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Chapter 1

Introduction

The study of electronic and magnetic properties on the nanoscale has been the
focus of intensive research in the past few decades and has led to revolutionary
developments in catalysis [1-4], energy applications [5-8], high-density magnetic
storage devices [9-16] and magnetic random-access memory (MRAM) [17-21].
Also many fundamental issues regarding the physics of magnetism and antifer-
romagnetism are related to sub-nanoscale properties and questions about the
magnetic anisotropy, spin polarization, coercive fields and exchange bias have
been related to properties on the atomic scale [22-25]. Experimental investiga-
tion of atomic-scale spin properties was first accomplished for magnetic metals
by combining the atomic-resolution capability of scanning tunneling microscopy
(STM) [26-32] with spin sensitivity, based on vacuum tunneling of spin-polarized
electrons [33]. The resulting technique, spin-polarized scanning tunneling mi-
croscopy (sp-STM) [34-36], provides unprecedented insight into collinear and
noncollinear spin structures at surfaces of magnetic nano structures and has
already led to the discovery of new types of magnetic order at the nanoscale
such as two dimensional magnetic skyrmion lattices [37,38].

Spin-polarized STM is the experimental technique used in this thesis to study
spin-dependent electronic and magnetic properties of Co and Fe nano structures
on Cu(111). T used this technique also to investigate electron confinement in Co
nano islands and Fe-decorated Co nano islands on Cu(111) and graphene nano
islands on Ir(111).

Confinement induced electronic properties in nano structures are of great
interest in many research fields, such as nano electronics and magnetism. The
first studies on quantum interference phenomena and confinement of surface
state electrons on metal surfaces were already reported in the early 1990’s by
Crommie and Hasegawa [39,40]. Since then, quantum interference phenomena
were observed in many different nanosized systems [41-53]. In this thesis, the
first observation of quantum electron confinement in nano-size graphene islands
on Ir(111) is shown [54]. Graphene is one candidate for future nano electronic
devices [55-59], and one leading question for its application in nano electronics
is how its electronic properties depend on the size at the nanoscale. Our re-
sults provide experimental insights into the physics relevant for graphene-based
electronics, where engineering of electronic properties via well-defined nanos-
tructuring is likely to be a central issue.

Experiments on electron confinement are also of central importance to ob-



tain information about the scattering potential which confines the surface state
electrons within the nanostructure. In this thesis, a novel approach to alter the
scattering potential by modifying the edge electronic properties of a nano struc-
ture is introduced. For this purpose, the edges of Co nano islands were decorated
with Fe. This thesis presents the first report on the remarkable differences be-
tween confinement in pure Co islands as compared to Co cores of Fe-decorated
Co islands. This provides new insights into the correlation between structural
relaxations and local electronic properties at the edges of nanostructures.

At the edge of a nanostructure, such as a Co island on Cu(111), the electron
charge tends to spill out and smoothen the transition of the electronic charge
density, which differs from the abrupt variation of the positions of the positively
charged atomic nuclei [60]. This was already discussed some 70 years ago by
Smoluchowski, and the corresponding effect of charge redistribution near surface
corrugations bears his name. The Smoluchowski effect focuses on the total
electron charge density and it neglects that electrons, in addition to charge, also
carry a spin. Evidence for the spin-dependence of the Smoluchowski effect at the
edge of a Co nano structure is shown here for the first time in a close cooperation
between theory and experiment [61]. In view of technological application, the
possibility to tune the tunneling magneto resistance of nano structured magnetic
tunnel junctions on a Angstrom scale is demonstrated by exploiting this novel
insight.

This thesis presents new insights also into another topic of utmost interest
for magnetic recording industry as well as for fundamental research, such as
the mechanism of magnetization reversal in nanoscale particles [62-73]. Stud-
ies on the switching of magnetic particles are mostly performed on ensemble
of particles by averaging techniques [23,72-74]. On the other hand, sp-STM
allows to measure the switching field of single nano particles. Here, the size
dependence of the switching field for individual Co nano particles on Cu(111)
is revisited [75,76]. Previous results indicate a crossover of the magnetization
reversal from an exchange-spring behavior to domain wall formation with in-
creasing size [77,78]. Here, the first results on the impact of an Fe decoration on
the magnetization reversal of Co nano islands are presented. Surprisingly, the Fe
decoration contributes in a non-trivial way to the magnetism of the Fe-decorated
Co nano particle. The main reason of this result is that nano structured bilayer
Fe on Cu(111) shows a novel and unexpected magnetic order at the nano scale.

This thesis identifies a stripe pattern in the spin-polarized spectroscopy of
the differential conductance of bilayer Fe on Cu(111), which has a magnetic
origin and has not been described so far. The physical origin of this magnetic
contrast is not fully resolved yet. It points at the importance of non-collinear
spin states in magnetic nanostructures.

Fundamental experimental aspects of spin-polarized STM are also addressed
in this thesis. In order to extract reliable information about the magnetic prop-
erties of the sample, the importance of characterizing the magnetic response of
the tip apex is fundamental. For this purpose, temperature dependent mea-
surements of the differential conductance on the applied magnetic field were
performed for Fe-coated W tips [34,79]. A superparamagnetic response of the
magnetic moment of the Fe-coated tips used in this work was established.

This thesis introduces also bulk Cr tips as magnetic probes for in-field sp-
STM [80]. In contrast to W tips covered with a magnetic material, which are
the magnetic probes typically used for sp-STM [34, 79, 81, 82], bulk Cr tips



present the advantage of a simpler preparation [83]. They require neither high-
temperature flashing nor material deposition. This aspect is of interest in ex-
periments where tip exchange or tip treatment are experimental not feasible.
A spin polarization of the tip apex as large as 45% is extracted [80], which is
comparable with the spin polarization of Fe-coated W tips. The precise charac-
terization of the magnetic tips used in the experiments opens the way to tackle
both spin dependent electronic properties and nano magnetism aspects of the
samples investigated down to the nanoscale.

