeng with step size Az while recording A f(z) data (green solid arrow).
After sweeping z, the feedback is switched on and the tip is again approaching
the stabilizing frequency at zg.¢ without data being obtained.

Method (ii)

Sketched in figure 3.6, the tip-sample distance is stabilized at A fyap(ii) far
away from the surface where short-range interactions, for example, chemical
and magnetic exchange, no more contribute to the obtained contrast (dark
red dotted line), as verified by a control image, shown in figure 3.6c. The
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Figure 3.6: a Data acquisition scheme. b Atomic resolution obtained at A fgap ().
¢ Topography far away from the surface where short-range interactions do not con-
tribute to the contrast, obtained at A fsap(ii). The images are used prior to any
spectroscopy to judge on tip stability and to allow for selecting a suitable stabiliza-
tion frequency for either method.

corresponding z-position is recorded, the z-feedback is switched off and the
tip is approached in z-direction from the stabilizing position zg.« down to a
certain distance ze,q with step size Az while recording A f(z) data. Thereafter,
the z-feedback is switched on and the tip is again approaching the stabilizing
frequency at zg.¢ without data being obtained.

3D-Force Field Spectroscopy

To obtain individual, site specific curves, which can be assigned with unam-
biguity to certain positions on the atomic lattice, it is useful to perform the
spectroscopy in a 3D fashion (3D-Force Field Spectroscopy, 3D-FFS). Here, the
procedure of choice, either (i) or (ii), is repeated on all (m x m) spectroscopy
points in the zy-plane and the resulting 3D-A f(x,y, z) data set represents the
total tip-sample interaction. By this, a map of atomic forces can be obtained
three-dimensionally with atomic resolution [18,81].

The time to acquire a field of, for example, (128 x 128) spectroscopy curves
with a step width of Az=1pm over a z-range of 300 pm can easily take up to
several hours. Therefore, a stable system and measuring at low temperatures
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Figure 3.7: Data evaluation scheme. Data acquired using method (ii) can be

directly analyzed, while method (i) requires an additional step to adjust the z-scale
correctly.

are helpful to avoid piezo creep and temperature dependent drift effects during
data acquisition.

If, however, not only short-range, but also long-range interactions are of
interest, an additional long-range curve is recorded such that data points within
the long-range curve (dark red in figure 3.6) and short-range curves (green in
figure 3.6) do overlap, that is, within the rectangle sketched in figure 3.6,
where A fgap (iil) < A fan(il). The long-range curve is not site-specific and can
be acquired on a shorter time scale with larger step-width than the short-range
curves. Thereafter, the long-range curve can be added to every single short-
range curve, Afg(z) + Afi.(2), and the total interaction F}, is obtained site
specific over a long tip-sample distance range.

Magnetic Exchange Force Spectroscopy

The spectroscopic mode of MExFM, that is, atomic resolution and precise dis-
tance dependent measurements of tip-sample forces by means of A f(z)-curves
combined with spin sensitivity, is referred to as magnetic exchange force
spectroscopy (MExFS). Recording a 3D-data set with atomic resolution on,
for example, an antiferromagnetic surface exhibiting parallel and antiparallel
oriented magnetic moments with respect to the tip magnetization, allows to
extract individual curves recorded on well defined atomic sites. Hence, A f,,(2)
on an antiparallel, and Af,(2) on a parallel oriented moment, respectively, can
be unambiguously identified and extracted.
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Both curves contain the full tip-sample interaction. However, non-site spe-
cific long-range interactions, like the van der Waals interaction, and the chem-
ical interaction are the same on chemically identical surface atoms. Due to
the supposed antiferromagnetic structure of the surface, the curves differ only
by the magnetic exchange interaction between single atoms with oppositely
oriented moments. Hence, the contribution due to exchange, represented by
Afex(2), is elegantly obtained by subtracting both curves from each other:

Afex(z) = Afap(2) — Afp(2). (3.12)

Whichever acquisition method, either (i) or (ii), is chosen, the real starting
point of the obtained curves is not stored properly by the data acquisition
software [82]. While the starting point using method (ii) is the same for all
curves, see figure 3.7, such a data set can be directly evaluated according to
eq. 3.12.

The subsequent evaluation of a data set obtained using method (i) requires
some additional steps, see figure 3.7. Here, the atomic corrugation has to be
considered, that is, a shift of the z-scale of all Af(z)-curves is necessary to
evaluate the curves relative to each other. The shift-value is obtained from the
value of Zgart, recorded for every curve. The 2D matrix containing all start
values hence represents the topography. As only the overlapping regions of the
data can be subtracted, method (i) results in loss of data points. Furthermore,
the first few data points close to the surface have to be cut off due to piezo
hysteresis effects (creep), when the time constant for the tip to stabilize at
Zstart after a spectroscopy curve has been recorded is not chosen properly.

However, method (i) has one major advantage: the maximum frequency shift
up to which stable imaging of the magnetic contrast is possible is already ob-
tained whilst imaging in MExFM mode as A f(zstart) = A fstab (cf. figure 3.6b)
and when acquiring single curves, the tip is usually not approached beyond this
value, but retracted along z, hence the tip state is secured. In contrast, the
total z-range in which single curves can be acquired whilst approaching the
surface from A fga, down to Af(2enq) is not known with unambiguity when
using method (ii). Here, the available z-range has to be approximated step-
wise by means of single A f(z)-curves before a (m x m)-spectroscopy field can
be recorded. This has to be done carefully, as a sudden tip crash during a too
close approach may happen and irreversibly destroy the tip state (cf. chapter
8).

3.5.3 Dissipation Spectroscopy

Hitherto, the presented spectroscopic methods only allow for measuring con-
servative tip-sample forces. To gain insight into non-conservative tip-sample
interactions and to understand the origin of dissipation occuring in FM-AFM
experiments, it is useful to measure the dissipation as a function of tip-sample
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distance. To do so, the excitation amplitude, aey(2), used to keep the os-
cillation amplitude A constant, is measured in dependence of the distance.
This is done simultaneously with force spectroscopy by utilizing the presented
methods. The dissipation can be derived from the excitation as presented in
chapter 3.3.

3.6 Frequency Shift to Force Conversion

To obtain forces or energy (for example, the magnetic exchange energy) from
the recorded frequency shift, Af(z) (Afex(z)) has to be converted. Several
approaches towards a conversion algorithm have been made by GOTSMANN
[83, 84], DURIG [85], HOLSCHER |58, 86|, GIESSIBL [87,88] and SADER [89).
The used algorithms are discussed in the following. With the pre-condition
Af«fo amongst others DURIG [85] and GIESSIBL [87] find

Af(2) (3.13)

_ fO /OO F(’Z) dz

V2re A3 Jy N z—d
with tip-sample distance z and distance at the lower turnaround point of the
tip d, as visualized in figure 3.1.

Figure 3.8a shows an analytically derived force versus distance curve and its
related frequency shift versus distance curve in b. The force curve reflects long-
range van der Waals plus short-range forces described by a Lennard-Jones po-
tential [90]. As theoretical parameters fo—=190kHz, ¢,=140 N/m and A=3 nm
have been used. The van der Waals force is calculated using Ay = 0.2aJ and
a tip radius of 2nm. The Lennard-Jones force has been added using a binding
energy of Fy = 1€V and an equilibrium distance of 0.3nm. These parameters
are typical parameters in the experiments presented in the forthcoming chap-
ters. The curves are calculated within a range of Onm to 2.2nm tip-sample
separation. The frequency shift does not vary monotonically with distance, but
changes its sign roughly on the repulsive branch of the tip-sample interaction
force, that is, on the left side of the force minimum in figure 3.8f, indicated as
Zmin Dy the red dotted line. A negative A f slope corresponds to attractive tip-
sample forces, while a positive slope indicates the presence of repulsive forces.
Note that the A f(z)-relationship is not directly proportional to the force, but
its shape reflects the same general distance dependence: A f as well as the force
between tip and sample is zero for infinite large distances, becomes negative
at smaller distances due to the presence of attractive long- and short-range
interactions and finally gets positive, when short-range repulsive interactions
dominate.

An analytical inversion of eq. 3.13 is not possible and numerical solutions
have to be used instead.

Af(z) can be integrated using the DURIG [85] approach as follows
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A9 [ Af(2)
F(d) = V2 T 8d/d mdz. (3.14)

Here, the normalized frequency shift v(z) can be introduced, as Af depends
not only on z, but on the external parameters A, ¢, and fy as well [87]:

. A3/2
1e) = S5 A ), (3.15)

The normalized frequency shift allows to compare frequency shifts obtained
with different experimental variables such as oscillation amplitude and can-
tilever stiffness. The ansatz presented by DURIG in eq. 3.14 might lead to
errors due to non-neglectable long-range interactions. Another approach is
presented by SADER [89] using a LAPLACE-transformation prior to any ap-
proximations. With Q(z) = Af(2)/fo the integral of Af(z) is

m(z — V2(z —d) dz

A simple and intuitive matrix method to deconvolute the frequency shift has
been proposed by GIESSIBL in 2001 [88]: the force can be calculated by using
the matrix W’ = (wj;) with the elements

B o VA A dQ(z)
F(d) = QCz/d <1 + s d)) Q(2) dz.  (3.16)

1-[2(i—5)]/[(2a+1)]

(1/V1—=72)dr for 0<i—j <2

w;; = chA (i—j+1)]/[20+1)] ;
0 else

(3.17)
where o = round(A/A) with A being the step width of the z-scale and with
E - E(zi+a):

;=1 0 : 0
P Afy e ' Ah
FQ _ w'L. AfQ _ wh T why 0 . Af? . (3.18)
Iy Afx ;o —1 ro—1 1 —1 Afx

N1 W2 - WnnN

A direct comparison of the introduced approaches using the analytically de-
rived F'(z)-curve as input is shown in figure 3.8. Using the existing A f-to-F
conversion algorithms derived by GIESSIBL, DURIG and SADER force and en-
ergy are re-calculated from the analytical A f-curve, plotted in figure 3.8c and
d, respectively. The presented methods show quantitatively and qualitatively
the same result with deviations from the analytically derived force curve of
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only a few tenth nN, as plotted in figure 3.8f. The energy curves are compared
in figure 3.8g. While Af(z), F(z), and E(z) show comparable trends, they
differ quantitatively and the minima are not at the same positions.

As during the data acquisition some several thousand curves are recorded,
an accurate and fast automation method has to be found to be able to evaluate
the data in acceptable time. This has been achieved using MATLAB [91], which
handles huge matrices efficiently. Fastest deconvolution is achieved using the
matrix method by GIESSIBL [88]. However, a bad signal-to-noise ratio (SNR)
of single A f-curves will lead to large noise within the calculated force. When
further integrating the force to get the energy data, this noise leads to an
overestimation of the energy within the regime where F' ~ 0. Hence, the
DURIG algorithm is applied when evaluating single curves. Here, the energy is
directly calculated using the normalized frequency shift v. As the integration is
sensitive to noise anyway, it is, for example, possible to average over all p- and
ap-sites present in a 3D-MExXF'S data set prior to the conversion. Furthermore,
Af(z)-curves might be smoothed or fitted with an analytical expression before
the integration.
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CHAPTER 4

INSTRUMENTATION AND
PREPARATION

4.1 Set-up

Acquiring topography and three-dimensional force fields with atomic resolu-
tion requires not only stable tips, but also sufficient stability of the microscope
(the z-feedback is switched off during acquisition), high sensitivity to forces,
high vertical resolution, and a high lateral (spatial) resolution. The time to
record 3D-FFS data sets is longer than for regular topographic images, up
to several hours compared to some ten minutes, respectively, depending on
the desired resolution. Piezo voltage creep (due to the non-linearity of the
deflection versus voltage characteristic of the piezo material) and electronic
drift of electronic components in the detection circuit can lead to severe prob-
lems, such as uncontrollable tip crashes eventually leading to loss of magnetic
sensitivity. The demanding task of performing MExFM and 3D-FFS with
magnetic sensitivity was achieved using a home-built microscope, operated at
low temperatures and in ultra high vacuum (UHV).

The microscope (so-called Hamburg design [79]) (see figure 4.1a and b) is
equipped with a superconducting split-coil magnet and is operated at a tem-
perature of 8.1 K with variable magnetic fields of up to 5T flux density per-
pendicular to the sample.

To reach the low base temperature, the instrument is placed in an UHV
compatible liquid helium bath cryostat providing cooling of microscope and
magnet. The design of the cryostat allows easy access from the side through a
shutter system for fast in situ tip and sample exchange (see figure 4.1c). The
cantilever deflection detection system is realized by a FABRY-PEROT interfer-
ometer.

The UHV system with a base pressure in the low 107! mbar regime includes
four different UHV chambers giving the possibility to prepare and characterize
sample and tip in situ. A fast-entry lock is attached to the system to introduce

37
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Figure 4.1: a Side view and b photograph of the microscope. ¢ The cryostat-
chamber housing the microscope.

samples and tips without breaking the vacuum. Treatment of tip and sample
is performed in a preparation chamber equipped with an electron beam heater,
an Art-sputter gun, a resistive heating, and different metal evaporators, that
is, the evaporant is heated by electron bombardment. The evaporators con-
tain a chromium crucible and rods of iron and others. A second chamber
contains surface analysis tools, such as low energy electron diffraction and
Auger electron spectroscopy, as well as an additional commercial microscope
combining AFM and STM at room temperature [92], equipped with sample
and tip storage. The benefit of the room temperature microscope is the pos-
sible pre-characterization of several samples on a short time scale. Thus it
is used for growth studies before inserting the as prepared samples into the
low-temperature AFM.

Exact positioning of tips and samples during preparation is assured by xyz-
manipulators. This is necessary, for example, during evaporation of thin mag-
netic films onto substrate and tip. To get reproducable preparation results,
the evaporation rate of the metal evaporators is calibrated prior to any prepa-
ration using a quartz crystal microbalance (QCMB). During metal deposition
sample and tip can be heated up to 900°C promoting diffusion of the evap-
orated metal atoms on the surface, thus leading to specific growth results.
The third chamber is the cryostat chamber containing another sample and tip
storage and the low-temperature AFM. A fourth chamber is equipped with
a molecule evaporator used to deposit molecules from the vapor phase onto
a sample, which again is heatable during deposition [93]. Samples and tips
are transferred between the chambers by means of magnetic linear and rotary
motion drives and mechanical hands.
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Figure 4.2: The -cantilevers,

Si made of Si, are covered with an in-
sulating native oxide layer of un-
known crystallographic structure

) (SiOx). Prior to any experiments
magnetic . .
coating the cantilevers are coated with

magnetic material from top and
side, leading to a closed metallic
layer.

As the AFM is very sensitive to external noise sources, such as mechanical,
acoustic and electric noise, sufficient vibration isolation of the microscope is
achieved by pneumatic damping legs decoupling the UHV system from its
foundation, which in turn is separated from the main building foundation.
Thereby, mechanical noise sources such as underground railway, traffic and
construction noise can be attenuated or even ruled out. During measurement,
mechanical pumps and all unnecessary electronics are switched off. The data
acquisition system is located in a neighbouring room to prevent further noise,
such as acoustic noise due to talking experimentalists.

4.2 Tip Preparation

Measurements are performed using two different types of commercially avail-
able doped-silicon cantilevers with integrated pyramidal tips at their free end
[46]. While in some experiments SuperSharpSilicon-type tips with dimen-
sions [ = 22545 pum, w = 3845 pum and ¢ = 7£0.5 um were used, cantilevers with
[ =250£10 pm, w=T1£7.5 pm and ¢ = 10.5%+1 pm were mainly used in the ex-
change force related experiments. Both cantilevers are supersharp with a nom-
inal tip radius of <2nm, but they differ in spring constant. Following [94] the
spring constant is calculated using the geometrical dimensions of the cantilever
and its eigenfrequency,

c. = 4m* Myplwt fg, (4.1)

with silicon density p = 2330kg/m? and normalized mass M, = 0.2427. Spring
constants of ¢, 7~ 35N /m and ¢, ~ 140 N /m are calculated, respectively. Hence,
the larger cantilevers (high-c cantilevers) are less sensitive to force but smaller
tip-sample distances are adjustable without a snap-to-contact®.

! According to [87] and using a typical experimental amplitude of A =3nm, the force should
exceed 3nm X 140 N/m =420nN in close proximity of tip and sample to lead to a snap
of the high-c cantilever to the surface, while it should only exceed ~100nN for a low-c¢
cantilever.
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Figure 4.3: Af(U)-curves of a non-conductive tip in a, showing single tunnelling
events between trapped charge states in the tip, and a conductive tip in b showing
a smooth parabolic curve without hysteresis in trace and retrace.
Parameters: a Af=-1Hz, ¢,=36.6N/m, A=5nm, fy=165kHz, Fe coated.
b Af=-0.5Hz, ¢, =37.5N/m, A=>5nm, fy=167kHz, Cr coated.

To be able to nullify long-range electrostatic forces, tip and cantilever should
be conducting. Although doped to enhance conductivity, the used silicon can-
tilevers are covered with an insulating native oxide layer of unknown crystallo-
graphic structure (SiOx) due to a wet etching procedure during production, cf.
figure 4.2. Using argon ion sputtering to remove contaminations and the native
oxide layer, as previously reported [17], eventually leads to a pure Si tip end,
but results in blunter tips. This is an unwanted effect as blunt tips enhance
the detection of long-range forces and, hence, true atomic (and magnetic)
resolution is harder to achieve. In addition to SiOyx, cantilever and tip are
contaminated by a water layer after storage in air. This layer can be removed
by heating the tip in situ, but again, the tip will get blunter simultaneously.
However, the conduction of doped Si is even worse at low temperatures. It
turned out that, although reasonable film growth and film adhesion might be
hindered by contaminations and by the water layer, in situ metal coated tips
show higher conductivity than untreated silicon tips. Moreover, the coated
tips preserve the essentially important small tip radius, cf. figure 4.2.