The thesis is organized as follows. Chapter 2 illustrates introductory basic
theoretical concepts of spin-polarized scanning tunneling microscopy (sp-STM)
and spectroscopy (sp-STS). Chapter 3 describes the low temperature STM op-
erated in magnetic field used for this work. Also, the preparation of samples
and magnetic probes used in this thesis are described. The extraction of the
asymmetry of the differential conductance between parallel and anti-parallel
configuration of tip and sample magnetization is also introduced here, and this
is important for the discussion of the spin polarization of the magnetic nanos-
tructures investigated in this thesis. Chapter 4 presents the results on electron
confinement. The first observations of electron quantum confinement within
graphene nano islands on Ir(111) and the comparison between electron quantum
confinement within pure Co islands and within the Co cores of Fe-decorated Co
islands on Cu(111) are described. Experimental results of spin-polarized STM
follow in Chapter 5, where magnetic properties of bulk Cr tips are characterized
and temperature dependent measurements are performed with Fe-coated W tips
in order to gain insights into the magnetic behavior of the tip magnetic moment.
Chapter 6 focuses on the results on the magnetic properties of Co and Fe nano
structures on Cu(111). Measurements to detect the induced spin polarization
in the Cu substrate in proximity of Co islands are presented, and clear evidence
of the existence of a spin-dependent Smoluchowski effect is shown for the first
time. Chapter 6 also reports the results of the size dependence of the switching
field for individual Fe-decorated Co islands, in comparison to previous work on
pure Co islands. Clear evidence of a novel and unexpected magnetic order of
nano structured bilayer Fe on Cu(111) is found. All experimental results are
thoroughly discussed in Chapter 7, and conclusions and indications for future
prospects are presented at the end of the thesis.






Chapter 2

Introductory remarks on
spin-polarized Scanning
Tunneling Microscopy

The invention of STM by Binnig and Rohrer [26-28] in the early 1980’s has
revolutionized surface science, and it was awarded with a Nobel prize in 1986.
The possibility of combining atomic resolution in imaging with the capability
of performing spectroscopy, probing both occupied and empty electronic states,
opened the way to investigate the physical properties of nanostructures and even
single atoms. A decade after its invention, the introduction of spin-polarized
STM [33,84], allowed the investigation of magnetic and spin-dependent proper-
ties down to the atomic scale.

The main topics of this work are spin-dependent scanning tunneling spec-
troscopy measurements (sp-STM). This Chapter gives a brief description of the
relevant mechanisms involved in spin-STM measurements. However, the goal
of this section is not to give a complete description of all phenomena occurring
in real sp-STM experiments, since more detailed descriptions can be found in
textbooks [29-32] and exhaustive reviews are given by Bode [34], Wulfhekel and
Kirschner [35] and Wiesendanger [36].

2.1 Spin-polarized STM/STS

The principle of operation of sp-STM is based on the difference of the den-
sity of states near the Fermi energy for electrons of different spin character.
Due to the quantum mechanical exchange interaction between electrons, the
density of states splits up into minority and majority states, which are shifted
rigidly against each other in the band model of ferromagnetism [85], as shown in
Fig. 2.1. The imbalance causes a spin polarization, in contrast to paramagnetic
substances, in which the density of states of spin-up and spin-down electrons are
identical at the same energy. This splitting of the density of states has immedi-
ate consequences on the tunneling current, as discussed by Julliere in 1975 [86].
When electrons tunnel between two ferromagnets, the magnitude of the current
is influenced by the orientation of magnetization of the two electrodes and the
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Figure 2.1: Simplified picture of spin polarized tunneling within an hypotheti-
cal spin split density of states model [35]. The spin orientation of the tunneling
electrons is assumed to be conserved during tunneling, i.e. spin-up electrons
always tunnel into spin-up states and spin-down electrons always tunnel into
spin-down states. Black arrows indicate the DOS of spin-up and spin-down
electrons. My, and Mgampie denote the magnetization orientation of tip and
sample, respectively. (a) Parallel and (b) antiparallel alignment of tip and sam-
ple magnetization lead to high and low tunnel current, respectively.

phenomena was called tunneling magnetoresistance (TMR) effect.

Figure 2.1 presents a very simplified sketch of spin polarized tunneling in-
volving two hypothetical spin-split density of states (DOS) [35]. In this picture
it is assumed that the spin orientation of the tunneling electrons is conserved,
i.e. spin-flip processes during tunneling are excluded. This is well justified in the
limit of low bias voltage [34], where the tunnel current is dominated by elastic
processes. In Fig. 2.1(a) the situation for a parallel alignment of tip and sample
magnetization is shown. For the sake of simplicity the electronic structure of
both tip and sample are considered to be identical. Under parallel alignment
and with a small positive voltage applied to the sample, electrons can tunnel
from occupied spin-up (spin-down) states of the tip into unoccupied spin-up
(spin-down) states of the sample. The high DOS of spin-down electrons at the
Fermi energy of tip and sample results in a high tunnel current (thick black ar-
row). The contribution of spin-up electrons to the tunnel current is very small,
due to the reduced spin-up DOS at the Fermi level, as marked by the thin black
arrow. In Fig. 2.1(b) the magnetization of the sample is reversed, the DOS of
spin-up and spin-down electrons are swapped. Now the number of unoccupied
sample states of spin-down character is strongly diminished, which leads to a
low tunnel current of the spin-down electrons. For the spin-up electrons the
situation remains unchanged. Despite the higher density of unoccupied states
in the sample, the number of occupied tip states available for tunneling is un-
changed. In conclusion the tunnel current is smaller in the antiparallel situation
than in the parallel situation.