As coating material, iron or chromium are chosen with film thicknesses of 4 -
8nm. The metals are deposited with about one atomic layer (AL) per minute
on top and side of the tip, sketched in figure 4.2. While thin and smooth
metal films are needed, Fe and Cr grow in a Stranski-Krastanov-like growth
mode on SiOx [95,96], which is, they wet the substrate but soon start to form
three dimensional islands. The number of islands is increased with increasing
number of nucleation centers, hindering the diffusion of the deposited metal.
Due to its three dimensional growth, the tip coating might not be regular and
smooth, and, hence, eventually might be non-conductive. Conduction is con-
firmed during the experiment by obtaining A f(Ui,s)-curves and a parabolic
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shaped A f(Uyas)-curve indicates a metallic tip (cf. chapter 3.5.1). When two
A f(Upias)-curves, trace and retrace, respectively, are obtained, they should
be congruent in the conductive case. If trace and retrace show a hystere-
sis, charges are induced into the tip by the applied voltage but decharging
happens not instantaneously. This indicates a non-conductive tip. Not fully
covered and thus not perfectly conductive tips can be further distinguished by
abrupt jumps within A f(Uy.s)-curves. Here, localized states within the tip are
charged and decharged and the jumps can be considered as single tunnelling
events between such trapped charge states in the tip [97,98]. A f(Upias)-curves
including trace and retrace of a non-conductive and a conductive tip are dis-
played in figure 4.3a and b, respectively. The non-conductive tip in a shows
single tunnelling events.

Magnetically Sensitive Tips

To perfom spin-sensitive experiments, the prepared tips should be magnetically
sensitive, that is, the foremost tip apex atom should carry a net magnetic
moment. Using Fe as tip material simplifies the system of tip and sample as
only the exchange interaction between Fe atoms has to be considered, even
after tip changes, whereby material might be transferred form the sample to
the tip (cf. chapter 8). However, for Fe coated tips it is frequently observed
that large amounts of material are spontaneously transferred from the tip to
the surface in an avalanche like effect, which often results in a non-conducting
tip, that is, all tip material gets lost.

Thus, a material with higher adhesion to SiOx is chosen. From a simple
approach using scotch tape to compare the adhesion of different metals on
silicon, Ti and Cr turned out to be better candidates than Fe, as they adhere
much better to Si. Titanium grows smoothly on Si but is non-magnetic. Any-
way Ti might be additionally used as adhesion layer for magnetic material,
but two layers of metal coating will lead to blunter tips, cf. figure 4.2. Since
a magnetic material is needed, Cr is chosen. However, in contrast to Fe, Cr is
antiferromagnetic. The structure of chromium is bece with a lattice constant
of 288.4pm. Its Néel temperature amounts to Ty =311 K [99]. The moment
per atom in the bulk is 0.59 ug {100, 101].

Besides the better adhesion, Cr has no stray field. Thereby it limits the
influence of magnetostatic interactions on the contrast formation in MExFM.
Moreover, using Cr will lead to a stronger exchange signal at larger separa-
tion than Fe, according to theoretical findings: LAZO and co-workers [102]
calculated the exchange forces between a single atom tip and different lattice
sites of the Fe/W(001) surface, that is, on parallel (p) and antiparallel (ap)
oriented atomic magnetic moments with respect to the tip magnetic moment.
They included single atom Fe and Cr tips into their DF'T calculations and the
results actually show an increase of magnetic resolution at short distances for
Cr in comparison to Fe. This can be understood in terms of a larger value of
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Figure 4.4: Total charge density difference plots for Fe and Cr tips at two tip-surface
distances, z =510pm (upper panel) and z =330 pm (lower panel), respectively. The
plots show the charge redistribution in the system due to tip-surface interactions for
ap- and p-alignment (AF- and FM-coupling, respectively). Zones in red and blue
denote charge accumulation and depletion, respectively.

magnetic moment of the tip atom and also by a farther extension of the wave
function of the 3d orbitals, that is, the delocalization of charge density. To
study the nature of the magnetic exchange interaction, which can be traced to
the different electronic interactions in the AF- and FM-configuration, LAZO
analyzed charge-density difference (CDD) plots for these two types of coupling.
The CDD is obtained by subtracting the charge density of the isolated mono-
layer and that of the isolated metal cluster tip from the charge density of the
interacting system consisting of the metal cluster tip and the iron monolayer
of Fe/W(001). Hence, the CDD plots allow the visualization of accumulation
or depletion of charge. The results obtained are presented in figure 4.4 for Cr
and Fe at two different distances, 330 pm and 510 pm, for both configurations,
AF- and FM-coupling between probing atom and surface atom underneath,
respectively.

At large separation (upper panel in figure 4.4) there is a small net charge
accumulation between the tip atom and the surface Fe atom for both tips.
Already at this height the interaction depends on the type of spin alignment.
The charge accumulation due to tip-sample interaction is localized at the Fe
surface atom and it has a node for the FM alignment with the Cr tip, while
in the AF configuration for the Cr tip it has nodes on both the Fe surface
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and the tip atom. For the Fe tip there is only a small charge accumulation at
the tip atom. The accumulation at this distance is already largest for the Cr
tip, indicating the splitting of the exchange forces on ap- (AF-coupled) and
p-site (FM-coupled) to be detectable already at larger distance than with Fe
tips. At closer distance of z=330pm (lower panel in figure 4.4) electronic
charge strongly accumulates between the tip atom and the surface Fe atoms,
implying a strong electronic interaction between tip and surface. The charge
accumulation is strongest for the Fe tip in FM configuration, indicating strong
bonding between tip atom and surface atom (thus clarifying the possibility
of structural tip changes, as will be discussed in chapter 8). A large charge
accumulation, although smaller than for Fe, is also observed for the Cr tip.
Again the accumulation for the AF-coupling is larger than for the FM-coupling.
The CDD plots also show that the charge density of the nearest-neighbor Fe
atoms with respect to the probed surface atom is considerably redistributed
upon approaching the tip. Therefore, the exchange coupling of these nearest-
neighbor Fe atoms with the tip atom plays an important role in determining
whether FM- or AF-coupling is more favorable.

4.3 Sample Preparation

For the MExFM and MExFS experiments presented in the forthcoming chap-
ters, the aim is to prepare large and clean areas of the 1% layer of iron on
tungsten in the (001) orientation, as it has unique magnetic properties, that
is, the monolayer orders antiferromagnetically. Hence, little more than one
atomic layer (AL) iron is deposited onto a clean W(001) surface by means of
an electron beam evaporator [103| at a rate of one AL/min.

In order to prepare clean W(001) surfaces, a procedure of consecutive anneal-
ing and flashing cycles is necessary. This procedure requires high temperatures
of about 2000 K of the tungsten crystal surface. To reach these high temper-
atures, a special electron beam heater is used. Unlike other set-ups [104], the
crystal, fixed on a holder, is hooked to a tungsten wire, thus reducing the
heated surface to an absolute minimum and leading to lower pressure during
annealing and flashing. The crystal holder additionally exhibits a central hole
directly underneath the crystal, whereby the mass of the holder is reduced
and the crystal is directly hit by the electron beam. This in consequence re-
duces the power needed to heat the sample. As thermal expansion leads to
stress within the wire, relative movement between crystal and heater might
occur. To provide exact positioning the filament is mounted on a xyz-stage
and a distance of 2mm between heater and crystal is adjusted prior to any
heating. Using this set-up, a voltage of Uyy = 1200V and a filament current
of Iy, = 3 A lead to 75 mA emission current between filament and crystal and
a power of 90 W, which equals a temperature of 2170 K at the sample sur-
face, as verified by an external infrared thermometer [105]. Figure 4.5a shows
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Figure 4.5: a Sketch of the tungsten stage. Electrons emitted from a filament
are accelerated to the backside of the tungsten crystal. The crystal easily reaches
temperatures > 2600 K, while already 2170 K are sufficient to clean its surface. b
The stage after aligning crystal and filament with a distance of 2 mm between crystal
backside and filament and ¢ during a flash.

a sketch of the working principle of the tungsten e-beam stage. Figure 4.5b
and c present images of the stage within the UHV chamber after alignment of
crystal and filament and during flashing, respectively.

Prior to the preparation of Fe/W(001), any filaments (electron beam heater
filament, evaporator filament), heaters (heating stage for post-annealing), and
shuttles (transport shuttle) used during the preparation steps have to be thor-
oughly degassed. Moreover, already before the tungsten crystal is introduced
into the UHV chamber system, it is useful to degas its sample holder and the
transfer shuttle. The following listings cover all steps to be proceeded, before
the crystal is ready for Fe deposition.

1. Degas of the tungsten sample holder to which the crystal will be mounted:
T > 2200°C for some minutes.

2. Degas of the stainless steel transport shuttle used to move the sample
holder between different preparation stages: T" > 400°C for some min-
utes.

To clean the crystal for the first time after it has been stored in air, cycles of
heating in oxygen and flashing are necessary. By heating high-purity tungsten
under oxygen atmosphere with a partial pressure between 1 x 107¢ mbar and
5 x 10~ mbar (depending on the contamination prior to cleaning) a maximum
segregation rate of carbon, which is dissolved in the bulk as main impurity, from
bulk to selvedge, that is, to the first two layers of tungsten below the surface,
and a maximum diffusion from the selvedge to the (001) surface are achieved
[106]. Once in the surface, refractory tungsten carbides are oxidized, thus
forming volatile carbon monoxides and carbon dioxides which desorb thermally,
leaving pure tungsten. Residual tungsten oxides are removed by a 10s long
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subsequent flash at a temperature of 2170 K. This temperature is found to be
high enough to remove lesser contaminants, like sulfides, carbon monoxides
and hydrogen, and old Fe films, while a temperature of > 2500 K, known in
literature as good value to clean the W(001) crystal surface [107,108|, enhances
the contamination of the tungsten surface with material from the selvedge.
Moreover, flashing the crystal too high in temperature leads to a bunching
of step edges on the stepped substrate surface and even produces dislocation
lines within the crystal, along which carbon segregation might be enhanced.
After several annealing and flashing cycles a carbon depletion layer is formed
between selvedge and bulk. Summing up, the cleaning of W(001) is as follows:

Cleaning of W(001)

1. Dose oxygen into the chamber with a partial pressure between
1 x 10~ %mbar and 5 x 10~® mbar.

2. Heat the W(001) crystal: 7' =1570K for 10 minutes.
3. Crystal cool down for about 15 minutes.

4. Close the oxygen valve.

5. Flash the crystal: T =2170K for 10 seconds.

6. Continue with point one until the crystal is clean.

The cleaning cycles lead to clean surfaces with no traces of oxygen or carbon
contaminations according to Auger electron spectroscopy data. The crystal is
now ready for Fe deposition. To gain high quality iron films the base pressure
prior to the preparation of Fe/W(001) should be on the order of 1x107'° mbar
or better, as all following preparation steps are carried out within the same
chamber. To enhance pumping speed, a cryogenic pump located within the
ion getter pump pumping the chamber is activated for the time of preparation
using liquid nitrogen. Additionally the chamber is equipped with a passive
pump [109].

First of all, the crystal is flashed again to assure a clean surface. During
flashing the pressure should not exceed 3x10~% mbar. If the pressure is higher,
either the crystal or the immediate surrounding (sample holder, electron beam
filament) should be considered as dirty and the flashing should be repeated.
As long as the crystal cools down after the last flash, the metal evaporator is
heated up. During the transfer of the crystal from the flashing stage to the
evaporation position, for which the transport shuttle is used, the pressure de-
creases to below 2x107!Y mbar with the evaporator operated (the evaporator
shutter is still closed). When shuttle and crystal reach slightly elevated tem-
peratures of ~ 320K, the evaporator shutter is opened and iron is deposited
onto the warm surface at a pressure of better than 2x1071% mbar. After about
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one minute of evaporation (the evaporator is shut off), shuttle and crystal are
annealed to about 570 K to further enhance the surface diffusion of iron. Dur-
ing annealing the pressure further decreases and reaches base pressure, if not
even better. After 10 minutes of annealing preparation is done and the sample
might be transferred into the microscope.

The single steps or preparation are listed in the following.

Fe deposition

1. Start at a base pressure <1x107'%mbar.

2. Flash the crystal: T =2170K for 10 seconds.
3. Crystal cool down: T' ~ 320 K.

4. Deposit Fe.

5. Post-annealing: T" =570 K for 10 minutes.

The transfer of the crystal into any microscope should be performed with
care, that is, the manipulators should not produce too much dirt due to me-
chanical friction. After about 30 minutes of overall preparation time the sample
is introduced into the cold microscope.

If, after some time, a fresh Fe layer has to be prepared, the old one is simply
removed by a 10s short flash, and the preparation follows the given recipe.
However, any filaments (electron beam heater filament, evaporator filament),
heaters (heating stage for post-annealing), and shuttles (transport shuttle)
used during the following preparation steps have to be thoroughly degassed
prior to any Fe deposition. After several flashes prior to Fe deposition, the
surface is contaminated again due to slow but steady segregation of carbon and
the cleaning of the W(001) crystal has to be repeated. Typically five cycles of
glowing and flashing again lead to a clean surface. The role of pressure and
temperature on the growth of iron is discussed in the following.

Film Quality

Due to its miscut of 0.1° the stepped W(001) surface used in the experiments
exhibits terraces with widths between 20 nm and 150 nm (the calculated mean
terrace width is 90nm). The steps are running along the [010] direction of
the substrate. The bce tungsten single crystal has a bulk lattice constant of
316.5pm. Considering the (001) surface, the height of an ideal monatomic
W step is 158.3pm. Iron grows pseudomorphically in a Stranski-Krastanov
mode on W(001) up to the forth layer [107], hence the substrate is covered
by a single AL (wetting layer) and excess Fe forms second layer islands on
terraces and second layer stripes along step edges of the underlying substrate
in a thermal induced step flow growth behaviour, that is, the elevated substrate
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temperature during the evaporation enhances the diffusion of Fe atoms on the
W surface. First and second layer iron show a fourfold symmetry due to the
bee structure of the underlying crystal surface.

The quality of the growth of iron on tungsten strongly depends on the purity
of the tungsten substrate, temperature during growth, and on the annealing
temperature afterwards. Moreover, the pressure during the different prepara-
tion steps strongly influences the cleanliness of the surface.

If preparation conditions are bad, for instance, if the tungsten substrate
is dirty or if the pressure exceeds 2.5x107!° mbar during evaporation or an-
nealing, the monolayer typically exhibits many defects and contaminations,
hindering the step flow growth. For this reason, second layer iron is not dif-
fusing to the step edges but is pinned to nucleation centers on the monolayer.
Figure ba shows an example of 1.4 AL Fe/W(001), where second layer islands
are pinned and do not grow with fourfold symmetry. Additionally, many de-
fects are visible in the first layer. The pressure during the evaporation did
not exceed 1.5x107!% mbar, which regularly leads to large and clean areas of
monolayer iron. Hence, the substrate has to be considered as dirty and needs
cleaning with oxygen (step 5). Figure 5b shows 1.25 AL Fe/W(001) prepared
on a clean tungsten crystal at a pressure of 1.1x107° mbar during the evap-
oration. However, second layer iron cannot flow to the step edge, though the
islands grow with fourfold symmetry.

The fourfold island symmetry indicates a clean tungsten substrate, but dif-
ferent to other preparations this sample was not post-annealed but held at
570 K during the evaporation, demonstrating the temperature dependence of
the step flow growth. Figure 5c shows a preparation at good pressures, how-
ever the coverage is 1.7 AL Fe/W(001) and the area of first layer iron is rather
small to conveniently perform exchange experiments: coverages of less than
1.3 AL Fe with large, clean and defect free Fe monolayer areas as in figure 5d
are much better suited for MExFM.
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Figure 4.6: Four different Fe/W(001) samples prepared with different parameters
and different pressures during the preparation.



CHAPTER 5

GROWTH AND PROPERTIES OF 1%
AND 284 LAYER FE ON W(001)

When mapping the prepared surface with a coverage between 1 and 2 AL iron
on W(001) it turns out that this system is structurally, electronically and mag-
netically inhomogeneous. Since force microscopy detects all electromagnetic
forces simultaneously, imaging of inhomogeneous samples is particularly chal-
lenging. On one hand, a wealth of information can be obtained, but on the
other hand, the forces are often difficult to separate from each other. However,
Fe/W(001) is covered by only one chemical species and the long-range van der
Waals force does not vary locally, hence, it does not lead to an image contrast.
On atomic length scales even the total long-range force does not vary locally
and the image contrast is dominated by short-range interactions such as chem-
ical and exchange forces. A detailed analysis of the different properties of the
highly strained Fe film on W(001) is presented in the following.

5.1 Structural Properties

The overall resulting topography of ~1.3 AL Fe/W(001) obtained using non-
contact FM-AFM is displayed in figure 5.1 with the corresponding line section
along the white dotted line displayed above the image. The measured height
of 128 pm between first and second layer iron grown on the same W terrace fits
well to a theoretically predicted value of 120 pm [110]|. The surface unit cell of
the first AL iron has a p(1x1) structure with respect to the underlying W(001)
with a measured lattice constant of 320 pm, see colored close-up Il in figure 5.1.
Every protrusion herein represents chemically identical iron atoms. Numerous
defects, such as missing atoms, are revealed within the wetting layer, showing
that the first layer does not fully cover the tungsten surface. This effect can be
especially seen along step edges as vacancies between second layer stripe and
single iron layer on the upper terrace. A step edge vacancy is colored in area

49
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IT in figure 5.1. Wires of atomic width connect wetting layer and second layer
stripe. On the second layer an additional four-fold symmetry can be seen (see
colored close-up I in figure 5.1). Atomic trenches and protruding atomic rows
appear due to high strain induced by the large lattice misfit of f = (@jayer —
Asubstrate) / substrate — 970 between iron and tungsten. Height differences of 10-
13pm are measured between trenches and protrusions compared to height
differences of 10-15pm between second layer iron stripes and first layer iron
on the upper terrace. A detailed analysis of the further growth of iron on
tungsten up to several monolayers can be found in [111].
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Figure 5.2: Bias voltage dependent contrast on ~ 1.2 AL Fe/W(001) obtained with
FM-AFM on a 500x500nm? area at Upjas = 0.5V in a and Upjps = 0V in b.
¢ Af(Upias)-curves taken on first (blue) and second (gray) layer iron. The CPD
relative to the tip is Ucpp,1st = +0.24V and Ugpp gna = +0.57 V. The resulting
work function difference between 15¢ and 2" layer Fe is 0.33 V.