For a theoretical description following Bardeen’s perturbative treatment of



tunneling [87,88], the tip and sample wave functions have to be replaced by
spinors, and the problem of deriving an expression for the tunneling current in-
volves a spinor transformation from the spin coordinate system of one electrode
to the spin coordinate system of the other electrode, leading to the following
expression for the total tunneling current I; in the limit of small applied bias
voltage [86, 89

2 2 2 2
Iy o V(plpp§ M 417 + plpp| My |? + ppp§IMLal” + pppgI My ®) - (2.1)
Here, p}is denote the spin-resolved densities of states for tip and sample,
respectively, and My, | are the tunneling matrix elements for transitions between

the spin-dependent states of the tip and sample. Introducing the total tip
(sample) LDOS as

_ 1 s
PT(8) = Pr(sy T Pr(s) (2.2)
and the spin polarization of the tip (sample) DOS

T 1
Prs) ~ Pr(s)

Prs) = (2.3)
T s
Pr(s) T Pr(s)
Equation 2.1 can be simplified as follows:
I < V|Mo|?prps(1 + PrPs cos ) (2.4)

where My is the average matrix element and 6 is the angle between the
magnetization of the two electrodes. Equation 2.4 is an extension of Slonczewski
result [89] and it reduces to the result of Tersoff and Hamann [90,91] if one of
the electrodes, either the tip or sample, is nonmagnetic (Pr = 0 or Ps = 0).
According to Eq. 2.4 the tunneling conductivity in the magnetic case is expected
to depend on the spin-resolved local density of states at the Fermi energy for
both electrodes and on the cosine of the angle 6 between the magnetization
directions of tip and sample, similarly to the case of planar magnetic tunnel
junctions.

Although constant-current sp-STM is sensitive to an energy-integrated prop-
erty (I;) it plays a unique role to reveal complex atomic-scale spin structures at
ultimate magnetic resolution [38,92,93]. This is because the coefficients of the
2D Fourier transform of the surface lattice decay exponentially with increasing
length of the reciprocal lattice vectors [34,90,94]. Therefore the STM image
is primarily dominated by the smallest non-vanishing reciprocal lattice vector.
Since any magnetic superstructure leads to a larger periodicity in real space
compared to a nonmagnetic state, the corresponding reciprocal lattice vectors
become smaller than those related to the structural unit cell. As a consequence,
the expansion coefficients for the spin-polarized contribution to the tunneling
current become exponentially larger than those of the non-polarized part. Thus,
a constant-current sp-STM image reflects the magnetic superstructure rather
than the atomic structure [94]. However, the use of this type of operation mode
has some limitations. For example, measurements of rough surfaces at larger
length scales are difficult because topographic features and magnetic structures
might interfere. Moreover, at relatively large bias voltage V applied between



tip and sample, the energy integration can lead to a reduced spin-polarized
tunneling current signal if the spin polarization of the relevant electronic states
contributing to the tunneling current changes sign in the energy range between
the Fermi level and eV. These limitations can be overcome by operating the
sp-STM in the spectroscopic mode.

Spin Polarized Scanning Tunneling Spectroscopy (sp-STS) provides direct
access to the spin- and energy-resolved DOS of the sample and it can be quali-
tatively explained by the same picture used for constant-current sp-STM. Using
the theory of Tersoff and Hamann [90,91] generalized for the magnetic case [94],
the following expression for the local differential tunneling conductance can be
derived

dI
v~ pr(Er)ps(Er + eV)[1+ PrPs(Ep + eV) cost] (2.5)

Comparing Eq. 2.5 with Eq. 2.4 reveals the essential difference between the
contrast mechanisms of the two operating modes. While the differential conduc-
tivity is directly proportional to ps and Ps at the energy Er + eV, the constant
current STM image, is governed by the energy integrated quantities ps and Ps.
For a more detailed treatment, see ref [94].

An outstanding characteristic of sp-STM is the capability to detect spatial
variation of the energy resolved spin polarization of the sample surface with
sub-nanometer resolution. In spin-polarized STM experiments the spin polar-
ization of the sample can be determined from measurements of the asymmetry of
the differential conductance for states of parallel and anti-parallel orientations
between tip and sample magnetization. The asymmetry A of the differential
conductance is defined as

dIJdVap — dI/dVp

A =
Al [dVap + dI/dVp

(2.6)

where dI/dVap and dI/dVp are the differential conductance signals mea-
sured with the tip and sample magnetization in antiparallel (AP) and parallel
(P) configurations, respectively. Substituting Eq. 2.5 in Eq. 2.6, the asymmetry
of the differential conductance A can be linked to the spin polarization of the
tip, Pr, and of the sample at the tip apex position, Pg

A=—PrPs (2.7)

At a fixed voltage value, the spin polarization of the tip Pr is constant and
the dI/dV asymmetry is proportional to the the spin polarization of the sample
Ps. The feasibility of this approach haas been demonstrated before [95], where
the comparison between experimentally measured asymmetry of the differential
conductance and calculated spin polarization supports the applicability of this
approach to extract spin polarization above a Co nano island on Cu(111) by
sp-STM with high spatial resolution.

In the same manner, tip and sample spin polarizations (Pr and Pg) can be
related to the tunnel magneto resistance (TMR) [96]. The TMR is defined as

TMR — Ip —Iap (2.8)
Ixp

Using Eq. 2.4 in Eq. 2.8, we obtaine



2Prp(E)Ps(E)
TMR(FE) =
) = TP B Ps(E)
Polarizations of surface states are of the order of 10—20% and tip spin polar-

ization larger than 40 — 50% are rarely achieved. This means that |PrPg| << 1
and therefore

(2.9)

TMR(E) ~ 2Py(E)Ps(E) (2.10)

It means that for small tip and sample spin polarizations, the TMR is pro-
portional to the asymmetry of the differential conductance with an opposite
sign. Thus, for small spin polarizations of tip and sample, the TMR ratio
is proportional to the spin polarization above the sample and it can be esti-
mated from the spin polarizations of tip and sample alone. This conclusion was
recently confirmed by sp-STM measurements on Co islands on Cu(111) [97],
where clear spatial modulation of the TMR ratio with amplitudes as large as
20% and spacing of about 1.3 nm were observed around the Fermi energy due
to spin-dependent quantum interference. Spatial variations of the TMR ratio
at the Angstrom scale at the edge of a Co nanostructure are also presented in
this thesis in Section 6.1.2 and further discussed in Section 7.6.
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Chapter 3

Experimental setup and
methods

This Chapter describes the low temperature scanning tunneling microscope that
was used to perform all the measurements presented in this thesis. In Sec-
tion 3.3, the sample preparations are described. Preparations of magnetic STM
tips for studying the magnetic properties of single magnetic nano particles are
discussed. A thorough discussion of the preparation of magnetic tips for spin-
polarized STM follows in Chapter 5. The last section of the chapter introduces
a method which is widely used throughout the thesis, namely the extraction of
the asymmetry of the differential conductance dI/dV from the measurement of
differential conductance maps for states of parallel and anti-parallel orientation
between tip and sample magnetization.

3.1 The Cryo-SFM

The results presented in this work have been achieved by using a so-called Cryo-
genic SFM from Omicron NanoTechnology!. The Cryogenic SFM is designed
to operate at cryogenic temperatures and in high magnetic fields. In addition
to STM, an interferometric glass fiber setup enables atomic force microscopy
(AFM). However, in this work I only used the STM capabilities.

Figure 3.1 shows selected aspects of the Cryogenic SFM. The instrument is
operated inside a *He bath cryostat? with optical access and it is attached to a
UHV chamber (Fig. 3.1(a)). The cryostat is a so-called top loader, where the
STM head is lowered from the top into it. Loading of tip and sample into the
STM is done in the UHV chamber above the cryostat at room temperature.
The base pressure of the STM chamber is 1 x 10~!! mbar, and it is estimated
to be orders of magnitudes smaller at the STM head in the cryostat due to the
cryo pumping of the cold (liquid He cooled) chamber wall in the cryostat. The
setup is fairly tall (4 m), as indicated in Fig. 3.1(a) to provide the necessary
vertical travel.

The cryostat contains concentric tanks for the cryo liquids. An outer liquid
nitrogen surrounds two inner liquid helium (LHe) tanks. The outer helium

1 www.omicron.de

2Janis Research Company, www.janis.com

11



Figure 3.1: (a) Side-view of Omicron cryogenic STM. The STM head (b) is
located at the bottom end of the cryostat (orange rectangle). (b) shows the tip
holder 1 mounted at the x,y-coarse motion, the sample holder 2 is attached to
the z-coarse motor and scanning piezo. (c¢) Side view of the tip holder, where the
tip is spot welded to its support. (d) Cu(111) crystal, diameter 6 mm, mounted
to the sample plate with Mo foils.

tank contains a superconducting magnet at its lower end, the inner helium
tank cools the STM. The superconductiong magnet produces a magnetic field
of up to 7 T along the vertical axis, normal to the sample surface. The STM
is cooled by pressing a conical heat exchanger to a LHe cooled counter cone
within the UHV section of the cryostat by applying a contact force. The lowest
reachable temperature is of order 7 — 8 K, as verified by calibrated Cernox
sensors® mounted at the STM head.

It is possible to set the temperature of the STM to values above its equilib-
rium value of 7 — 8 K. This is realized by a resistive heater which is build into
the STM head. The temperature controller is able to keep the temperature of
the STM within +0.1 K around the set temperature. Heating the STM from
8 K to 30 K is used in Section 5.2, where temperature dependent measurements
of the magnetic field dependence of the differential conductance are performed

3LakeShore, www.lakeshore.com
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on Fe-decorated Co islands to identify the magnetic response of Fe-coated W
tips. The temperature of the STM can be also lowered by reducing the vapor
pressure above the inner LHe reservoir, which is used for STM cooling. Thus,
the equilibrium temperature of the STM can be lowered by roughly 1 K and
kept for several hours, until the LHe reservoir is emptied.

Figure 3.1(b) shows the STM head with the central opening for the insertion
of tip (1) and sample holder (2). The tip is positioned by a piezo coarse motion
by +5 mm horizontally in x- and y-directions. The sample is mounted on the
scanner piezo which gives a scan range of order 1 pym at 7 K. The scanner piezo
is mounted at the z-coarse motion which gives a vertical travel of up to 10 mm.
The tip is spot welded to the tip holder, Fig. 3.1(c), and the sample is clamped
to a Mo-sample plate with thin Mo-foils and Mo screws, Fig. 3.1(d).

Different measures are taken to minimize the noise level during STM mea-
surements. The whole UHV system is mounted on a frame which floats on an
air based damping system during the measurements. This enables to decouple
mechanical vibrations from the ground from the microscope. Inside the UHV
chamber, the STM head hangs on a spring suspension and residual vibrations
are damped by a three-stage eddy current damping system above the STM head.
The foundation on which the UHV chamber is mounted also plays a relevant
role. It consists of a concrete cube of 4 x 4 x 4 m® which sits in its own sand
bed. This leads to a complete decoupling of the concrete cube from the rest of
the building and consequently to an extremely efficient noise reduction for the
STM. Furthermore, a sound proof cabin, which surrounds the UHV chamber,
prevents acoustical vibrations from coupling to the STM.