5.2 Electronic Properties

When imaging Fe/W(001) at different bias voltages, an electrostatic contrast
with different bias dependent apparent step heights of first and second AL iron
is observed. Figure 5.2a and 5.2b show the surface of ~ 1.2 AL Fe/W(001)
recorded at different bias voltages of Uy = 0.5V in a and Ups = 0V in b,
respectively. Clearly, a contrast inversion is visible: dark areas in a (second
layer Fe) appear elevated in b with respect to first layer Fe. By evaluating the
two A f(Upias)-curves in figure 5.2c obtained on the first (blue squares) and
second layer iron (gray squares), respectively, the work function difference AP
can be roughly determined with respect to the Fe coated tip. The curves were
fitted by a parabola (solid lines) and the difference of the apices corresponds
to A® =0.33eV. Hence, the capacitive electrostatic force is different on first
and second layer iron and the real topography is unknown a priori. The effect
of the electrostatic force on the topography can be minimized by applying
the mean CPD [50] Upias = UcpD.mean = %(UCPD,W + Ucpp gna) which is the
crossing point of both curves in figure 5.2c. Hence, the real topography is
obtained either at close tip-sample distance, or using KPFM to map the work
function during imaging and compensate for the CPD on every data point, or
by applying the mean CPD.

The KPFM images in figure 5.3 show a CPD-map of ~1.7 AL Fe/W(001)
in a and the simultaneously recorded topography in b. A line section through
both data channels reveals the real topography with a step height of 128 pm
between first and second layer iron and a height of 10- 15 pm between second
layer stripe and first layer iron on the upper tungsten terrace. These values
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Figure 5.3: a CPD-map of ~1.7 AL Fe/W(001) obtained with KPFM. b Imaged
area with size 600x250 nm? simultaneously measured with AFM and nullified CPD
between tip and sample at every data point revealing the real topography. c Line
section in black (potential) and red (topography) covering first and second layer. A
potential difference of A® ~0.15V between first and second layer iron and ~ 0.035 V
between adjacent second layer stripes is measured.

are in agreement with the ones obtained at small tip-sample separation in
figure 5.1 without locally compensated CPD. The potential difference of first
and second layer iron is A® ~0.15V and even between adjacent second layer
stripes a surprising CPD of ~35mV is determined. Theory predicts work
functions values of ® =4.55eV for W(001), & =4.53¢eV for a free standing
iron monolayer, ®=15.12eV for the first iron layer and ® =4.65eV for the
double layer [112]. This would result in a theoretical work function difference
of A® =0.47¢eV between first and second layer iron, which is larger than the
experimentally observed value.

However, interpretation of KPFM images is not always straightforward. It
has been demonstrated [113| that the measured KPFM potential does not
exactly match the surface potential of a given location. It rather is a weighted
average of all the local potentials on the surface below the tip apex. As the
electrostatic force has a long range nature, KPFM signals derive from the
interaction of the surface with tip apex and bulk tip. Hence, the resolution of
KPFM is always tip size dependent and, as in this case, the signal obtained
on second layer iron islands is also island size dependent.

For all topographic images where the focus is put on properties of the sin-
gle atomic iron layer, the contact potential difference between this very layer
and the tip is always compensated by a suitable Uy;,s. Moreover, within the
typical measurement distance between tip and sample of a few hundred pm
during atomic resolution imaging, the short range chemical forces are much
stronger than any long range electrostatic contribution, thus the height differ-
ences between first and second AL iron due to a work function difference of a
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few hundred meV is negligible and the measured step heights can be considered
as true step heights (cf. figure 5.1).

5.3 Magnetic Properties

First Layer

A lack of remanence of the first atomic layer Fe/W(001) was discovered by
spin-resolved photoemission [114] and Kerr effect measurements [115] and later
interpreted theoretically [23,112,116-118] as an antiferromagnetic ground state
of the monolayer. This ground state has already been confirmed experimentally
in 2005 bei KUBETZKA et al. using SP-STM [24,119]. The change of sign in the
exchange interaction from ferromagnetic to antiferromagnetic iron is attributed
to the nature of the 3d-5d bond between the overlayer and the substrate [23].
Changing the Fe 3d band filling of the overlayer or the W 5d band filling of the
substrate due to strong hybridization shifts the relative position of both bands
and alters the character of the 3d-5d bond which thus results in a change of
sign in the exchange interaction J, (3d-5d).

In order to find the magnetic ground state KUBETZKA and co-workers cal-
culated the total energy of the system as a function of interlayer distance
between the monolayer and the tungsten surface, both, for the ferromagnetic
and c(2x2) antiferromagnetic configurations. They found that if the Fe mono-
layer is more than 317.4 pm away from the W surface, the interaction is small
and the monolayer can be considered in good approximation as unsupported
(UML). In this case the ferromgnetic solution has the lowest total energy. With
decreasing distance, the energy difference to the antiferromagnetic solution be-
comes smaller until the solutions are degenerate at d =238 pm. However, at
lower interlayer distances the Fe-W hybridization increases and the c¢(2x2)
AF solution is the ground state. They found the moments for the relaxed
ferromagnetic and ¢(2x2) AF state to be 2.06up and 2.67ug, respectively.

The MAE, here defined as the energy difference between the two magneti-
zation directions, in the film plane and perpendicular to it, has been evaluated
including spin-orbit coupling. In agreement with the SP-STM experiment Ku-
BETZKA et al. obtained an out-of-plane easy axis with a MAE of 2.4meV /Fe
atom for the AF ground state. For an Fe UML both AF and FM solutions
possess an out-of-plane easy axis but with MAE of 3.2 and 1.0 meV /Fe atom,
respectively. Due to symmetry the W atoms at the interface are not spin po-
larized, and their direct contribution to the MAE vanishes for the AF ground
state. Thus, the magnetization axis remains out-of-plane as for the UML, with
a smaller MAE because of Fe-W hybridization. The calculations performed
in [24] further revealed that the states responsible for the magnetic contrast
are mainly located in the Fe film and possess d.» and d,, ,. character at the Fe
atoms with antiparallel magnetic moments. Therefore, maxima and nodes of
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Figure 5.4: a (500 x 500) nm? topography of ~1.2 AL Fe/W(001) obtained at
Af=-55Hz, Upjas =0.4V and at zero external flux density. b and ¢ MFM data
in trace- and retrace-channel, respectively, obtained at larger distance, h=2nm,
showing a magnetostatic contrast on second layer iron patches: single islands exhibit
a dark-bright contrast, while the first layer does not contribute any magnetic signal.
The contrast appears due to an out-of-plane magnetic sensitive tip, as visualized in
d. Evaluating the orientation of all 58 islands leads to the results displayed in e. f
and g Close-ups taken from b showing islands of different orientation and switching
of single islands and stripes, respectively.

the wave function are alternately probed in a SP-STM scan along the [100]-
direction and a measurable corrugation amplitude is obtained. The ¢(2x2) AF
magnetic surface unit cell is also revealed in chapter 6 using MExFM.

Second Layer

From the above cited works and from an earlier SP-STM study [107] it is known
that second layer iron atoms are ferromagnetically aligned and that second
layer patches exhibit 4-fold in-plane anisotropy with the easy axis along (11 0)-
directions. Thus, no long-range magnetostatic signal from the monolayer can
be expected while the net magnetization of the second layer should result in a
magnetostatic contrast in AFM images at larger distance when working with
a metallic magnetic tip exhibiting a net magnetization. To assure a magnetic
metallic tip the cantilever is coated with a thin (~6nm in thickness) layer
of iron (see sketch in figure 5.4d) and the tip configuration is not changed
throughout the experiments (cf. chapter 8).
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When scanning 1.2 AL Fe/W(001) in MFM mode at a height of about 2 nm
with respect to the distance used for acquiring topography, a magnetostatic
contrast is indeed observed on second layer patches. AFM topography and
MFM image are displayed in figure 5.4a and b, respectively. Figure 5.4b and
c are trace- and retrace-channel of the same measurement. The second layer
iron patches in figure 5.4b and c reveal a dark-bright contrast, although the
islands are relatively small with about 1000 atoms each. As expected, the first
layer does not contribute any magnetic signal at this tip-sample distance. As
the islands show a clear dark-bright contrast, which is also visible in the close-
up in figure 5.4f, it can be concluded that they are single domain particles®,
as visualized in the island orientation in figure 5.4d. The distribution of the
orientation of the dipolar dark-bright contrast exhibits the previously reported
[111,114,121] 4-fold symmetry of the anisotropy easy axis in (1 10)-directions
(blue and red arrow in figure 5.4a). Larger islands in figure 5.4b and c are
oriented mostly along [110] and [110] (blue colored in figure 5.4b and e),
while smaller islands are mostly oriented along [110] and [110] (red colored
in figure 5.4b and e). In total, 100% of the islands are aligned within the easy
axis. Furthermore, some single islands seem to switch their orientation during
imaging, as within the white frames in figure 5.4b and c (the magnetic axis of
the switching is not clear with ambiguity due to limited spatial resolution). By
evaluating trace and retrace on the lines where switching occurs, it becomes
clear that the islands are switching their magnetization direction while the tip
magnetization stays stable. The black frame in figure 5.4b and ¢ shows a single
switching event within a second layer stripe. A switching island and stripe are
shown in the close-up in figure 5.4g.

The switching of the magnetization direction (i) might be related to the
island size and position of the islands and is a randomly occuring process:
MULHOLLAN |[114] stated that the disappearance of any magnetic polarization
for layers with less than 1.5 ML coverage in his MOKE experiments indicates a
superparamagnetic collapse, that is, second layer patches retain their ferromag-
netic nature but no longer couple through the iron monolayer with each other.
Thus, the moment of the patches would fluctuate along different easy axes such
that the measurement-time-averaged magnetization becomes zero. NIU et al.
stated that the energy barrier for the superparamagnetic rotation within the
preferred 180°-direction should reflect the magnetostatic energy stored in the
stray field of the particles in addition to their MAE [120]. (ii) The switching
could be induced and enhanced by an exchange interaction between single is-
lands: WU [112] found by theoretical considerations that the ferromagnetism
of the first atomic layer might be restored below second layer patches due to
exchange between first and second layer rather than by the enlarged inter-
layer distance to the substrate. He calculated a magnetic moment of 2.43 up

!Single iron islands remain in a single domain state for diameters up to several hundred
nanometers [108,120].
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Figure 5.5: a Topography as in figure 5.4a obtained at Af=-5.5Hz, Upjas =04V
but with 5T external flux density applied perpendicular to tip and sample. b and
c MFM data, trace and retrace, respectively, obtained at a distance of h=2nm.
Again a magnetostatic contrast on second layer iron patches is observed. First layer
iron still does not contribute any magnetic signal. Due to the applied field the
out-of-plane magnetic sensitive tip changed its orientation slightly compared to the
zero field tip, visualized in d. Evaluating the orientation of all 53 islands leads to
the results displayed in e. f-h Close-ups taken from b showing switching of stripes
and islands and a vortex, respectively. Moreover, islands of different orientation are
visible.

for the second layer iron atoms, 0.95 up for the antiferromagnetic monolayer
atoms and 1.68 up for the monolayer atoms below second layer patches. (iii)
Switching could also be induced and mediated via the island stray field. If
considered as single domain particles, second layer iron patches exhibit stray
fields leaking from their sides [120]. (iv) The switching might also be induced
by the tip stray field. Moreover, the tip stray field could be responsible for
the unequal distribution of the island magnetization direction: 41.2% of the
islands are oriented along the blue axes, while 58.8% are aligned along the red
axes.

The image series in figure 5.4 has been obtained with zero external flux
density applied. Scanning the surface with the same tip but an external flux
density of 5T applied perpendicular to the sample surface, the distribution of
the 4-fold oriented islands changes, as can be seen in figure 5.5e where figure
5.5b and ¢ (with the corresponding topography in figure 5.5a) have been eval-
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Figure 5.6: a (350 x 250) nm? MFM image obtained with a Cr coated tip at a height
of 2nm, Upjas = 0.4V and with 5T external flux density applied perpendicular to tip
and sample. Surprisingly, a magnetostatic contrast on second layer iron patches is
observed, while the first layer iron does not contribute any magnetic signal. Despite
the applied field the tip still exhibits an in-plane component at its foremost tip end,
visualized in b. Evaluating the island orientation leads to the results displayed in c.
Interpretation of the data is found in the text.

uated according to figure 5.4. Now, 64.2% of the islands are oriented along
the blue axes (blue colored in figure 5.5b and e), while 35.8% are oriented
along the red axes (red colored in figure 5.5b and e). The switching count
of single islands (as within the white frames and as shown in figure 5.5g) is
decreased while switching of the second layer iron stripes (as within the black
frames and as shown in figure 5.5f) is increased. This leads to the conclusion
that the stripes are not oriented along the easy axes and that they are most
likely not single domain. The perpendicular magnetic field leads to a canting
of the tip magnetization into field direction (cf. figure 5.5d) thus decreasing
the inhomogeneous magnetization at the tip end and its in-plane component,
and furthermore decreasing the tip stray field. The observations made after
applying the field are a strong indication that switching of second layer is-
lands is induced by the in-plane component of the tip-magnetization and that
the switching rate thus is reduced by applying a huge magnetic flux density
perpendicular to the surface, that is, in terms of energy an increase of the
ZEEMAN-energy, a lowering of the tip’s stray field energy (relative to the in-
plane component) and thus decreasing the total energy to a minimum below
exchange energy, MAE and shape anisotropy of the FM islands. Addition-
ally, the field promotes magnetization direction switching of the multi-domain
stripes. Beyond switching of stripes and islands, vortices are observed along
the step edges, which do not occur in zero field. The vortices, for example
the ones marked by yellow triangles or as shown in the close-up in figure 5.5h,
establish due to an interaction between pinning of the magnetization by im-
purities and enhanced energy within the domains.

By studying the sample surface with Cr coated tips instead of Fe coated ones
with MFM, interestingly a magnetostatic contrast is detected as well. This is
astonishing, because AF chromium has no stray field a priori. However, due
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to the growth of chromium on silicon the symmetry of the thin film is broken
and due to anisotropy terms Cr coated tips may exhibit a non-negligible net
magnetic moment at the tip end and hence a stray field. Figure 5.6a shows an
exemplary MFM image out of a series obtained with different magnetic field
strengths applied and at different heights.

The main finding of the image series is a non-vanishing bright-dark contrast
of the islands revealing the magnetostatic sensitivity of the AF tip. The to-
pographic contrast varies in comparison to figures 5.4 and 5.5, because the
tip exhibits a stronger in-plane component (see sketch in figure 5.6b), which
does not change even with an applied magnetic field of up to 5T, although
both, iron and Cr coated tip, were prepared in the same way. Hence, the ZEE-
MAN-energy is not sufficient to overcome the anisotropy of the thin Cr film.
Statistics on the island magnetic orientation in figure 5.6¢ show a 96% orienta-
tion along [110] due to the strong in-plane component of the tip. The tip stray
field, for example of an Fe coated tip, which can induce a field on the order
of several hundred mT in close distance of a few nm above the surface [122]
is obviously strong enough to change the island orientation thus indicating a
weak coupling between first and second iron layer.

The most important implications of the presented magnetostatic survey with
respect to a magnetic exchange study, however, are that external flux density
and tip magnetic moment do not alter the alignment of the AF monolayer.
Furthermore, neither electrostatic, nor magnetostatic, nor the element specific
van der Waals force contribute to the observed contrast in close-distance AFM,
where the short-range interaction forces dominate.






CHAPTER 6

MAGNETIC EXCHANGE FORCE
MICROSCOPY ON FE/W(001)

The proof of principle of MExFM has been demonstrated in 2007 on the an-
tiferromagnetic insulator surface of NiO(001) by KAISER et al. 9,123, 124].
On the strongly correlated NiO(001) the spin-carrying d-electrons of the nickel
atoms are localized and interact via superexchange along the bridging oxygen
atoms. The use of non-contact FM-AFM with Fe coated tips revealed the
AF arrangement of magnetic moments with the magnetic signal being just
above the noise level of the microscope. Calculations performed by Momida
and Oguchi [125| predicted a significant magnetic exchange contrast between
an Fe tip and Ni surface atoms of opposite magnetic moments in agreement
with the experiment, but other predictions, like a change of sign of the mag-
netic exchange force already at relatively large tip-sample distances were not
observed. However, in the calculations only a single Fe atom was employed to
mimic the tip and relaxation effects were neglected.

On NiO(001) the magnetic exchange interaction is superposed onto the
chemical interaction, where oxygen atoms are imaged as protrusions and nickel
atoms are imaged as depressions. The superposition results in a height modula-
tion on neighboring rows of nickel atoms reflecting the row-wise AF order of the
NiO(001) surface [9]. Compared to NiO(001), MExFM on Fe/W(001) should
reveal the p(1 x 1) surface unit cell on second and first layer Fe with a superpo-
sition of the contrast pattern of the first layer by the ¢(2 x 2) magnetic surface
unit cell. But since on Fe/W(001) the spin-carrying d-electrons are delocalized
and itinerant, they reach farther into the vacuum region than the localized d-
electrons in NiO. Hence, significant differences in the distance-dependence of
the exchange interaction on NiO(001) and on Fe/W(001) are expected. More-
over, Fe/W(001) is much better suited for density functional theory (DFT)
than NiO, as NiO is a strongly correlated system: NiO has a partially filled
3d-band and strong Coulomb repulsion (a correlation effect) between the d-
electrons makes NiO a wide-band gap insulator. Strongly correlated systems
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Fe (up) Fe (down) W(001)
ap-site  p-site h-site

Figure 6.1: a Top view of a five Fe atom pyramidal tip and the Fe/W(001) sur-
face. Sites with parallel (p-site) and antiparallel (ap-site) alignment between tip and
surface Fe magnetic moments (indicated by arrows) are marked as well as the hollow-
site (h-site). b Side view. Distances within independently relaxed tip and sample
are denoted. z is defined as the tip-sample distance along the approach trajectory
(dotted line) before considering relaxations due to tip-sample interactions.

have electronic structures that are neither simply free-electron-like nor com-
pletely ionic, but a mixture of both. Approximations of such systems using
DFT is not straight forward.