The STM is combined with an UHV sample and tip preparation chamber,
which includes a load lock for exchanging tip and sample without breaking the
vacuum. Tip and sample can be transferred from the preparation chamber into
the STM by a magnetically coupled linear drive, using wobble sticks for tip and
sample handling. The preparation chamber is equipped with a scanning ion
gun and a home-built sample and tip heating stage for cleaning purposes. Two
evaporators are available to deposit different metals onto samples and tips.

3.2 Spectroscopy

The main results of this work were obtained by spectroscopy measurements
of the differential conductance, so called dI/dV (V) or STS spectra. The goal
of such measurements is to retrieve information about the electronic structure
of the sample. In this mode of operation the tip-sample distance is typically
stabilized at a gap voltage of +0.5 V and a tunnel current of 1 nA. We estimate
that this leads to a tip-sample distance of order 0.4 — 0.5 nm. Then the feedback
loop is switched off and the applied bias is swept between an initial and a final
value in some hundred steps within a few seconds. Disabling the feedback
loop leads to a fixed tip sample distance throughout the measurement. During
the voltage ramp, the tunnel current I(V) and the differential conductance
dI/dV (V) are measured. By changing the stabilization parameters it is possible
to probe the electronic structure at different heights above the surface. For
example, increasing the set point current from 1 nA to 10 nA the tip-sample
distance changes by 0.1 nm. Typically, 5 — 10 scans of I(V) and differential
conductance dI/dV (V) spectra are averaged to improve the signal-to-noise ratio.
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The differential conductance dI/dV is measured by a lock-in technique. An
AC modulation with an amplitude of 5 — 20 mV at a frequency f = 4 kHz is
added to the gap voltage and the resulting modulation of the tunnel current at
frequency f is detected with a lock-in amplifier. These single point spectroscopy
data are used to probe the electronic structure of the sample at a fixed position
and a fixed tip-sample distance as a function of applied bias, i.e. as a function
of energy. These measurements can be performed at each image pixel position,
and a complete map of the spectroscopic properties results. The spectroscopic
data acquisition of a 150 x 150 pixel image, with a spectroscopy scan of I(V)
and differential conductance dI/dV (V) with 130 data points at each pixel, takes
around 10 hours. For comparison, a constant current image with simultaneously
taken differential conductance value at a fixed gap voltage takes a few minutes.

3.3 Sample and tip preparation

This section presents the experimental techniques to prepare STM magnetic
tips and sample surfaces. The first part of this section describes the prepara-
tion of Co islands on Cu(111), of Fe and Fe-decorated Co islands on Cu(111)
and graphene islands on Ir(111). The second part presents the preparation of
magnetic STM tips required for spin-STM measurements.

3.3.1 sample preparation

Cu(111) and Ir(111) single crystal from MaTeck GmbH?* were used in this work
as substrates. The as-delivered Cu(111) crystal was treated® by mechanical and
chemical polishing to reach a better orientation than 0.1° and to diminish the
screw dislocations at the crystal surface.

The Cu(111) crystal was cleaned by cycles of Ar ion bombardment (1 keV,
1 pA sample current, 15 min) at 300 K and subsequent annealing at 700 K for
15 min until atomically flat, clean and large terraces (hundreds of nm wide)
were obtained. Co islands were grown by depositing a submonolayer amount of
cobalt (~ 0.4 ML) at room temperature onto the clean Cu(111) surface. After
the deposition, the sample was immediately transferred into the STM head and
cooled down to low temperature in order to minimize potential intermixing of Co
and Cu [98]. Figure 3.2 is a constant-current STM image showing an overview
of Co islands on Cu(111) prepared in this way. The Co islands are two-atomic-
layer high (~ 0.4 nm) and have an approximate triangular shape [99,100]. The
base length of the islands ranges from 4 nm to 30 nm.

Fe and Fe-decorated Co islands were grown by successive deposition of first
Co (~ 0.2 ML) and then Fe (~ 0.3 ML) on the C(111) surface at 300 K, which
was cleaned as described before. Depositions of both Co and Fe were performed
by an e-beam evaporator with a deposition rate of order 2 min per monolayer.
Figure 3.3(a) is a constant-current STM image showing an overview of the sam-
ple. Both pure Fe (Fig. 3.3(b)) and Fe-decorated Co islands (fig. 3.3(c)) form on
the surface. Pure Fe islands (fig. 3.3(b)) show a smooth surface approximately
all at the same height. Fe-decorated Co islands (Fig. 3.3(c)) are composed by

dwww.mateck.de

5Polishing of the crystal was performed by Frau Menge at the Max-Plank-Institute of
Halle.
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Figure 3.2: (a) Constant-current STM image of Co islands grown on Cu(111).
(b) Line profile along the red line in (a). Imaging parameters: Vg, = +0.5 V,
Ii=1nA, T=10K.

an inner Co core surrounded by a Fe rim. A clear cut distinction between Fe
and Co is possible by studying the position dependence of the differential con-
ductance dI/dV spectra within the islands, as discussed in Section 6.3. The
apparent height of the Fe-decorated Co islands changes by 30 — 40 pm from the
inner Co core to the Fe rim. Also, the apparent height of the Fe rim surround-
ing the Co core is not uniform due to inhomogeneous structural and electronic
properties within the Fe rim as it will be discussed in Section 6.3. The apparent
height of both kinds of islands depends on the applied bias voltage and it is
about 0.35 — 0.4 nm, suggesting a height of two atomic layers.
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Figure 3.3: (a) Constant-current STM image of Fe and Fe-decorated Co islands
grown on Cu(111). (b), (c) Close view of the pure Fe island and the Fe-decorated
Co island surrounded by the magenta and green lines in (a), respectively. (d,e)
Line profiles along the red lines in (b) and (c). Imaging parameters: Vg, =
101V, I, =1nA, T =10 K.
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Figure 3.4: (a) Constant-current STM image of graphene islands grown on
Ir(111). (b) Line profile along the red line in (a). Imaging parameters: Vyop =
4+0.05 V, I; =1nA, T =10 K.

The third sample studied in this work is graphene on Ir(111). The Ir(111)
single crystal was cleaned by Ar ion sputtering at room temperature (2 keV,
1 pA sample current, 20 min) and subsequently heated 10 times up to 1200 K
in an oxygen pressure of 1 x 10~ mbar. Finally, it was annealed at 1370 K at a
pressure of 2 x 1071% mbar. In order to grow monolayer graphene, the cleaned
Ir(111) surface was exposed to CaHy at room temperature and a pressure of
2 x 107 mbar for 2 min and subsequently heated to 1320 K for 2 min under
the same partial pressure of CoH,4. Figure 3.4 is a constant-current STM image
of the sample surface. STM image shows that ~ 60% of the substrate surface is
covered by graphene islands and their sizes range from 6 to 50 nm in diameter.
Only single layer islands were observed (apparent height ~ 0.15 — 0.2 nm).

3.3.2 Tip preparation

In order to obtain information about the magnetic properties of the sample,
magnetic probes are required [34-36]. In this work, two magnetic STM tips
were used: Fe-coated W tips and bulk Cr tips.

The preparation of Fe-coated W tips is a two step process which consists
of ex-situ and in-situ treatments. The first step is an ex-situ etching process.
Tips were produced from polycrystalline W wire (99.95%, diameter = 0.375 mm)
electrochemical etched in 8% sodium hydroxide solution. All tips were produced
by the so-called lamella etching technique, as described in early papers [101-
104]. After etching, tips are mounted on a tip holder (Fig. 3.1(c)) and are
subsequently introduced into the UHV chamber via the load lock. The aim of ex-
situ preparation is obtaining tips with a sharp apex. As the etching is performed
in air, chemical contamination of the tip with oxides and other compounds can
be expected. In order to remove these impurities from the tip, all tips used
in this work were heated in UHV up to ~ 2400 K for a few seconds. The
temperature of the tip apexes was monitored by an optical pyrometer during this
flash annealing. Deposition of Fe on tips was performed by e-beam evaporator
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Figure 3.5: Maps of the differential conductance of bilayer Co islands on Cu(111)
obtained with a magnetic tip (bulk Cr) at different external magnetic fields.
White arrows mark islands the magnetization of which switches over sweeping
of the magnetic field. Imaging parameters: Vg =405V, [, =1 A, T =8 K.

in the preparation chamber at 300 K. In this work, tips were covered with
40 — 80 atomic layers of Feb. After the Fe deposition, the tips were annealed to
~ 1000 K for a few seconds in order to flatten the deposited material. Omitting
the anneal leads to unstable tips, which change the spectroscopic response in
an uncontrolled arbitrary manner.

Bulk Cr tips were also used in this work [80]. As compared with Fe-coated W
tips, bulk Cr tips present the advantage of a simpler preparation, i.e. they do not
require high-temperature flashing or material deposition. Tips were produced
starting from rods of polycrystalline Cr with a nearly square cross section of
0.7 mm x 0.7 mm obtained by cutting a 99.99% Cr foil”. The etching was done
in a 1.5 M NaOH solution and the procedure is divided in two steps. In the
first, a pre-etching was performed with a ring-shaped gold cathode applying a
DC voltage in the 5 — 7 V range in order to reduce the rod cross-section and
to smoothen the edge of the rod. In the second step, the etching is performed
using a DC voltage in the 3 —4 V range until the drop off occurs. After etching,
the tips were spot welded to the tip holder, inserted into the chamber and then
directly used for STM experiments. The only in-situ preparation of the tip
consisted of the application of voltage pulses (up to 10 V) between tip and
sample during STM experiments.

Although the material at the tip apex is known to be spin-polarized as bulk
sample, it is by no means a priori clear in which direction the magnetization at
the tip apex points, nor how such a tip will respond to a magnetic field [79,80].

6Deposition rate was calibrated by STM measurements on low coverages of Fe on Cu(111).
7Super Conductor Materials, www.scm-inc.com
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One simple approach in order to test the magnetic sensitivity of the tips is
the imaging of the magnetic sample in spectroscopy mode, while the magnetic
state of the system is varied by an external field. The goal is to exploit the
dependence of the differential conductance dI/dV on the relative orientation of
the magnetization directions of tip and sample, as described in Chapter 2. We
exploit our previous work on Co/Cu(111), which in agreement with early work
by others [105] indicates an easy out-of-plane magnetization direction of Co
bilayers islands with remanent magnetization in larger islands (> 1000 atoms)
at 8 K. Figure 3.5 presents a series of dI/dV images of Co islands on Cu(111)
taken with a bulk Cr tip at different magnetic field values. At a field of 1.6 T, the
small islands appear darker than the large islands. Increasing the field to 2 T the
color of the island marked by the white arrow changes from bright to dark. With
a further increase of the magnetic field more and more islands change their color
from dark to bright, until at 2.4 T all islands in the image exhibit a dark color.
It can be concluded that, since only the external magnetic field is changing along
the sample normal direction, the contrast change is due to the switching of the
islands magnetization direction. To ensure the magnetic origin of the contrast,
we also measure single point spectra of the differential conductance dI/dV on
single particles as a function of an external magnetic field. Hysteresis loops of
the differential conductance dI/dV of single particles are extracted from this
data. Only these hysteresis loops of the differential conductance dI/dV allow a
rigorous disentanglement of tip and sample contributions to the measured data
and a clear-cut determination of the magnetic state of tip and sample. Details
will be described in the next section and in Chapter 5.