Considering Fe/W(001), the ¢(2 x 2) magnetic surface unit cell of the first
layer Fe has been obtained using SP-STM in 2005 [24,119|. Having the mag-
netic ground state proven and the preparation at hand, Fe/W(001) is a perfect
candidate to further study and understand the contrast patterns observable
with MExFM. In experiment and theory notations following figure 6.1 are
used. Here, a pyramidal shaped tip consisting of five Fe atoms is placed above
the Fe/W(001) monolayer surface. Figure 6.1a and b show the top and side
view, respectively. The positions of (anti)parallel aligned Fe atoms in tip and
surface are denoted as ap-site and p-site. The visible tungsten surface atom is
denoted as hollow-site (h-site).

All images presented in the following sections are considered to be acquired
with magnetically sensitive and stable tips. Further tip related aspects are
discussed in chapter 8.

6.1 MExFM using Ferromagnetic Tips

To simplify the system of tip and sample, Fe coated tips are chosen because if
sample material is picked up by the tip, for example, during tip preparation
(see chapter 8), the chemical composition remains unaltered. The tips exhibit
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Figure 6.2: a Atomic resolution on a (2 x 2) nm? area of the Fe monolayer displaying

the p(1 x 1) structural and chemical surface unit cell (Af=-28.5Hz). Protrusions
represent the positions of chemically identical Fe atoms (red circles). b MExFM
image revealing a ¢(2 x 2) AF surface unit cell on the Fe ML (A f=-14.8 Hz). Only
every second Fe atom appears as a protrusion (red circles). The corrugation ampli-
tudes are about 8 pm cf. the line sections.

Parameters: ¢, =32.5N/m, A=5nm, fy— 156 kHz, B=5T.

a magnetic stray field and the foremost apex atoms carry a net magnetic
moment with the spin-carrying d-electrons ranging into the vacuum region
between tip and sample. To enhance the feasibility of detecting the exchange
interaction between tip apex atom and sample atom and to maximize the
strength of the interaction, both magnetic moments should be (anti)parallel
aligned according to the HEISENBERG model (eq. 2.7). Therefore, an external
magnetic field of 5T flux density perpendicular to the sample surface is applied,
that is a flux density higher than the saturation magnetic polarization of Fe,
fsat = 2.15T [31], to align the tip magnetic moment (anti)parallel to the sample
spins.

Figure 6.2 presents in a the chemical p(1 x 1) surface unit cell of the Fe
monolayer, where all Fe atoms are chemically identical (marked in red). In
b the monolayer is obtained with magnetic sensitivity. The spin up and spin
down directions are marked in red and blue, respectively. The corrugation
amplitudes in figure 6.2a and b are about 8 pm, each.
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Figure 6.3: a Calculated force curves, F(z), of a 5 atom Fe tip on h-, ap-, and
p-site including relaxations. b Distance dependence of the magnetic exchange force
Fex(2) = Fyp(2) — Fp(2) for the unrelaxed and the relaxed case. ¢ Distance depen-
dence of the tip apex atom relaxation towards the surface on the p- and ap-site.

Comparison to MExFM Data on NiO(001)

Different to the supermodulation contrast on NiO(001), the observed contrast
in figure 6.2b is a pure ¢(2 x 2) structure with one spin species, either up
or down, appearing as protrusion, while the other spin species (down or up,
respectively) does not appear as depression or protrusion with less height, but
with exactly the same corrugation as the h-site.

The magnetic corrugation amplitude on Fe/W(001) is five times larger than
the previously reported value of 1.5pm observed on NiO(001) [9], and even
larger corrugations of up to 30 pm have been observed. The origin is the far-
ther extension of the spin-carrying d-electrons of the Fe ML into the vacuum
region, compared to the localized d-electrons in NiO. Moreover, the out-of-
plane orientation of the magnetic moments of the Fe ML in comparison to the
canted magnetic moments on NiO(001) accounts for the larger magnetic con-
trast. Since a rather small chemical corrugation amplitude is always observed
in MExFM experiments on NiO(001), tips with a small chemical interaction
might be required to approach close enough to the surface to probe the local-
ized d-electrons.

From a practical point of view the resulting, much better SNR on Fe/W(001)
in comparison to NiO(001) is very promising regarding the general applicability
of MExFM to other systems. However, the contrast as shown in figure 6.2b,
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Figure 6.4: Calculated height difference between p-, ap- and h-site, respectively,
depending on ~. and hence d. The p-site defines the zero line. The black arrows
indicate the maximum in corrugation amplitude at distance d.

which is the typically observed contrast in MExFM on Fe/W(001), does not
simply reflect the superposition of chemical and magnetic interaction.

To understand the contrast formation on Fe/W(001) the forces acting be-
tween a multi-atom Fe tip and the sample are calculated utilizing DFT!.

Theoretical Force-Distance Dependence

The calculations presented in figure 6.3a display an attractive interaction for
the ap- and p-site up to a maximum force of —2nN at about 270 pm tip-sample
distance. On the h-site, the tip can approach the surface much closer before the
repulsive regime is reached and the forces are much larger up to a maximum
of —2.7nN at about 290 pm distance. The splitting of the force curves on the
p- and ap-site, as visible in figure 6.3a, defines the magnetic exchange force,
that is, Fex(2) = Fap(2) — F,(2). Due to symmetry, the exchange forces on the
h-site cancel out.

The data show that the ap-site of the Fe ML is energetically favorable for
distances around 300 pm, that is, by about 10-60meV for distances between
330pm and 290 pm. This is expected following the Bethe-Slater curve in
figure 2.3. However, here the AF coupling is due to the interaction of the
foremost tip atom not only with the Fe atom directly underneath, but also
with the four neighboring Fe surface atoms with opposite magnetic moments,
which can dominate the total exchange coupling. To ensure that neither effect
depends qualitatively on the tip size, calculations employing a larger Fe tip
with an additional plane of 9 atoms above the previous 5 Fe atom pyramid
were performed by LAZO and co-workers [102]. It could be confirmed that

Details on computation can be found in [102].



66

Chapter 6: Magnetic Exchange Force Microscopy on Fe/W(001)

Figure 6.5: a-c Simulated MExFM images at 7. — —14fNm'/? in a, —12 fNy/m in
b, and —10fNy/m in ¢ corresponding to d =320 pm in a, 350 pm in b, and 370 pm
in c, respectively. d-e MExFM images displaying two different distance dependent
contrast patterns of the AF ¢(2 x 2) surface unit cell using Fe and Cr coated tips,
respectively. Parameters: d Af=-14.8Hz, ¢, =32.5N/m, A=>5nm, fy=156kHz,
B—=45T. e Af —-8Hz, ¢, — 146 N/m, A—3.83nm, f, — 187kHz, B—5T.

both, sign and distance-dependence of the magnetic exchange interaction, are
unchanged.

Comparison with Simulated MExFM Images

To quantitatively compare calculated forces and experimental images it is
necessary to simulate images using the theoretically derived distance depen-
dence of the forces, since it is not possible to deduce tip-sample forces from
the experimental images. For this simulation, performed by CAcIiuc and
HOLSCHER [50], long-range tip-sample interaction caused by the van der Waals
forces acting between the macroscopic tip and the sample have to be consid-
ered. As in other studies [75,86,87] the macroscopic part of the tip is modeled
by a sphere with radius R. The long-range van der Waals force is added cor-
responding to eq. 3.2 by Fiaw(z) = —(AgR)/(62%). The values assumed are
R=8nm and Ay = 0.1aJ?. The total tip-sample force Fis = F. + Flqw is
obtained, with Fy = F},, F,,, or F;, at the three distinct lattice sites. Af can

2Since there is no known better value for Fe, this typical value is used. The overall quali-
tative result does not change for reasonable values of R and Ay.
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be calculated according to eq. 3.13. For simplicity, the normalized frequency
shift v is used, because this quantity is independent of the actual experimental
parameters A, ¢, and fy (cf. chapter 3.6). In order to simulate constant =y
images a suitable value 7. is chosen and the corresponding nearest tip-sample
distance at the lower turnaround point of the cantilever oscillation, d as de-
noted in figure 3.1, is determined numerically by solving v(d) = 7.. As a result
the corrugation amplitudes at the three distinctive lattice sites as a function
of v and hence d are obtained. In figure 6.4 the height of the ap- and h-site is
plotted with respect to the p-site. Based on these curves complete MExFM im-
ages are simulated using the first two non-constant terms of a two-dimensional
Fourier expansion [64].

The simulated images displayed in figure 6.5a-c clearly demonstrate that the
magnetic contrast depends sensitively on the nearest tip-sample distance d. At
large d, figure 6.5c, the chemical contrast dominates and the ap- and p-site ap-
pear as local maxima of only slightly different height due to a small exchange
force of about 0.06nN (c.f. figure 6.3b). At very small tip-sample distance,
figure 6.5a, the magnetic forces dominate and Fe atoms with opposite mag-
netic moments appear as minima and maxima, respectively. At intermediate
distance, p- and h-site exhibit nearly the same height level and become indis-
tinguishable, figure 6.5b. At the crossing point in figure 6.4 they are exactly
equal and only the ap-sites appear as maxima. Here chemical and magnetic
forces are both present and of considerable magnitude, but the total forces at
p- and h-site are equal. The contrast in figure 6.5b matches the experimentally
observed magnetic ¢(2 x 2) surface unit cell in figure 6.2, indicating that the
image has been obtained in the intermediate tip-sample distance regime. Up
to now, using Fe and Cr coated tips, a contrast as in figure 6.5a was never
obtained experimentally, probably because stable imaging is difficult at such
close distances (cf. chapters 4.2 and 8).

However, contrast patterns similar to figure 6.5b and c are observed in
different experiments. Figure 6.5d shows a contrast comparable to figure 6.5b
with a corrugation of 10 pm, obtained with a Fe coated tip. Figure 6.5e shows a
contrast comparable to figure 6.5¢ with a corrugation of 6 pm between ap- and
p-site, and 10 pm between h- and ap-site, hence 4 pm between h- and p-site.
For a better visualization figure 6.5e is unit cell averaged?.

Role of Relaxation

The forces on ap- and p-site are calculated with and without relaxation effects
of tip and sample. The difference in force between ap- and p-site, that is,
the exchange force, is plotted for both cases in figure 6.3b. Obviously, the
curves exhibit a significantly different distance dependence: when relaxation
is included, the onset of large magnetic exchange forces shifts towards larger

3An experimental image of a periodic surface typically contains many unit cells, which can
be used to obtain an averaged unit cell with a much better SNR [9].
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tip-sample distances, which facilitates their experimental detection. A change
of sign at large tip-sample distances as it appears for the unrelaxed case is not
observed for the relaxed case. The differences are caused by the relaxation
of the tip apex atom which depends on its local magnetic configuration with
respect to the approached surface atom. Figure 6.3c shows that the tip apex
atom on the ap-site relaxes about 5pm closer towards the surface atom than
on the p-site which enhances the exchange interaction. The comparison em-
phasizes the importance of relaxation effects and hence the insufficiency of the
one-atom-tips used in prior calculations for NiO [125].

Moreover, it could be shown that using only a single Fe atom as tip, the
magnetic exchange interaction is qualitatively and quantitatively different from
those with multi-atom tips. In particular, the magnetic exchange force is ar-
tificially enhanced at large tip-sample separation, but decreases in magnitude
already at much larger distance than for multi-atom tips [102|. These differ-
ences are attributed to the unrealistic large and rigid magnetic moment of a
single Fe atom due to the missing hybridization with base atoms. In addi-
tion, magnetic exchange interactions with base atoms of the tip contribute to
the total exchange force on the tip. Therefore, it is crucial to use multi-atom
tips and to include relaxation effects in order to obtain the correct sign and
distance-dependence of the exchange interactions [102].

6.2 MExFM using Antiferromagnetic Tips

Discussed in chapter 4.2, Cr coated tips allow for a more stable detection of
exchange forces, even in a wider distance range than Fe coated tips. However,
the foremost tip atom of such tips might be either Cr or Fe, as tip modifications
are frequently observed before an exchange contrast appears and Fe might be
easily picked up during the experiment (see chapter 8). Atomic resolution
and magnetic contrast obtained with a Cr coated tip are presented in figure
6.6a and b, respectively. Both contrasts are qualitatively and quantitatively
comparable to figure 6.2. Confering the line section in figure 6.6 the corrugation
amplitude is about 8 pm and, again, only every second Fe atom is imaged as
protrusion within the MExFM image. This contrast is typically observed in
MExFM images on Fe/W(001) when using Cr coated tips.

6.3 MExFM in Zero Field

A MExFM image of (5x 5)nm? in size is shown in figure 6.7. The image
has been obtained without applying an external magnetic field and using a
modified Cr coated tip, which is, the tip already changed its state several
times during the experiment due to slight tip modifications (cf. chapter 8).
The ¢(2 x 2) magnetic surface unit cell is sketched. A magnetic defect is visible
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Figure 6.6: a Using a Cr coated tip, atomic resolution on a (2 x 2) nm? area of

the Fe monolayer displaying the p(1 x 1) structural and chemical surface unit cell
(Af=-17Hz) is resolved. Protrusions represent the positions of chemically identical
Fe atoms (red circles). b MExFM image of the ¢(2 x 2) AF surface unit cell on the
Fe ML (Af =-27Hz) obtained with the same Cr coated tip. Only every second Fe
atom appears as a protrusion (red circles). The corrugation amplitude is about 8 pm
cf. line sections.

Parameters: ¢, =143N/m, A=2.81nm, fy—=185kHz, B=4.5T.

in the lower part of the image. The data demonstrates that the external
field is not necessary to align the magnetic moment of the foremost tip atom
(anti)parallel to the surface atoms to achieve magnetic contrast. Instead, a
controllable manipulation of the magnetic moment of the foremost tip atom
whilst scanning the surface in close distance will eventually lead to a magnetic
sensitive tip and the detection of magnetic exchange forces. Such tip related
aspects are further discussed in chapter 8.

6.4 MExFM near Structural Defects

Numerous types of defects of the Fe monolayer, for example, point defects and
contaminations, are known from atomic resolution studies. Such defects are of
huge interest, because they are able to locally change the electronic structure
of the surface, leading to a change of the local exchange interaction and hence
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Figure 6.7: (5 x 5)nm? MExFM image obtained using a Cr coated tip in zero field.
A defect is visible in the lower part of the image.
Parameters: Af =-33.3Hz, ¢, =154.2N/m, A=3nm, fo—=193kHz, B=0T.

to uncompensated spins. Understanding the influence of defects on the local
magnetic exchange might help to clarify phenomena like the exchange bias
(EB): while its underlying physics are well described in literature [43,44], its
small size can only be explained by a vast inactive majority of AF surface spins,
because only a few uncompensated spins contribute to the effect [126, 127].
Possible sources of uncompensated spins are spin-flop coupling [128,129], grain
size [130,131|, domains due to interface roughness [132], and non-magnetic
defect sites [133,134]. Indeed, as the EB tends to be smaller in epitaxial
bilayers than in polycrystalline ones, defects seem to play an important role in
the pinning of the magnetization direction of the interface spins.

Figure 6.8b and ¢ show (130 x 160) pm? close-ups of the two most frequently
observed magnetic defects in the Fe monolayer, recorded without a tip change
in between, hence with identical tip state, as can be seen from the full image in
figure 6.8a. The defects can be distinguished unambiguously from adsorbates,
which can be moved along atomic rows on the surface when the short-range
forces overcome the forces keeping them in place, as shown in the lower right
of figure 6.8a: the adatom of 120 pm height jumps right behind the tip from
one p-site to the next p-site down below.
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To correlate the defects in figure 6.8b and ¢ with the lattice structure, ap-
and p-site are marked in red and blue, respectively. In figure 6.8b the defect
appears as bright protruding area while in ¢ the defect appears elongated and
depressed. The origin of the defects is unclear, as no correlation can be made
directly with the chemical structure due to the magnetic contrast, where only
one spin species is obtained. Besides the possibility, that magnetic and non-
magnetic impurities are measured, in b two p-site atoms might be missing and
a circular structure of charge accumulation is obtained. While p-site atoms
are missing, the maxima (ap-sites) above and below the missing atoms seem
to approach towards each other by 100 pm. The relaxing maxima are marked
by yellow circles. On the other hand, a h-site defect (W-vacancy) might exist.
Whether the defect is filled with Fe or stays empty, in both cases, neighbouring
Fe atoms would relax towards the vacancy. Since the AF structure of Fe is
induced by hybridization with the substrate, the atoms on top of the vacancy
act like the unsupported Fe monolayer or like second layer iron. Both are
FM aligned and four maxima with reduced corrugation show up. In ¢, two
ap-site atoms might be missing, hence a triangular shaped depletion of charge
is obtained as marked by yellow triangles. Even one and the same single point
defect might be measured, but in b the missing atom is just a single p-site
atom, while in ¢ a single ap-site atom could be missing.

A further, profound analysis of magnetic defects has not yet been performed
and comparison with theory aiming to further characterize the magnetism and
structure at the tip apex as well as to understand the contrast formation and
the exact shape of the defects will be necessary.
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Figure 6.8: a (5 x 5)nm? MExFM image obtained using a Cr coated tip. Whilst
keeping its magnetic sensitivity, the tip drags an adsorbate from one p-site to another
along the slow scan direction. b and ¢ (130 x 160) pm? MExFM close-ups of the
defects in a. The lattice structure with spin-up and spin-down atoms is sketched.