3.4 Extraction of the dI/dV asymmetry

This section introduces the steps necessary to extract the asymmetry of dif-
ferential conductance dI/dV from maps of the differential conductance dI/dV
for states of parallel and anti-parallel orientation between tip and sample mag-
netization. The method described here is used in Sections 6.1.1, 6.1.2. and
7.3.

As already pointed out, the the magnetic configuration of a tip and its change
in an external field is not clear a priori. It depends on both the macroscopic
preparation by film coverage and on the microscopic preparation by voltage
pulses [79,80]. The first step to extract the asymmetry of differential conduc-
tance consists in measuring single point spectra of differential conductance on
single nanostructures as a function of an external magnetic field. This is a funda-
mental measurement to understand the response of the local magnetic moment
of the tip apex to an applied magnetic field. Only after disentangling tip and
sample contributions to the measured data, a clear determination of states of
parallel and anti-parallel orientation between tip and sample magnetization is
possible.

Figure 3.6(a) shows the dependence of the differential conductance dI/dV
on the magnetic field for the two-layer-high Co island in the inset. The measure-
ment was performed with a bulk Cr tip. Changing the magnetic field induces
changes of shape and amplitude of differential conductance dI/dV spectra. Sign
and magnitude of the signal change depend on the bias voltage. At bias voltages
where the curves cross there is no effect of the magnetic field detectable. I chose
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Figure 3.6: (a) Differential conductance (dI/dV) spectra measured with a bulk
Cr tip at the center of the bilayer Co island on Cu(111) shown in the inset
at different external magnetic fields at 8 K (Vi = +0.5 V, Igap = 1.0 nA).
The dashed black line indicates the bias voltage at which the corresponding
hysteresis loop of the differential conductance (b) was taken. (b) Hysteresis
loops of the differential conductance at the center of the Co islands in the inset
of (a) (V = —0.7 V). Arrows indicate the sequence in which the data were
measured. Red and blue points respectively indicate parallel (P) and anti-
parallel (AP) states between the magnetization direction of tip and sample at
+1.8 T.

a bias of +0.5 V to study the effect of the external field more clearly by plotting
the differential conductance at +0.5 V as a function of field in Fig. 3.6(b). In
Fig. 3.6(b) a hysteresis curve of the differential conductance which is almost
symmetric with respect to the differential conductance axis is observed. This
finding tells us that both tip and sample respond to the magnetic field. Previ-
ous experiments have identified that the easy magnetization direction of bilayer
Co islands on Cu(111) at low temperature is perpendicular to the surface with
full remanence [105]. Thus, the abrupt change in the differential conductance is
ascribed to the reversal of the magnetization direction of the Co island. On the
other hand, the smooth signal variation at smaller fields indicates a continuous
increase of the z-component of the magnetic moment of the tip apex towards
the field direction. At large positive and negative fields the same differential
conductance is observed which indicates an equivalent magnetic state in view
of the tunnel experiment. At this point, a clear distinction between parallel (P)
and antiparallel (AP) orientation of tip and sample local magnetic moment is
possible, as indicated by the red and blue arrows in Fig. 3.6(b).

With this information it is possible to measure electronic properties in the
P and AP states of the system. In order to extract asymmetry maps of the
differential conductance we use the following procedure: (1) We sweep the mag-
netic field from 0 T up to +1.8 T (AP state, blue point in the hysteresis loop
in Fig. 3.6(b)). (2) We record a spectra of the differential conductance for each
point of the image in the inset of Fig. 3.6(a). (3) We sweep the magnetic field
up to +4 T in order to switch the magnetization direction of the sample and to
reliably establish a parallel state configuration. (4) We sweep the magnetic field
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Figure 3.7: (a), (b) Two images of differential conductance of the Co island
in the inset of Fig. 3.6, which are the basis for the asymmetry map of the
differential conductance in (¢). Both images were recorded at B = +1.8 T, but
with different magnetization configurations between the magnetic tip and the
Co island: antiparallel (a) and parallel (b). Measurement parameters: V =
+0.03 V, Vsap = +0.5 V, I, = 1.0 nA, T = 10 K, bulk Cr tip. V is the bias
voltage at which the differential conductance is recorded and Vg, is the bias
voltage to stabilize the tip before the feedback loop is opened. (¢) Asymmetry
map of the differential conductance dI/dV calculated from the images in (a)
and (b).

down to +1.8 T (P state, red point in the hysteresis loop in Fig. 3.6(b)) and we
repeat step (2). At this point, we have a map of the differential conductance
for parallel and anti-parallel state at each bias voltage in the set range. From
the measured maps of the differential conductance we calculate an asymmetry
map of the differential conductance for each measured sample bias. We define
the asymmetry of the differential conductance as

_dI/dVap —dI/dVp

A=
dI/dVAp + dI/de

(3.1)

where dI/dVap and dI/dVp are the differential conductance signals mea-
sured with the tip and sample magnetization in antiparallel (AP) and parallel
(P) configurations, respectively. This asymmetry is proportional to the spin
polarization of the sample Ps, as discussed in Chapter 2.