The resulting defect induced structure is purely spin-dependent.
Parameters: Af=-20.7Hz, ¢, =33.9N/m, A=2.7nm, fo=159kHz, B=4.5T.
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6.5 Distance Dependence of MExFM Contrast

Using different Cr coated tips contrast patterns similar to figure 6.5b and ¢
are observed in different experiments.

A contrast as simulated in figure 6.5a was not observable experimentally up
to now, most probably due to too strong short range interactions causing in-
stabilities at the tip end leading to an irreversible loss of the exchange contrast.
Even a smooth change of the observed contrast when approaching the surface
from chemical resolution beyond 370 pm (compare figure 6.3a), to the mag-
netic exchange interaction emerging as supermodulation at 370 pm tip-sample
distance, and to a domination of the exchange interaction induced contrast at
320 pm distance and even closer was not observable experimentally.

The consecutive images in figure 6.9 are recorded using the same Cr coated
tip, but each image is obtained at different Af, hence at different tip-sample
distance. The corrugation amplitudes measured at larger separation, 6.9a-c,
are only little above the noise level. The data have been evaluated along dif-
ferent crystallographic axes and the averaged corrugation amplitudes between
p-, ap- and h-site were plotted versus the normalized frequency shift as in fig-
ure 6.4. The normalized frequency shift has been calculated according to eq.
3.15 using A = +2.81 nm, fy = 185kHz and ¢, = 143N /m. Simulated data, fig-
ure 6.4, and experiment, figure 6.9h, are qualitatively in reasonable agreement
concerning the contrast variation between ap- and p-site. However, the corru-
gation amplitude on the h-site has a very low signal and is even not directly
visible in the images.

While for the theoretical evaluation presented in figure 6.4 only one specific
tip, namely Fe, in a specific orientation, namely pyramidal with the four atom
base being parallel to the surface lattice (cf. figure 6.1), has been considered,
the real tip used within this experiment might look different. Confering to
chapter 8, the tip might be either Fe or Cr terminated, it might be of asym-
metric structure and it might be unstable. Actually, a magnetically unstable
tip leads to the shifting of the contrast in 6.9g. Unstable tips leading to changes
in contrast are further discussed in chapter 8.

Consequently, the differences in quantity of ap- and p-site between figures
6.4 and 6.9h and the nearly total lack of signal on the hollow-site in figure 6.9h
might be due to tip instabilities leading to a more pronounced relaxation of
the foremost tip apex atoms. Such relaxations lead to different results in the
calculated force, as indicated in figure 6.3c. A strong relaxation will further
lead to a misinterpretation of the closest tip-sample distance d and, hence, to
a misinterpretation of the experimentally obtained ~-values.
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Figure 6.9: a-g Consecutive MExFM images of the same surface area obtained
using the same Cr coated tip but with increasing tip-sample interaction (decreasing
tip-sample distance) from Af=-21Hz in a to Af=-28Hz in g. h Corrugation
amplitudes of ap- and h-site with respect to the p-site versus normalized frequency
shift.

Parameters: ¢, =143N/m, A=2.81nm, fo=185kHz, B=4.5T.



CHAPTER 7

MAGNETIC EXCHANGE FORCE
SPECTROSCOPY ON FE/W(001)

Up to now, magnetic exchange interactions across a vacuum gap for a tip-
surface geometry were considered only theoretically utilizing density functional
theory (DFT) [10,102,125,135|. However, it is possible to directly measure the
distance dependence of the magnetic exchange interaction across a vacuum gap
by applying the spectroscopic mode of MExFM, that is, magnetic exchange
force spectroscopy. Here, the feasibility of MEXF'S is demonstrated for the first
time: recording A f(z) on Fe atoms with different spin orientation, A f,,(z) and
Afy(2), allows to directly access the magnetic exchange energy between ap-
and p-site of the surface magnetic moments across the vacuum gap between
tip and sample (cf. chapters 3.5 and 3.6).

The main prerequisite to perform MEXFS is a structurally stable tip that
shows magnetic sensitivity. Such a tip can be easily identified according to
chapter 8. To allow for precise and direct determination of single spectroscopy
curves obtained on the ap- and p-site of the Fe/W(001) monolayer, three di-
mensional sets of spectroscopy curves (cf. chapter 3.5) are recorded with high
lateral bit resolution. Further using the knowledge of the direction of the
atomic spin from chapter 6, Af,,(z) and Af,(z) can be unambiguously iden-
tified and extracted.

7.1 MExF'S using Stable Tips

In figure 7.1 a 3D-Af(z)-data set obtained using the spectroscopy acquisition
method (i) is displayed. The atomically resolved ¢(2 x 2) checkerboard spin
structure of the iron monolayer is visible at the bottom in the MExFM data.
The slice through the Af(z,y, z)-field along the [100]-direction reflects the
spatially resolved distance dependence of the tip-sample interaction. Note that
a larger attractive tip-sample interaction corresponds to maxima in topography
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—5.8 Hz
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Figure 7.1: 3D magnetic exchange force spectroscopy data (3D-MExFS). The
topography visualized at the bottom is recorded with 256 x 256 data points on
(1.5x 1.5)nm?.  Hence the bit resolution is about 6pm per data point. At
A fstan = —5.8 Hz the topography reveals the AF structure of the monolayer with a
corrugation amplitude of 15 pm. The slice through the A f(z,y, z) data set (32 x 32
curves with Az = 1.17pm ranging from zgsiart = 0pm to zenq =300 pm) along op-
positely oriented atomic magnetic moments in [100]-direction shows the site and
distance dependence of the magnetic exchange interaction. The data have been ob-
tained using a Cr coated tip.

Parameters: ¢, = 145.5N/m, A = 3.83nm, fy = 187kHz, @ = 318000, B=5T.

and minima in frequency shift. Using such a 3D-data set, the individual A f(z)-
curves on surface atoms with oppositely oriented atomic magnetic moments
are unambiguously identified.

Figure 7.2 shows two such curves obtained above maximum (A fp.(2): red)
and minimum (A fiin(2): blue). The data has been acquired using the spec-
troscopy acquisition method (ii), hence the magnetic exchange induced fre-
quency shift (black) is directly extracted according to eq. 3.12. This fre-
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Figure 7.2: Two individual A f(z)-curves recorded on Fe atoms with oppositely ori-
ented magnetic moments, indicated in the corresponding topography in red and blue
on maximum and minimum, respectively, using spectroscopy acquisition method (ii).
The curves split smoothly into two branches at small tip-sample distance, allowing
to obtain the black difference curve, which is a measure of the magnetic exchange
interaction. The simultaneously recorded dissipation shows no loss of energy into
non-conservative interactions indicating a stable tip.

Parameters: A fgap =-2.5Hz, Az =2pm, ¢, =145.5N/m, A =3.83nm, fy = 187kHz,
B=5T, @ =318000.

quency shift is used to calculate the magnetic exchange energy Ee(z) using
the DURIG [85] algorithm presented in chapter 3.6. In the lower part of the
image the simultaneously recorded dissipation Fp is plotted. The dissipation
shows no additional non-conservative force occuring between tip and sample on
approach. Furthermore, the topography in the lower right part of the image,
used to indicate the single spectroscopy locations, either maximum (red) or
minimum (blue), shows symmetrical atom shapes. The quality of the MExFM
image and zero dissipation on approach indicate a stable tip apex.

Figure 7.3 again shows two curves obtained above maximum (A fiax(2):
red) and minimum (A fyin(2): blue). This data set has been acquired us-
ing the spectroscopy acquisition method (i), hence the curves are shifted with
respect to each other according to the difference in zg..¢, that is, to the cor-
rugation measured in the MExFM data (cf. figure 3.7). Already being cut-
off at largest tip-sample distance, on shortest tip-sample approach the data
hence deviate in z by the corrugation amplitude. After shifting the data the
magnetic exchange induced frequency shift is extracted according to eq. 3.12
(Afex(2) = Afmax(2) — Afmin(z): black) within the overlapping region and
can again be used to calculate the magnetic exchange energy FEe.(z) using
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Figure 7.3: Two individual A f(z)-curves recorded with a non-dissipative tip on Fe
atoms with oppositely oriented magnetic moments, indicated in the corresponding
topography in red and blue on maximum and minimum, respectively, using
spectroscopy acquisition method (i). The curves split smoothly into two branches
at small tip-sample distance, allowing to obtain the black difference curve, which is
a measure of the magnetic exchange interaction.

Parameters: Afsgap=-5.8Hz, Az=117pm, ¢,=1455N/m, A=3.83nm,
fo=187kHz, B=5T, () = 318000.

the DURIG [85] algorithm. The simultaneously recorded dissipation Ep shows
no additional non-conservative force occuring between tip and sample on ap-
proach and the topography in the lower right part of the image is similar to
figure 7.2. Again, the quality of the MExFM image and zero dissipation on
approach thus indicate a stable tip apex.

Magnetic Exchange Energy in AF Iron

The exchange energies obtained experimentally using both methods in three
3D-MExFS data sets show qualitatively the same results, with the only dif-
ference being the range of the obtained data, as displayed in figure 7.4. The
orange curve is taken from figure 7.2. The blue curve is taken from figure
7.3. The red curve is taken from another data set and has been averaged over
several A foc(z)-curves. The frequency shift data are fitted prior to the energy
conversion to avoid artifacts due to noise (cf. chapter 3.6). The magnitude
of the magnetic exchange interaction closest to the surface is about 60 meV,
which is the largest magnetic exchange interaction observed. Trying to adjust
smaller tip-sample separations frequently resulted in instable conditions and
irreversible tip changes. Note that the relative spin orientation with respect
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Figure 7.4: Exchange energy, Fey, obtained from three 3D-MExFS data sets. The
curves have a different range, but are cut off at 250 pm, where the exchange inter-
action is approaching zero. Note that z =0pm is arbitrarily chosen and the corre-
sponding z-scales are shifted with respect to each other until the curves overlap. The
orange curve is taken from figure 7.2, while blue and red are taken from figures 7.3
and 7.7, respectively. At small tip-sample distance all energies are negative indicat-
ing antiferromagnetic exchange. No sign change is visible in all curves and the curves
show the same slope, but differ only in acquisition range. The maximum exchange
energy value obtained is Feyx &~ 60 meV.

to the tip is not known a priori from the experiment. However, using the as-
signment of ap- and p-site as suggested by theory already in chapter 6 leads to
a negative exchange energy when performing the subtraction according to eq.
3.12. Negative exchange energy indicates antiferromagnetic coupling between
the Fe atoms. Hence the assignment of ap- and p-site within the MExFM data
is justified by comparison with theory.

As will be demonstrated in chapter 8, the tips used to perform 3D-MExFS
do eventually change their tip state from magnetically insensitive to magnet-
ically sensitive either spontaneously, or by intentionally induced tip changes
in close proximity to the surface, leading to a re-configuration of foremost tip
apex atoms prior to the spectroscopy. Hence, it is not clear with unambi-
guity, which species, either Fe or Cr, really terminates the tip. To allow for
a comparison with theoretical energy data, LAZO and co-workers [136] per-
formed first-principles DFT calculations using more realistic multi-atom tips:
the tips are modeled by a square-based pyramid of 14 atoms, instead of five as
presented in chapter 6.1. Four different tip apices are considered: (i) a pure
Cr apex, (ii) an Fe terminated Cr apex, (iii) a pure Fe apex, and (iv) a Cr
terminated Fe apex. They reflect structurally probable tip states, which could
occur after collision between the used Cr coated tips and the Fe monolayer.
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Figure 7.5: Magnetic exchange energy Fey for four different tips containing either
Cr or Fe or both. While only Cr-terminated tips exhibit a sign change, Fe-terminated
tips show pure antiferromagnetic coupling (negative exchange energy). The tip mod-
els used within the DFT calculations performed by LAzo and co-workers [136] are
sketched below.

Tip and surface are initially relaxed independently before considering the cou-
pled system. Note that as in the experimental situation the separation z in
the coupled system is defined as the distance between the tip apex atom and
the Fe surface atom underneath before considering relaxations.

To calculate the magnetic exchange energy Eo. = E,, — E, the total in-
teraction energy is first determined on top of a surface Fe atom with parallel
(E,) and antiparallel (F,,) orientation of the magnetic moment, respectively.
This approach is equivalent to subtracting the data obtained on minima and
maxima in the experimental data, where the relative spin orientation is not
known a priori. Upon approaching the tip to the surface along the z-direction,
all Fe atoms of the monolayer, the first layer of W atoms, and the five foremost
apex atoms are allowed to relax at every tip-sample distance. This procedure
is performed for all four tips and the results are presented in figure 7.5.

The theoretically derived energies in figure 7.5 are on the order of -100 meV
at a distance range of 300 pm to 350 pm, hence favouring antiferromagnetic
alignment. Moreover, only Cr-terminated tips exhibit a characteristic change
of sign at large distances due to a transition from a direct to an indirect
exchange mechanism [137|. A detailed analysis of the calculations shows that
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Figure 7.6: Comparison of the experimentally obtained magnetic exchange curve
with largest energy and the theoretical curve for a pure Fe tip. Distance dependence
and energy range are in very good agreement. Note that the absolute z-scale is only
known for the theoretical data. Hence, the experimental data is shifted to obtain
best overlap.

second layer tip atoms, which are AF coupled to the terminating tip apex atom,
contribute with opposite sign to E., [10,102,136], resulting in a relatively weak
distance dependence for the pure Cr tip and the Fe terminated Cr base tip.
On the other hand, Fe base atoms contribute much less than Cr base atoms to
the total E,.. Therefore, both tips with an Fe base exhibit a stronger distance
dependence at small distances than those with Cr base [138|.

In none of the performed spectroscopic experiments a sign change was ever
observed, indicating that surface Fe atoms have been picked up, hence form-
ing an Fe tip apex. Thus, the Cr-terminated tips are excluded for a direct
comparison of experiment and theory due to their transition from FM to AF
coupling. Moreover, comparing the slope of the experimental curve with the
slope of both Fe-terminated tips shows that the experimental curve nicely fits
to the pure Fe tip, but deviates from the CrFe tip in the energy regime be-
tween 0 meV and 20 meV. For a direct comparison the experimentally obtained
curve with largest exchange energy hence is plotted together with the pure Fe
tip in figure 7.6. Due to the unknown absolute z-position of the experimental
curve, it is shifted in z-direction with respect to the theoretical curve so that
the regions coincide where FE,, starts to deviate significantly from zero.
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7.2 Tip State Switching during Spectroscopy

As will be discussed in detail in chapter 8, the tips used within the MExFM
studies are structurally unstable by a chance of 50%. Unstable tips are rec-
ognized easily, as an increase of dissipation is measured simultaneously on
approach during imaging and spectroscopy. Moreover, some tips are able to
switch magnetically without showing additional dissipation contrast in MExFM
experiments. Performing 3D-MExFS with both types of unstable tips is exper-
imentally possible, while the evaluation is not straighforward for structurally
unstable tips.

7.2.1 Magnetically Unstable Tips

Figure 7.7 shows two Af(z)-curves obtained on one single Fe atom. While
scanning the atom from right to left and back, the tip switches the direction
of its magnetic moment several times, thus imaging the atom as either max-
imum or minimum, as shown in the corresponding (400 x 400) pm? MExFM
zoom in the lower right. Magnetic switching of the tip apex in MExFM is
presented and discussed in detail in chapter 8 (cf. figure 8.11). The tip shows
no distance dependent dissipation as plotted in the lower part of figure 7.7.
Such non-dissipative tips are classified as structurally stable, however, the tip
is magnetically unstable. The spectroscopy curves are depicted right next to
each other above maximum (A f.c(2): red) and minimum (A fy,i,(2): blue).
The data has been acquired using the spectroscopy acquisition method (i). Af-
ter correcting the z-scale by the corresponding topography value (corrugation
of 6 pm), the magnetic exchange induced frequency shift (black) is extracted.
The derived magnetic exchange energy FEe,(z) is plotted in red in figure 7.4.

Though the tip switches magnetically, the derived exchange interaction is
qualitatively and quantitatively the same as obtained with a stable tip. This
indicates, that structurally the tip can be considered as Fe pyramid, but the
magnetic orientation of the foremost atom (or the whole apex cluster) is able
to flip by 180° without additional loss of energy. Thus, the tip apex can be
considered as magnetically free standing cluster.

Theory shows that not only the front apex atom contributes to F., and that
it is crucial to include relaxation effects, because otherwise even pure Fe tips
would exhibit a sign change [102], which is experimentally not observed. As it
will be discussed in chapter 8, small relaxation effects can already change the
magnetic alignment in small magnetic clusters.

However, using a magnetically switching tip still allows to obtain smooth
spectroscopy curves without additional loss of energy.
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Figure 7.7: Two individual Af(z)-curves recorded with a non-dissipative but
magnetically unstable tip on one single Fe atom, indicated in the according
topography. Red and blue indicate the spectroscopy points. The tip images the
atom as either maximum or minimum, respectively. The curves split smoothly into
two branches at small tip-sample distance, allowing to obtain the black difference
curve, which is a measure of the magnetic exchange interaction.

Parameters: Afsgap=-5.6Hz, Az=146pm, ¢,=1455N/m, A=3.83nm,
fo=187kHz, B=5T, Q= 318000.

7.2.2 Structurally Unstable Tips

Figure 7.8 shows two individual Af,,(2)- and Af,(z)-curves obtained on a
maximum and minimum, respectively, using spectroscopy acquisition method
(i) with an initially Cr coated tip. The atoms in the corresponding topography
in the lower right of figure 7.8 appear distorted and the image exhibits a worse
SNR than figures 7.2, 7.3 and 7.7. The curves do not deviate from each other
in the distance regime between 20 pm and 90 pm, but at about 20 pm the curve
obtained on the maximum shows a sudden steep decrease of the frequency shift.
About 12pm closer to the surface, the minimum curve shows a comparable
sudden decrease. Moreover, the dissipation recorded simultaneously shows
a strong increase at exactly the same vertical positions above the surface.
The measured energy loss at closest tip-sample distance is on the order of
ED = 3eV.

The points where the tip instabilities occur are indicated by arrows. Obvi-
ously, the dissipation is site specific and magnetically sensitive, that is, it is
different on ap- and p-site. Thus, as soon as energy is dissipated, the tip apex is
structurally different on ap- and p-site. A direct comparison and subtraction of
both curves would only be possible in the regime, where all forces contributing
to the frequency shift, conservative and non-conservative, are identical. This
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Figure 7.8: Two individual Af(z)-curves recorded with a dissipative (unstable)
tip on Fe atoms with oppositely oriented magnetic moments, as indicated in the
topography in red and blue on maximum and minimum, respectively. The curves
exhibit a sudden steep decrease at a certain tip-sample distance, separated by about
12 pm, that coincides with a sudden increase in dissipation. Arrows mark the points
of tip instabilities. Structural instabilities and dissipation are site specific, hence,
both curves cannot be easily subtracted from each other to obtain the exchange
interaction induced frequency shift.

Parameters: Afstap =-6.5Hz, Az=0.88pm, c¢,=151N/m, A=3.89nm,
fo=190.5kHz, B=5T, Q=275190.

is exactly the regime, where the curves do not deviate from each other. In
consequence, the tip does not show any exchange interaction related contrast
as long as its apex is structurally stable. With the onset of dissipation, the
exchange interaction arises as well. Background to these phenomena is the
hysteretic motion of apex atoms which is different on ap- and p-sites, as will
be discussed in detail in chapter 8. However, the discussed results strongly in-
dicate that structurally unstable tips are not regular pyramids, and that they
do not allow for a quantitative measurement of exchange forces, because sub-
tracting curves recorded on p- and ap-site, respectively, only reveals the pure
magnetc exchange interaction, if the tips are structurally identical. Otherwise,
non-magnetic contributions do not cancel out.

The successful direct measurement of the magnetic exchange interaction
across a vacuum gap has been shown for the first time using 3D-MExFS.
Whenever a stable spin-sensitive tip is used, acquisition and evaluation of
the experimental data is straightforward and agrees very well with theoretical
findings. Although the used tips were initially Cr coated, comparison with
theory reveals that the tip apices finally became pure Fe clusters during a
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standard tip modification prior to the spectroscopy experiment (cf. chapter
8). Such a direct access to the exchange interaction is of great importance,
as magnetic exchange is fundamental to all magnetic ordering. Its precise
knowledge can be utilized to tailor magnetism on the atomic scale, for instance,
to switch the magnetic state of atoms, clusters or molecules in a controlled
fashion by varying the tip-sample distance.






CHAPTER 8

T1P MODIFICATIONS

Achieving exchange contrast and hence spin sensitivity within an MExFM
experiment is straightforward: whatever the real configuration at the tip apex
is, if atomic resolution is obtained in the non-contact regime, one can at least
infer that the tip apex is atomically sharp, which is one prerequisite. This
prerequisite most often is not given straight from the beginning, but the tip
end has to be modified to achieve the desired state.

Another prerequisite to achieve spin sensitivity is a magnetically sensitive tip
end with stable spin. However, using a magnetically coated tip is no guarantee
that the same tip is able to detect single magnetic moments as the moment of
a magnetic cluster at the tip apex might rotate randomly (paramagnetically)
on a much faster time scale than the data acquisition time, which is about 1ms
per data point. In the same way as for the achievement of atomic resolution,
modifications of the tip apex at small tip-sample separation can be provoked
to achieve spin sensitivity.

In 2006 CAcIUC and co-workers [139] presented first-principles simulations
for a Si(111)-type tip revealing a mechanism for the sharpening of an initially
blunt tip via short-range chemical forces. This process is accompanied by an
irreversible structural change of this type of tip at its foremost end. In 2007
HOFFMAN et al. [140] found that, using KBr terminated tips, (reversible) struc-
tural tip changes cannot only occur directly at the tip end, but slightly above
the foremost tip atom as well. GHASEMI et al. [66] considered pure Si tips with
the tip apex atoms forming covalent bonds. They found that the tip cluster
is in a frustrated state, and that frustrated tip structures facilitate hysteretic
atomic rearrangements of the tip atoms when tip and surface potential overlap.
Amongst others [141,142|, these are just some recent examples discussing the
possibility of tip apex modifications during FM-AFM experiments. Indeed,
it is widely known to experimentalists that in non-contact FM-AFM the tip
apex can change (even drastically) in an uncontrollable way, that is, surface
material is picked up by the tip or tip material is deposited onto the surface
or structural changes happen at the unstable tip end. Tip modifications can
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Figure 8.1: a (2 x0.35)nm? topography image obtained using a Cr coated tip
spontaneously changing between two states. b Energy dissipated per oscillation
cycle with respect to the intrinsic dissipation obtained simultaneously to a. ¢ and d
Line section along the slow scan direction (vertical black lines) in a and b showing the
z-value, which corresponds to the tip length, and the energy dissipated per oscillation
cycle, Ep, respectively. At smaller tip-sample separation, that is, at more negative
A f, the switching rate increases.

Parameters: ¢, =143.6 N/m, A =3nm, fo=185.8kHz, @ = 77000.

be provoked in experiments to achieve atomic resolution with spin sensitivity.
However, some tips might become structurally and/or magnetically unstable,
while others do not. Finally, numerous modifications lead to blunt tips and
hence to limited cantilever lifetimes.

8.1 Dissipation of Energy

Whenever tip instabilities or tip changes occur due to hysteretic atomic re-
arrangements, they are detectable via the energy loss within single cantilever
oscillation cycles: experimentally it is observed that changes in dissipation are
often accompanied by changes in atomic scale contrast [17,143,144] and vice
versa.

Figure 8.1 shows topography z and dissipation Ep recorded simultaneously.
It further shows line sections of both channels along the slow scan direction
y. While the amplitude stays constant throughout the image (not shown),
sudden changes (bright and dark) in z and Ep are visible. The line sections
are divided into three parts. While the first 20% of the topography are recorded
at a stabilization frequency of Af =-12Hz, the next almost 50% are recorded
at Af =-10Hz, and the last third is recorded at A f =-11Hz. Each switching
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Figure 8.2: a (3 x 1.4)nm? MExFM image obtained using a Cr coated tip. The
left side of the image represents raw data, while the right is flattened for better
visualization. The image shows slight changes in z, while the magnetic contrast
remains unchanged. b Simultaneously recorded dissipation showing no measurable
contrast. ¢ Line section along the white dashed line in a. Structural tip changes are
indicated by black arrows.

Parameters: Af=-6.1Hz, ¢, =145.5N/m, A=3.83nm, fy=197kHz, @ = 318000.

between dark and bright as it can be seen in figure 8.1a is equivalent to a tip
change and the tip-sample distance is increased (bright) or decreased (dark)
when the tip gets longer (or the interaction force becomes stronger) or shorter
(or the interaction force becomes weaker), respectively, as the feedback loop
adjusts the tip-sample distance to keep the A fy.n-value constant within the
specified regions of constant frequency shift. The corresponding z-value is
plotted in figure 8.1c.

From the data in a and c it is obvious, that the tip changes between two
possible states separated by about 120pm in z. The changes may be corre-
lated to tip material, most probably a single atom!, jumping from the side of
the tip to its end (the tip gets longer) and back again (the tip gets shorter).
Note that this process is structurally reversible. The switching rate further de-
pends on the interaction strength, hence on the frequency shift setpoint value.
While at Af=-12Hz the switching rate is ~ 0.6 Hz, it decreases to ~0.5Hz
at Af =-11Hz and it nearly vanishes at A f=-10Hz, where a switching rate
of ~0.1Hz is obtained and the lifetime of both states is about equal?. The
two tip states are also visible in the dissipation image in figure 8.1b and in
the corresponding line section in figure 8.1d. While the tip is in its shorter
state, the energy dissipated during a single oscillation cycle is set to EFp =0eV.
When the tip gets longer, the difference in energy dissipation is on the order
of Ep=0.3¢eV. Hence, in its longer state, the foremost tip apex atom is able
to hysteretically relax towards the surface within every single cantilever oscil-
lation cycle, possibly due to a low coordination at the tip end. The hysteretic
motion leading to an additional loss of energy is different in the shorter tip
state, where the foremost tip atom sensing the surface might have a higher
coordination. Such tip changes and the onset of dissipation presented in figure

!The covalent radius of a single Cr atom is about 140 pm [145], that of Fe is about 116 pm
[146].

2The switching rate is calculated counting the single events and using the time of 0.7s/line
along the z-direction during scanning.
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Figure 8.3: a (1 x 1) nm? atomic resolution obtained using an Fe coated tip. c Si-
multaneously recorded dissipation. Both data channels show the chemical surface
unit cell. For comparison of the lattice structure phase shifted between topography
and dissipation, b is tiled into topography on the left and dissipation on the right.
Parameters: Af =-21Hz, ¢, =37N/m, A=>5nm, fy=166.3kHz, @ = 144000.

8.1 indicate that the foremost tip atom can be in an unstable configuration,
and that its motion correlates with tip-sample interaction strength.

In contrast to changes in dissipation that can be correlated to changes in tip
stucture, figure 8.2 shows an MExFM image of the iron monolayer representing
structural tip changes, but no change in the dissipation signal is measured. The
image in a reveals the ¢(2 x 2) magnetic surface unit cell. While the right part
of the image is flattened for a better visualization of the spin contrast, the left
part represents raw data. Herein, a change from darker to brighter contrast and
vice versa indicates that the tip changes structurally and that the interaction
strength increases or decreases, respectively. The line section along the white
dotted line is presented in figure 8.2c. Every arrow indicates a structural
tip change, while the tip remains magnetically stable and spin-sensitive. The
changes in z are between 10 and 20 pm, hence much smaller than presented
in figure 8.1. However, the changes are not accompanied by additional energy
dissipation. Since the contrast remains unchanged, a structural change above
the tip apex atom may be likely, where an atom is eventually moving laterally
and not vertically [140]. In any of the observed states, the foremost tip apex
atom is not able to reversibly relax towards the surface as shown in figure 8.1.
Hence, the different stable states of the tip apex atom indicate that up to a
certain amount vertical movement of the foremost tip atom towards the surface
is crucial to lead to dissipation of energy. On the other hand not only single
atoms might flip, but the whole tip apex structure could be involved in the
dissipation process, similar to the frustrated states reported for Si-tips [66].

8.1.1 Atomic Scale Dissipation Contrast

In [60] it has been observed by simulations using a virtual AFM set-up that
apparent damping might increase due to tip-surface interactions, but this is
mainly caused by the macroscopic van der Waals interaction, which does not
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Figure 8.4: a (1.5 x 1.5) nm? MExFM image obtained using a Cr coated tip. c Si-
multaneously recorded dissipation. While the topography shows the magnetic surface
unit cell, the dissipation shows the chemical surface unit cell. For comparison of the
lattice structure phase shifted between topography and dissipation, b is tiled into
topography on the left and dissipation on the right.

Parameters: Af =-7.6Hz, ¢, =145.3N/m, A=3nm, fy=186.8kHz, @ = 140000.

contribute to the chemical contrast. Only when non-conservative interactions
are included into the simulations, the contrast in atomic scale dissipation im-
ages shows large corrugation. This proves that an experimentally observed
atomic-scale damping contrast occurs due to physical dissipative tip—surface
interactions and is not necessarily an artefact of instrumentation, as soon as
the dissipated energy is larger than Fp = 1meV.

The authors in [60] also find that topography and dissipation images may not
necessarily show the same contrast pattern, as this depends, for instance, on
the distance of closest approach, hence Af(z). Furthermore, they found that
the lateral scanning velocity has little effect on topography and dissipation im-
ages, when dissipation occurs due to non-conservative tip-surface interactions.
In figure 8.3a and c topography and dissipation, recorded simultaneously us-
ing an Fe coated tip, are shown. The topography reveals the chemical p(1 x 1)
surface unit cell of the iron monolayer. The same contrast is visible in the dis-
sipation, but figure 8.3b, tiled into topography on the left and dissipation on
the right, shows that there is a slight shift of the atomic lattice between both
channels. Possible explanations for the shift are tip changes, for example, due
to instabilities of the positions of the tip apex atoms, that affect the spatial cor-
relation between topography and dissipation image. A weakly bound foremost
tip atom laterally and vertically moving along an asymmetric tip apex during
the vertical approach of tip and sample is the most simple structure coming
into mind to explain the observed contrast patterns [17]|. If the motion of the
atom is reversible and occurs at different tip-sample distances during approach
and retract of single cantilever oscillation cycles, this motion is hysteretic and
leads to dissipation of energy.

This example demonstrates the strong dependence of the dissipation contrast
on structure and state of the tip apex.
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8.1.2 Chemical and Exchange Interaction Induced
Dissipation

Considering a structurally unstable tip apex, the system of tip apex and sam-
ple is moving between two or more minima on the potential energy landscape.
Thus, any tip-sample interaction on the atomic scale is able to influence the
dissipation contrast. As, for instance, the short-range chemical interation is
element specific, dissipation phenomena will in general be element specific as
well. Eventually, the short-range magnetic exchange interaction contributes
to atomic rearrangements when a magnetic tip-sample system is considered:
the effect of the exchange interaction on the chemical bonds of single atoms
has already been proven theoretically, cf. figure 6.3c. Even magnetic exchange
between single atoms within the tip apex is able to change the energy land-
scape of atomic magnetic moments, when their chemical bonds are stressed or
rearranged. Composition, magnitude and distance dependence of the interac-
tion, however, strongly depend on the chemical and structural composition of
the tip apex. Hence, considering a spin sensitive tip end showing relaxation
effects whilst scanning the AF surface of Fe/W(001), Ep is expected to be site
dependent.

Figures 8.4 and 8.5 show MExFM examples which reveal the ¢(2 x 2) mag-
netic surface unit cell of the monolayer, while in the dissipation channel the
p(1 x 1) atomic contrast, phase shifted to the magnetic contrast, is visible.
While the contrast in figure 8.4c appears to be a linewise contrast with slight
atomic variation and only a slight shift with respect to the magnetic contrast,
the contrast in figure 8.5 shows a clear chemical resolution with even higher
dissipation. In both cases, the magnetic surface unit cell in the topography
channel appears to be slightly distorted with a SNR worse than in figure 8.2a,
that is, the atoms are not symmetric: in figure 8.4 the atoms appear with a
half-moon shape superstructure, while the magnetic contrast in figure 8.5 even
appears as zig-zag-structure.

One explanation for the dissipation contrast is an asymmetric tip apex with
the spin sensitive part being non-dissipative, while a second part of the apex
is magnetically non-sensitive but structurally unstable and hence dissipative.
Both parts are laterally separated but contribute to the overall signal. Hence,
the dissipation occurs only due to chemical interaction, not due to magnetic
exchange.

Another, more complex tip structure might also lead to the observed con-
trast in dissipation and topography: as the dissipation is not spin sensitive,
the foremost tip atom might be considered as unstable and flips its magnetic
orientation on every single Fe atom due to changes of its chemical bond length.
Hence, it is able to orient parallel to the surface spins and magnetic contrast
appears only due to the interaction of the tip base with the surface spins (cf.
chapter 6.1), which does not contribute to any non-conservative interaction.
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Figure 8.5: a (1.5 x 1.5) nm? MExFM image obtained using a Cr coated tip. c Si-
multaneously recorded dissipation. While the topography shows the magnetic surface
unit cell, the dissipation shows the chemical surface unit cell. For comparison of the
lattice structure phase shifted between topography and dissipation, b is tiled into
topography on the left and dissipation on the right.

Parameters: Af=-22Hz, ¢, =152.2N/m, A=3nm, fo=191.3kHz, Q =42561.

A slightly asymmetric tip base might furthermore lead to the superstructure
in the atoms or the zig-zag-structure shown.

Figure 8.6 presents an example of a magnetic contrast showing up in topog-
raphy and dissipation simultaneously. Both contrasts are shifted with respect
to each other, as indicated in figure 8.6b, and, again, the atoms are certainly
not symmetric, but show triangular shape in topography and rectangular shape
in dissipation. Here, the dissipation is spin sensitive as well, and the short-
range magnetic exchange interaction contributes to atomic rearrangements at
the tip apex. Moreover, the asymmetry again indicates a structurally highly
asymmetric tip apex. The different shapes of the atoms in topography and
dissipation, respectively, within the presented figures 8.4, 8.5, and 8.6 might
be explained by an asymmetry in lateral stiffness of the tip apices. In the case
of a highly asymmetric tip the relaxation of unstable atom positions is strong
on the side of an atom and weaker, when the tip is positioned on top or on the
other side of the atom.

8.1.3 Tip Classification

On the first approach it is not clear with unambiguity, whether true atomic
scale dissipation is induced by instabilities of tip or of sample atoms. As
previously discussed [147|, the absence of dissipation features when using dif-
ferent tips on the same surface suggests that the as presented dissipation data
are induced by non-conservative interactions due to structural and magnetic
relaxation of tip apex atoms.

The experiments performed with respect to magnetic exchange allow for a
classification of the different tip apices using the as presented survey on dissipa-
tion and atom shape: from 24 successful MExFM experiments on Fe/W(001)
using either Fe or Cr coated tips, eleven tips showed up with a topographic
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0.08eV

Figure 8.6: a (1.5 x 1.5) nm? MExFM image obtained using a Cr coated tip. ¢ Si-
multaneously recorded dissipation. Both data channels show the magnetic surface
unit cell. For comparison of the lattice structure phase shifted between topography
and dissipation, b is tiled into topography on the left and dissipation on the right.
Atom shape and dissipation indicate a highly asymmetric tip apex.

Parameters: Af=-5Hz, ¢, =145.3N/m, A=3nm, fy= 186.8kHz, @ = 140000.

contrast comparable to figure 8.2a. Here, the atoms are of circular shape.
Furthermore, the SNR is much better compared to the other 13 tips, show-
ing a topographic contrast comparable to figure 8.5a, where the atoms appear
distorted with a much worse SNR. Moreover, all tips revealing circular shaped
atoms while being spin sensitive did not show any dissipation (non-dissipative
tips), different to the thirteen tips showing distorted atoms while being spin
sensitive (dissipative tips).

Thus, the non-dissipative tips are classified as stable, while dissipative tips
are unstable. In comparison with the spectroscopic data presented in chapter
7, non-dissipative tips show only a variation in Af(z) on approach of tip and
sample, while dissipative tips show a variation not only in Af(z), but also in
ED(Z)

As indicated in the beginning of this chapter, the used tips have to be mod-
ified to achieve atomic resolution with spin-sensitivity. However, the modifica-
tions often create unstable tips. To clarify the processes at the tip end during a
tip modification, different types of modifications are discussed in the following.

8.2 Spontaneous Tip Modifications

Models exist [148|, where a hard tip alters a soft surface, that is, one or more
surface atoms are pulled away from the surface on retraction of the tip resulting
in a tip change. The fundamental ideas can be applied vice versa: a hard
surface alters the atomic structure of an approaching tip, that is, tip apex
atoms might jump to the surface. Both effects result in an irreversible tip
change.

Whether or not the tip-sample system will return to its original state on
retraction of a single oscillation cycle is found to depend on temperature and
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Figure 8.7: a (4 x 4) nm? topography obtained using a Cr coated tip spontaneously
changing between chemical and magnetic sensitivity. b Raw data of the flattened
image in a. ¢ Averaged line section along the slow scan direction.

Parameters: Af =-19Hz, ¢, =150 N/m, A=3.49nm, fy—190kHz, B=0T.

tip velocity [148], as both have a strong influence on the energy barrier crossing
within the model of adhesion hysteresis. Obviously, low temperatures and a
high tip velocity as in the present experiments might lead to irreversible tip
changes, when the adhering atoms are not able to reconfigure to a more stable
position at the tip end, but stay on the surface or vice versa. This leads to
spontaneous and irreversible structural and even magnetic tip changes at close
tip-sample distances.

8.2.1 Structural Changes

Structural modifications of the tip state are recognized by abrupt changes in
topography, that is, in the atomic scale contrast by a change in corrugation
amplitude or by achieving or loosing atomic sensitivity. The same accounts
for the gain or loss of magnetic sensitivity. Figure 8.7a shows a (4 x 4) nm?
surface area of the Fe monolayer obtained using a Cr coated tip. The surface is
resolved with the contrast changing between chemical and magnetic sensitivity.
Chemically identical iron atoms within the p(1 x 1) surface unit cell appear
smaller in size than within the magnetic ¢(2 x 2) arrangement when obtained
with a magnetic sensitive tip. The changes in contrast can be directly related
to spontaneous modifications of the tip state, they occur without changing
any external parameters. While in figure 8.7a the image has been flattened to
visualize both contrasts, b represents color coded raw data. Turquoise areas
therein are apparently less high than orange areas. A change from orange to
turquoise and vice versa in figure 8.7b corresponds to a change in z. These
changes are again equivalent to a change of tip length or tip-surface interaction
strength: the z-scanner approaches tip and surface on a shortening of the tip
or when the interaction strength is decreased, hence the topography appears
depressed (turquoise), while it retracts tip and surface, when the tip gets longer
or when the interaction strength is increased, hence the topography appears
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Figure 8.8: Sketch of two possible irreversible processes leading to structural modi-
fications at the tip end. The initial Cr coated tip is non-magnetic. By increasing the
tip-sample interaction a sample atom or cluster is picked up, cf. event A. Instead
of picking up an atom or cluster, a modification within the apex may take place,
cf. event B. After any of the modifications the tip is closer to the surface by Az,.
Though the composition of the apex might have changed, a magnetically sensitive
tip is assumed in the end, thus revealing the AF structure of the Fe monolayer.

elevated (orange). Confering to figure 8.7c (averaged line section along the
slow scan direction in b), every change in z corresponds to a change of the
tip state from chemical to magnetic sensitivity and back. When 2 gets larger
by ~ 300 pm, the tip simultaneously becomes magnetically sensitive, while it
looses its magnetic sensitivity when it gets shorter.

As the tip lengthens (or the tip-surface interaction strength increases), when
it gets magnetically sensitive, it either picks up atoms from the surface (e.g.,
one or several Fe atoms or adsorbates), or material from the tip, that is, one
or several Cr atoms or adsorbates move from the side of the tip to its end.

Two possible processes taking place during a tip modification are sketched
within figure 8.8. Initially, the foremost tip apex atoms, for example, AF Cr,
are in an unknown magnetic state and the surface is scanned with chemical
resolution. As soon as the tip-sample-interaction becomes stronger, either
material from the surface is picked up, event A, or tip material from the apex
side is transported to the apex end, event B. Within any of the two events,
the magnetic ground state of the apex is supposed to be altered, as along with
the structural modifications the local anisotropy of the AF or paramagnetic
cluster at the apex is altered as well. After the modification the foremost tip
apex atom is able to sense the exchange interaction and magnetic contrast
appears. Moreover, the tip-sample distance in figure 8.8 is finally changed by
Azp, according to figure 8.7.
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Figure 8.9: a (10 x 6) nm? MExFM image showing a spontaneous tip change during
scanning in close proximity to the surface. Due to the modification the tip-sample
distance is increased by 68 pm. Simultaneously, the tip state changes from chemically
to magnetically sensitive. Along with the structural change, the dissipation increases
by 95meV as shown in b.

Parameters: Af=-98Hz, ¢,=150N/m, A=3nm, fy=190kHz, B=5T,
Q =202797.

Along with the change to a magnetic sensitive tip an increase of the dis-
sipation is additionally observed as presented in figure 8.9. Actually, such
an increase (decrease) in dissipation always occurs, whenever the tip changes
from chemically to magnetically sensitive (or vice versa). Figure 8.9a shows
a (10 x 6) nm? surface area scanned utilizing a Cr coated tip. A change from
chemical to magnetic sensitivity is observed with the tip being elongated by
Az=68pm. The simultaneously recorded dissipation in b shows an increase
of Ep on the order of 95 meV. However, as the atoms in topography and dis-
sipation are of the same shape and no lateral shift of the atomic lattice exists
between both channels, apparent damping due to crosstalk cannot be exluded.

8.2.2 Magnetic Changes

During scanning in MExFM using unstable tips, the direction of the magnetic
moment at the tip end is able to switch even without a structural modification:
a shift of the magnetic contrast by half the lattice constant, that is, an inversion
of the contrast, indicates that the tip state switched into a state with its
moment rotated by 180°, now imaging the Fe atoms with opposite magnetic
moment as protrusions, while protruding atoms are always antiparallel to the
tip magnetic moment according to theory (cf. chapter 6.1). Such changes of the
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Figure 8.10: (2 x 1.8) nm? MExFM image obtained using an Fe coated tip. Along
the white line the tip magnetic moment rotates spontaneously by 180° and the con-

trast appears inverted.
Parameters: Af=-14.8Hz, ¢, =32.5N/m, A=>5nm, fo=156kHz, B=5T.

magnetization direction can be easily identified during scanning in MExFM, as
shown in figures 8.10 and 8.15b. The shift of the contrast is visible along the
white lines in the latter two images. The surface magnetic unit cell in figures
8.10 and 8.15b is sketched using red and blue circles. Below the white line the
tip senses the former p-site as protrusion while the contrast pattern itself does
not change and nicely corresponds to figure 6.5d. The figures represent raw
data. Thus, a change of tip length can be excluded. Furthermore, a structural
jump of the foremost tip atom from one binding site to another along the tip
apex without changing the tip length, which might also lead to a shift of the
contrast, can be excluded from figure 8.15b, where an adsorbate is imaged
simultaneously. If a foremost tip apex atom would change its binding site
along the apex, the adsorbate would be shifted in position as well, but it is
not. Moreover, the jump of a tip apex atom to a new binding site along the
apex should lead to an abrupt change in dissipation [140], which is absent,
for instance, in figure 7.8b. Note that, although the contrast is shifted, these
shifts do not correspond to an AF domain wall of the Fe monolayer. Such
domain walls exist, but they include several atoms [119].

As it is energetically implausible that a mesoscopic tip switches its magnetic
orientation, the switching must occur within the nanotip. Because thin film
tips and not bulk tips are used, the magnetic coupling between the sharp tip
apex region and the broad tip base might be rather weak, supporting the
switching of a single cluster at the apex, weakly coupled to the bulk magnetic
material. This situation is sketched in a very simple picture in figure 8.14,
where the apex is considered as AF Cr. Note that the apex might also be an
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Figure 8.11: a-d Consecutive (2 x 2) nm? MExFM images obtained using a Cr
coated tip with decreasing tip-sample distance, starting from Af=-23Hz in a to
Af=-29Hz in d. Every white line corresponds to a tip magnetic moment switching
by 180°; the number of switching events increases with inceasing tip-sample interac-
tion strength.

Parameters: a-d ¢, =143N/m, A=2.81nm, fy—=185kHz, B=4.5T.

Fe cluster, which is easily switchable due a to strong exchange interaction. Of
course, larger amounts of magnetic material could be deposited onto the tip
to achieve a more bulk-like situation and magnetically more stable tips, but
this would lead to blunter tip apices, which in turn are less suitable for atomic
resolution imaging.

However, a weak coupling between apex and base combined with the relax-
ation of the tip apex atom towards the sample in close proximity, as shown by
theory (cf. figure 6.3c), enhances the role of the magnetic exchange interaction
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(either within the apex or mediated by the sample) on the anisotropy energy
of the magnetic moment of the foremost tip atoms and hence on their orienta-
tion. Thus, the rate of magnetic switching should depend on the strength of the
interaction, that is, on tip-sample distance. Besides the interaction strength,
variation of temperature and tip velocity also allow for a decrease or increase of
the energy barrier and should be considered. In figure 8.11a-d four consecutive
MExFM images are obtained using an initially Cr coated tip in a magnetic field
of 4.5T. The tip-sample distance is decreased from image to image, starting at
Af=-23Hz in a and ending at Af =-29Hz in d. The tip-sample interaction
strength increases, respectively. Every white dashed line within the images
corresponds to a switch of the tip magnetic moment by 180°. With increas-
ing tip-sample interaction strength the number of switching events increases
as well. While there is only one event at Af =-23Hz, 17 events are counted
at Af =-29Hz. However, the number of switching events does not increase
linearly with increasing tip-sample interaction and two events are counted at
Af=-25Hz and Af =-28Hz. The tip-sample exchange interaction strength
is estimated to be on the order of 5 to 10 meV, according to figure 7.6, within
all images, but it is smallest at Af = —23Hz and largest at Af = —29Hz.
The variation of the interaction strength from Af=-23Hz to Af =-29Hz,
however, is small, as the contrast appearance is identical in all four images
(cf. figure 6.5), but it is obviously large enough to lower the energy barrier
Ey, between the two magnetic tip states significantly on approach. The mean
lifetime 7 of the two tip states with respect to the frequency shift is plotted
in figure 8.12 for Af =-23Hz, -25Hz, -28 Hz and -29 Hz, respectively. Up to
three images for every frequency shift setpoint are evaluated therein. While
T = 33.7s at Afes = —29Hz, it increases to 7 = 348.2s at Afyy = —23 Hz.

Considering the foremost tip apex as free standing magnetic cluster switch-
ing its magnetization direction, the NEEL [149] and BROWN [150] model of
thermal switching of the magnetization of a single domain particle might be
applied. NEEL and BROWN both state that in zero external field a single-
domain particle has two equivalent ground states of opposite magnetization
separated by an energy barrier Fg. Thermal energy could overcome the energy
barrier, leading to superparamagnetic behaviour of the particle. An external
field, however causes the two stable positions to have different energies. Ac-
cording to the Néel-Brown law, the mean lifetime 7 of the magnetic particle
switching between the two states, up and down, respectively, can be written
as

1 Ey,
P exp |- 1
= exp{ kBT} (8.1)

with 1y being the attempt frequency. If an external field is applied, the energy
barrier Ep is lowered and one of the two states should be favoured. Statistical
analysis of the switching events in zero field, figure 8.13a, and in a flux density
of 4.5T, figure 8.13b, where the two directions of the tip magnetic moment
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Figure 8.12: Mean lifetime 7 of the tip state as function of frequency shift. A
more negative A fqet indicates a smaller tip-sample distance, but the exact relation
is unknown and non-linear.

are considered as state (0) and state (1), respectively, shows that the lifetime
of both states as obtained in zero field is nearly equally distributed, that is,
the probability of the tip magnetic moment to stay in state (1) corresponds
to 61 £9%. Considering the thermal energy of kg7 = 0.69meV at 8 K and
the mean lifetime of 7 = 23.85s (27 events are counted during 644 s of scan-
ning time), the energy barrier can be calculated. It can be assumed that the
switching most probably occurs at smallest tip-sample distance, which is a
190435 times per second, according to the resonance frequency. Hence, assum-
ing vy = fy and applying the Néel-Brown law results in an energy barrier of
Eg = 4.6meV. This is very well on the order of the MAE of single adatoms and
adatom clusters on metallic surfaces [151-157|. For example, CABRIA et al.
calculated the MAE for a Cr adatom on Ag(001) to be on the order of 5meV.
However, within small clusters, the MAE is even lower. Considering a clus-
ter of four Fe atoms on Ag(001), the MAE is on the order of 0.12meV /atom.
Though comparison of the tip apex, that can be assumed as a single atom
residing on a base of several atoms, with the theoretical models considered in
the literature to calculate the MAE seems realistic, a direct comparison with
the presented results, as well as a rough estimate of atoms involved in the
switching at the tip apex is not possible.

Applying an external field perpendicular to the sample, the probability of
the tip magnetic moment to stay in state (1) drastically decreases to 27 +7 %
, hence state (0) is energetically more favourable: in state (0) the magnetic
moment of the foremost tip atom should be aligned collinear with the field.
The shift of the switching probability between zero flux density and 4.5T
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is sketched within the energy landscape of both states in figure 8.13. The
change of the energy barrier Ey, should correlate with the Zeeman energy at
4.5'T, which is about Fz; = 1.27meV in the case of a single Fe atom and
Ez = 1.5meV for a single Cr atom within the FM Cr(001) surface, but
only FE7(4.5T) = 0.34meV within bulk Cr. This results in F,, — Ey for (1)
and Ey, + Ey for state (0). Determination of the mean lifetime of state (0)
and (0) from figure 8.13b results in 7 =57.6s and 7 =22.3s, respectively.
Again assuming an attempt frequency on the order of fy and considering the
thermal energy of 0.69 meV results in an energy barrier of £}, = 4.85meV for
state (0) and FE), = 4.56 meV for state (1). Hence, the energy barrier without
Zeeman contribution can be estimated to (4.85meV+4.56meV)/2=4.7meV.
This value is consistent with the already derived value of F;, = 4.6meV.
The additional energy contribution due to the Zeeman energy hence is about
4.85meV-4.56 meV = 0.29 meV, a value comparable to the Zeeman energy of a
bulk Cr atom.

However, the slope of log 7(Af) in figure 8.12 is not linear as expected fol-
lowing eq. 8.1. This inconsistency with the simple Néel-Brown model can
be attributed to a wrong interpretation of the z-axes, where Af is plotted
instead of temperature or even energy. Af does not scale linearly with en-
ergy. A translation of single A f values into energy is not possible, as absolute
z-values corresponding to each A f-setpoint were not recorded during the mea-
surements. Moreover, a complex structure of the tip apex cluster, an existing
influence of the tip base on the magnetism of the tip end, the non-linear in-
fluence of the exchange energy on the energy barrier, and other anisotropy
effects have to be considered as well. Additionally, only about 60 switching
events are evaluated in maximum at Af(z) = —29Hz. Such a bad statistics
might not allow for the determination of F}, and the attempt frequency of the
switching . Only a number of at least a thousand events would lead to a
good statistics [158].

A true quantitative comparison of the data obtained in zero field and at
4.5'T is also not possible, as the data are acquired using different tips, and
different tip geometries have to be taken into account. These might lead to
different results. Additionally, according to chapter 8.1.3, the tip end in figure
8.13a is structurally more unstable than the tip end in figures 8.11 and 8.13b.
Hence, relaxation effects and the role of non-conservative interactions on the
anisotropy energy have to be considered differently. A determination of FEj,
would only be possible if exactly the same, stable tip would be used for a field
or temperature dependent determination of the switching rate, if the total
interaction energy between tip and sample is determined simultaneously, and
if a few thousand events are recorded.

Assuming identical tips within the experiments presented in figure 8.13a
and b, the energy barrier between 0T and 4.5T is shifted by roughly 50%
when applying the field, according to the shift in lifetime from 50% to 25%.
Hence, by further assuming a Zeeman energy of 1.27 meV for a single Fe atom



8.2 Spontaneous Tip Modifications

103

owOy
ooy

Figure 8.13: (2 x 2)nm? MExFM images obtained with two different tips with a
switching magnetic moment at the tip end. The lifetimes of state (0) and state (1) are
evaluated by the averaged line sections along the slow scan direction. a is recorded
in zero flux density, b at 4.5T. The change of the energy landscape by lowering the
energy barrier Ey, due to the onset of the Zeeman energy, hence favoring state (0),
is sketched below: at 0T the probability for the tip to stay in state (1) is 61 £+ 9%,
at 4.5 T the probability for state (1) is decreased to 27 £+ 7%.

Parameters: a Af =-18Hz, ¢, =150 N/m, A=3.49nm, fo=190kHz, B=0T.

b Af=-29Hz, ¢, =143N/m, A=2.81nm, fy=185kHz, B=4.5T.

at the tip end, the anisotropy energy in zero field would be on the order of
2.5meV = 100%. The barrier height scales with the amount of atoms within the
tip apex cluster. Considering the thermal energy of 0.69 meV at 8 K this energy
is not sufficient anymore to cross the barrier. However, the energy between tip
and sample at the distance where magnetic exchange forces are measured is on
the order of 5 to 10 meV and hence large enough to switch the magnetization
direction of at least single atoms at the tip apex. This qualitative discussion
shows that the tip apex might be considered independently of the tip base as
single magnetic particle or cluster.
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Figure 8.14: A sharp line of contrast inversion within an MExFM image can be
explained by a simple model. a A magnetically sensitive tip apex (here AF Cr) scans
the surface in close distance. b Due to strong magnetic exchange interaction with
the sample the orientation of the magnetic moment of the cluster at the tip apex (or
of a single atom, not sketched) might rotate by 180°. The obtained contrast changes
abruptly, indicated by the black arrow.

8.3 Intended Tip Modifications

To deliberately induce modifications at the tip end, the tip-sample distance
has to be decreased to increase the tip-sample interaction strength. However,
upon approaching tip and surface very close into the regime where the slope of
A f changes its sign (cf. figure 3.8), the topography-regulator starts to regulate
into the wrong direction. Whenever this happens, a tip crash is inevitable.

8.3.1 Spectroscopic Method

A more controllable way to induce tip modifications is performing Af(z)-
spectroscopy, where the tip is approached very close to the surface above a
specific point without using the z-feedback, hence a tip crash caused by the
feedback regulator is avoided.

Figure 8.15a shows an atomic resolution image of the iron monolayer ob-
tained with a Cr coated tip. While the tip is not magnetically sensitive, it is
deliberately approached close to the surface utilizing force spectroscopy. The
spectroscopy point is located in the upper right corner of figure 8.15a. During
the Af(z)-curve at a stabilization frequency of A f., =-25 Hz, the dissipation
Ep rose from O0meV at the relative starting point of zg.¢ = 0nm to a max-
imum value of Fp=06.8eV at z=0.96nm, 8.15f and close-up in 8.15g. At
the point of closest approach (2zenq = 1nm), the dissipation showed a value of
4.3eV, figure 8.15f. However, the oscillation is recovered with an amplitude
deviation of AA =60 pm in maximum, which is only 2% of the amplitude value
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Figure 8.15: Using Af(z)-spectroscopy (the corresponding Af(z)-, AA(z)- and
Ep(z)-data are plotted in d, e, and f, respectively, g shows a close-up of f), a
chemically sensitive tip in a is changed to a magnetically sensitive one in b. ¢ The
tip state stayed stable after moving to a different area. Along the white line in b
the magnetic contrast is shifted by one lattice site.

Parameters: (2x2)nm?, Af=-17Hz in a, Af =-25Hz in b and ¢, ¢, = 143N /m,
A=281nm, fo=185kHz, B=4.5T, Q=62835.
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of 2.81 nm, figure 8.15e, but which is a significant distance change when the
tip is close to the surface. The frequency shift during the approach is recorded
as well, but it exceeds the actual PLL range limit of -76.3 Hz, figure 8.15d.
After spectroscopy the dissipation reduced to zero with respect to the intrinsic
dissipation, but the tip got shorter by about 160 pm, as measured via the scan-
ner signal z. Scanning the same surface area after the spectroscopy revealed a
magnetically sensitive tip with unstable spin orientation, that is, the shift in
contrast along the white line in figure 8.15b indicates a spontaneous switch,
and two adatoms of about 60 pm height each in figure 8.15b. Moving the tip
to another surface area free of adsorbates, cf. figure 8.15c, proves the spin
sensitivity with a stable tip (according to chapter 8.1.3).

The shape of the obtained Ep-curve indicates strong modifications during
the approach: when a stable plateau of energy dissipation is reached, the tip
dissipates additional energy on this order into the tip-sample system. Consid-
ering the tip as free standing cluster with negligible contact to the tip base
according to chapter 8.13, where a weakly bound tip apex has been derived,
several possible structural and magnetic non-conservative interactions exist.

For instance, the value of 4.3eV (see close-up of Ep in figure 8.15g) corre-
sponds very well to the binding energy of a single Fe atom in bcc iron, which is
4.28¢V [159]. The binding energies for iron clusters range from 1.837 eV /atom
in Fey to 2.440 eV /atom in Fes, and to 2.939 eV /atom in Fe,, fairly approach-
ing the bulk value. For instance, an Feys cluster has a binding energy of
4.698 eV /atom. The bulk value is reached for about 500 Fe atoms [146]. Thus,
as the dissipated energy indicates severe reconfigurations at the tip apex, a
breaking of atomic bonds is feasible. Of course, less severe structural changes
due to relaxation might be induced into the apex cluster as well: an Fe; clus-
ter, for instance, exhibits three different energetically favourable symmetries
with energy differences on the order of 0.25 eV between two of these. The same
accounts for other cluster sizes [146|. Changing the symmetry also changes the
bond length of single Fe atoms in the cluster. An Fe; cluster, for instance, is
found to have a noncollinear ground state, but turns ferromagnetic when the
geometrical symmetry is broken [160]. Already the smallest cluster, Fey, which
exhibits a ferromagnetic ground state with a bond length of 220 pm is claimed
to turn antiferromagnetic when the bond length is relaxed to 230 pm. The
energy cost is on the order of 0.5¢eV /atom [160].

During the events of largest energy dissipation at 0.955nm and 0.96 nm
distance, figure 8.15g, the tip changes drastically. The energies involved are
on the order of 7€V and the difference in dissipation between the corresponding
energy levels is AFp = 3eV. Hence, within one of these events the dropping
of single atoms might have taken place.
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8.3.2 Scanning at Close Distance

Very often, scanning over step edges, defects, vacancies and adsorbates at
small tip-sample separation is the reason for spontaneous tip modifications:
the coordination of iron atoms and adsorbates, for example, along the step
edges, is lower than for atoms within the surface. Hence, such rim atoms
might be picked up by the tip more easily (cf. figure 8.8). The knowledge that
a spontaneous increase of dissipation at close distance to the surface indicates
that the tip changed its state and got magnetically sensitive can be used to
provoke a tip modification during scanning and avoid a tip crash: the tip is
scanned across, for instance, a step edge in close distance and immediately after
the excitation increases the tip is retracted slightly to secure its new tip state,
either by hand, or by using the SafeTip feature of the data acquisition software
[45], which prevents tip-crashes in the non-contact mode by monitoring the
adjustable threshold of, for instance, the excitation. After moving the modified
tip to a surface area known to be free of adsorbates or large topographic
features, re-approaching and scanning frequently leads to magnetic contrast.

The only reliable way to distinguish a magnetically sensitive from a magnet-
ically non-sensitive tip end is the detection of exchange and chemical forces si-
multaneously on a magnetically inhomogeneous sample as Fe/W (001). Though
the tip does not stay stable when the surface is consequently scanned at a tip-
sample separation where changes are induced, by this, several modifications
driving the tip to change from magnetic sensitivity to chemical sensitivity and
back again can be demonstrated. Figure 8.16a and b show dissipation and
topography, respectively, obtained at constant frequency shift. The scanned
surface area is the FM second layer on the left side and the AF monolayer on
the upper tungsten terrace on the right side. Hence, on the left side of figure
8.16b, second layer Fe atoms are imaged equivalently with the magnetic unti
cell coinciding with the chemicall unit cell, while on the right side, first layer
Fe atoms are imaged with a ¢(2 x 2) unit cell size, whenever the tip state is
magnetic sensitive, that is, in part i, i, 44, vi and vii of figure 8.16b. In differ-
ent tip states, that is, part v, v and viir, the tip shows only chemical contrast.
The changes in tip length and dissipation between the different image parts
are listed in the table in 8.16¢, demonstrating several different states of the tip
apex, showing either magnetic or chemical resolution, but none of the different
states corresponds to oneanother.
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CHAPTER 9

SUMMARY AND OUTLOOK

The surface of iron grown on tungsten (001) in the monolayer coverage regime
has been characterized structurally, electronically and magnetically using FM-
AFM and related techniques in the non-contact regime. To understand the
detection methods and the contrast mechanisms of the utilized AFM-based
techniques, an introduction into atomic magnetism, especially into the phe-
nomena related to magnetic exchange was followed by a discussion of the elec-
tromagnetic forces detectable by a probe above a surface, hence demonstrating
the principle of AFM. After a short discourse into the instrumentation, the
preparation of sample and probes was motivated and discussed in detail.

The survey of different sample properties presented in chapter 5 revealed
different work functions for the first and second atomic layer iron, as well
as different work functions for adjacent second layer iron stripes along the
tungsten step edges. The magnetic order of the first and second layer iron was
shown utilizing MFM and MExFM. A switching of the magnetization direction
of free-standing second layer islands was observed for the first time. To gain
deeper insights into the switching mechanisms and to get an elucidate idea
whether ferromagnetic, antiferromagnetic, or anisotropic magnetic exchange
play a dominant role between the first and second layer iron, additional exper-
iments utilizing MFM or SP-STM are necessary.

Furthermore, due to its switching, two atomic layer-high iron islands on
W(001) are an interesting candidate for time-resolved SP-STM measurements
like those performed by KRAUSE and co-workers [25, 158, 161, 162|, as the
switching rate surely is much faster than observable with AFM. KRAUSE and
co-workers measured the telegraph noise of switching in-plane FM monolayer
patches of iron on non-magnetic W(110).

In contrast to [25,161,162], here the islands were grown on a magnetic sub-
strate, that is, the AF ordered Fe monolayer on W(001). This gives rise to
magnetic coupling phenomena which eventually influences the switching be-
haviour. Amongst the electronic and magnetic analysis of the sample system,
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tip-related aspects were discussed in chapter 5, clarifying electronic and mag-
netic tip properties as well.

Utilizing MExFM, the ¢(2 x 2) AF structure of the Fe monolayer on W(001)
is mapped in real-space using Fe and Cr coated tips. The results were pre-
sented in chapter 6. On Fe/W(001) much larger corrugation amplitudes com-
pared to the previously studied NiO(001) were observed. This can be expected
since the two sample systems are electronically and magnetically very differ-
ent. As revealed by DFT-based simulations [10,102]|, the observed contrast on
Fe/W(001), which is a peculiar interplay of chemical and magnetic exchange
forces, strongly depends on the tip-sample separation as both interactions are
electron mediated and short range in nature. Hence, both interactions are
present simultaneously within the MExFM experiment. However, while on
NiO(001) the magnetic contrast only appears as a supermodulation to the
chemical contrast, for Fe/W(001), the contrast changes between (i) a pure mag-
netic contrast close to the surface (which is not yet experimentally proven) (ii)
a mixture of both, chemical and exchange contrast, in an intermediate regime,
and (iii) a contrast, where the exchange interaction is visible as supermod-
ulation to the chemical contrast farther away from the surface. Comparing
the previous calculations performed on NiO(001) using a single iron atom as
tip [125], the present DFT results on Fe/W(001) [102,136] demonstrate that
an accurate treatment of exchange forces requires a more realistic multi-atom
tip and the implementation of relaxation effects. Moreover, the calculations
reveal that Cr coated tips should enhance the ability to detect exchange forces
already at a larger distance compared to Fe coated tips. Additonally, Cr tips
are promising to be more stable at close distance than Fe tips due to a weaker
coupling to the surface spins. Experimentally, it was verified that Cr coated
tips, indeed, are more stable and an exchange contrast is frequently observed.
Thus, using Cr coated tips, successful MExFM-experiments were performed in
zero magnetic field for the first time, in contrast to the former MExFM study
on NiO(001) [17].

MExFM images on Fe/W(001) revealed structural defects leading to a dis-
tortion of the magnetic configuration. By exploring defects in the materials
surfaces using MExFM, vaguely understood phenomena like the exchange bias
effect [163] on the interlayer between hard and soft magnetic materials, either
metallic or insulating, might be addressed.

Without the limitation of conducting samples like with SP-STM, MExFM is
indeed a versatile tool to study various magnetic nanostructures with atomic
resolution, where different types of magnetic exchange, for example, superex-
change, double exchange, or RKKY, are the driving interaction to the mag-
netic ordering. Hence, magnetic properties of, for example, single atoms or
molecules on surfaces might be investigated. While on metallic substrates
strong hybridization occurs, insulating substrates, where hybridization is ab-
sent, can be utilized using MExFM. Moreover, making use of spin-sensitive
AF tips soft magnetic structures, such as domain walls, or even more complex
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magnetic structures like spin spirals in electrically insulating systems can be
imaged using MExFM without changing the magnetic structure with the tip
stray field.

But even on conductive samples, MExFM is very useful, because it is sensi-
tive to a different parameter compared to SP-STM. Namely, it is sensitive to
the total charge density instead of the local density of states (LDOS). An inter-
esting metallic surface to be studied with MExFM is Co/W(001) in the mono-
layer regime [164]. Due to hybridization with the tungsten substrate even the
Co monolayer is expected to be AF with out-of-plane anisotropy [23,165-168|.
However, these theoretical predicitions still lack their experimental verifica-
tion. SP-STM fails, because strong states at the Fermi edge mask the magnetic
states, making it difficult to probe this sample with SP-STM [167].

In chapter 7, the first direct measurement of the distance dependence of
the magnetic exchange interaction across a vacuum gap was performed using
the spectroscopic mode of MExFM, namely MExFS. Since measurements were
performed on the AF iron monolayer on W(001), no magnetic field-dependent
measurements were required and all non-magnetic contributions to the to-
tal tip-sample interaction, measured as frequency shift, were eliminated by
subtracting the distance dependent curves recorded on two atomic sites with
oppositely oriented atomic magnetic moments, hence, on ap- and p-site, re-
spectively. Atomically resolved 3D-spectroscopy experiments were successfully
performed using different magnetically sensitive tips, revealing two classes of
distance dependent A f,,(2)- and Af,(2z) curves with the shape of the curves
being tip related. Based on the dissipation channel recorded simultaneously,
the tips were classified as either non-dissipative or dissipative, hence, stable
or unstable, respectively. While analysis and conversion of Af(z)-data ob-
tained with non-dissipative tips is straightforward and allows one to extract
the exchange energy Fo(z), it is not possible for dissipative tips. DFT cal-
culations [136] using very simplified Cr/Fe cluster tip models reproduce the
experimental result for the non-dissipative tips, that is, the slope of the exper-
imental curve is comparable to the slope obtained with a symmetric, pyramidal
shaped Fe tip in theory. Because accurate DFT calculations with relatively
large supercells are very time consuming, it is at this point not possible to
calculate a large number of different possible (and even dissipative) tip apices,
including relaxation of the magnetization and different magnetic atoms as a
tip end. However, theory reproduces basic features of the magnetic exchange
interaction, that is, the presence or absence of a sign change as well as the
absolute magnitude of the measured exchange energy. Particularly, the results
demonstrate that it is indeed feasible to measure the distance dependence of
the magnetic exchange interaction between atoms across a vacuum gap using
MEXFS.

A future perspective of MExFM and MExXFS is the investigation of sin-
gle magnetic atoms and molecules which are presently subject to research
(SEB668 Magnetismus vom Einzelatom zur Nanostruktur, LExI-Cluster Nano-
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Spintronics, ERC Advanced Grant FUndamental studies and innovative ap-
pROaches of REsearch on magnetism - FURORE). A sound understanding of
the atomic, as well as inter- and intra-molecular magnetic coupling on con-
ducting and insulating surfaces, that is, with and without hybridization, re-
spectively, is an indispensable step towards nanoscale spintronic devices [28|.
Besides the possible structural manipulation of single atoms and molecules
with FM-AFM [169], MExFM is able to visualize the magnetic structure and
MEXFS should give the possibility to switch the magnetic state of atoms,
clusters or molecules involved in a controlled fashion by adjusting strength
and sign of the magnetic exchange interaction by setting an appropriate tip-
sample distance [137]. Unlike in previous SP-STM experiments [11, 12, 27],
using force-related techniques as MExFM and MExFS on insulating samples
opens a wide range of possibilities to study spin-switching and -excitation
without the magnetic coupling being mediated by the substrate [4,12,27].

From the presented MExFM and MExFS studies, a lot of information can
be gained about the structure of the tip apices. It is widely accepted |72,
148| that the tip-sample system experiences instabilities at close approach.
Such instabilities are central to hysteresis mechanisms leading to an additional
loss of energy during single cantilever oscillation cycles. Furthermore, low
symmetry and low coordination of the tip-sample configuration enhances the
dissipation of energy due to reversible or even irreversible relaxations. By
analyzing the dissipation, it is experimentally confirmed that the tip apex
is able to structurally and magnetically relax. A slightly different tip apex
structure can completely change the dissipation signal. Hence, the dissipation
is extremely sensitive to the stability and identity of the tip apex. While
reversible relaxations do not permanently change a tip, irreversible relaxations
do, and the tip apex is modified. Modifications are induced deliberately, for
instance, during scanning the surface at close distance. Such an in situ tip
preparation is necessary to change a chemically sensitive to a magnetically
sensitive tip as none of the used tips ever showed a magnetic exchange contrast
from the beginning. However, using Fe/W(001) as sample surface allows to
easily distinguish chemical and magnetic exchange contrast within one image
as both appear simultaneously when scanning a surface area containing FM
second layer and AF monolayer.

Whether or not a modification or instability occurs, where it occurs, either
at tip or sample, whether it will be reversible at all temperatures, and what the
energies involved and the dependence on lateral tip position will be - all this
depends on the exact nature of the tip apex [148|, which might be considered
as structurally and magnetically independent cluster of several or even single
atoms in size.

After modification the tip apices sometimes change even drastically and
neither structure nor composition can be determined experimentally. However,
to know the exact tip shape and its chemical contribution is the most important
requirement to get a sound understanding of the processes at its end.
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Considering dissipation, it is important to have knowledge of the entire
accessible energy landscape in the tip-surface junction to properly understand
the imaging process at close approach. By considering more seriously how
a tip is created and the processes it undergoes during scanning, it might be
possible to establish some fundamental features of the tip apices. Still, this
is a demanding future task [170] and a direct comparison between theoretical
and experimental dissipation images is lacking [148]. This, however, would
be a basis needed to perform spin-flip and spin excitation processes via the
dissipation channel [171].

In conclusion, both, MExFM and MExF'S, allow for a powerful analysis of all
kinds of magnetic nanostructures with combined atomic and spin resolution.
3D mapping of forces is possible and further allows for a direct, quantitative
measurement of the exchange interaction. Both techniques might be used to
address open questions concerning nano-magnetism and spintronics and will
soon be indispensable tools in the field of surface science.
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