Figure 3.7 shows an example. Figure 3.7(a) and (b) are two maps of the
differential conductance of the Co island in the inset of Fig. 3.6(a) obtained at
the same magnetic field of +1.8 T at anti-parallel and parallel magnetization
configurations, respectively. Here, the differential conductance in the center
region of the island is spatially modulated with a pattern, which reflects the
symmetry of the island. This modulation is due to electron confinement [106].
The pattern can be ascribed to the formation of standing waves of the electronic
density of states in the island surface, which is caused by scattering of electrons
off the island boundaries [41,42]. The electron confinement within this Co island
is studied in the next chapter. The modulation patterns in Fig. 3.7(a) and (b)
are very similar but differ in the amplitude of the modulation. This difference
is clearly displayed in the asymmetry image of the differential conductance of
Fig. 3.7(c). The inner part shows a spatial modulation with a period which
is determined by the electron dispersion relation of the Co island. The rim
shows an opposite asymmetry and no distinct modulation. These results can be
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interpreted as spin dependent quantum confinement within a single Co island
as reported in ref. [95].

In conclusion, asymmetry maps of the differential conductance are a powerful
technique to explore the spatial distribution of the sample spin polarization
as it will be described in Section 6.1.1 and 6.1.2. Moreover, if the sample
spin polarization is known, information about the tip spin polarization can be
extracted as illustrated in section 7.3.
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Chapter 4

Electron confinement in

nanostructures on Ir(111)
and Cu(111)

The growth and characterization of nanostructures is a very active research
area in solid state physics. Detailed knowledge of the electronic behavior of
nano particles gains interest not only from a fundamental standpoint but also
in the view of technological applications. At this scale, electrons are confined to
length scales approaching the de Broglie wavelength and quantum mechanical
confinement phenomena play a dominant role in the electronic properties. For
detailed investigation of electronic confinement in nano particles, simultaneous
measurements of both the local geometrical and electronic properties are needed.
This requirement is fulfilled by combining scanning tunneling microscopy (STM)
and scanning tunneling spectroscopy (STS).

This chapter is divided in three sections. Section 4.1 focuses on nanometer-
size graphene islands on Ir(111). The first experimental observation of electron
confinement in graphene islands is presented [54,107]. Energy-resolved maps
of the differential conductance clearly show a spatial modulation indicating a
modulated local density of states due to quantum confinement. The energy
dispersion relation with quantized electron wave vectors is established. In Sec-
tions 4.2 and 4.3 electron confinement within Co islands and Fe-decorated Co
islands grown on Cu(111) is presented. I present the first results which indicate
how the decoration of the Co islands rim affects the electron confinement within
the Co core. Although the dispersion relations are also quantized in both Co
and Fe-decorated Co islands, the confinement in the two systems presents re-
markable differences. Magnetism and spin-polarized effects of Fe-decorated Co
islands are discussed in Chapter 6.

4.1 Graphene nano islands
Figure 4.1(A) shows graphene islands grown on Ir(111), which were prepared as

described in Section 3.3.1. Constant-current STM images reveal that all islands
have a uniform apparent height of ~ 0.2 nm. The surface of the islands shows
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Figure 4.1: (A) Constant-current STM image of G islands grown on Ir(111).
(B), (C) Constant-current STM images of the graphene nano islands where
the electron confinement was investigated. (D) Atomically resolved constant-
current STM image at the edge region marked by the red rectangular box in
(C). The graphene honeycomb lattice model is superimposed. The edges of
the graphene nano islands showed zigzag-type arrangements of carbon atoms
in our experiments. Imaging parameters: V., = +0.05 V, I, = 1 nA (A,B);
Vyap = +0.05 V, I; = 2 nA (C); Vyap = +0.03 V, I; = 2 nA (D). Adopted from
ref. [54]
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Figure 4.2: (A) Differential conductance dI /dV curves measured from the center
toward a corner of the island in Fig. 4.1(B). (B) Differential conductance dI/dV
curves measured from the center toward a side of the island in Fig. 4.1(C). The
inset in each plot shows the constant-current STM image with the positions
where the dI/dV curves were taken. Measurement parameters: Vi = +0.5 V,
Istab = 1 A, Viyoa = 20 mV (A,B); Vyep = +0.05 V, I, = 1 nA (insets of A and
B). Adopted from ref. [54]

a spatial modulation with a periodicity of 2.52 4+ 0.03 nm, regardless of size
and shape of the G islands. This pattern is known as moiré structure, and
it is ascribed to modulations of the electronic properties due to the graphene-
substrate interaction. This specific periodic modulation of 2.52 nm arises from
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Figure 4.3: (A-J) Maps of the differential conductance dI/dV (A-E) and cor-
responding FT intensity maps (F-J) obtained from the island in Fig. 4.1(B).
(K-T) Maps of the differential conductance dI/dV (K-O) and corresponding
FT intensity maps (P-T) obtained from the island in Fig. 4.1(C). The bias volt-
age of each map of the differential conductance is denoted at the bottom-right
side of the corresponding FT map. Dotted polygons in A-E and K-O indi-
cate the boundaries of the nano islands, as determined from the STM images
in Fig. 4.1(B), (C), respectively. Measurement parameters: Vi, = 0.5 V,
Istap = 1 nA, Vioq = 20 mV. Adopted from ref. [54]

the superposition of the graphene and Ir(111) lattices [108]. The monoatomic
apparent height and the moiré pattern identify the formation of epitaxially
ordered graphene islands. Figure 4.1(B,C) shows two graphene nano islands on
which the measurements were taken. Figure 4.1(D) shows an atomic resolution
image near the edge of the island in Fig. 4.1(C) showing the zigzag arrangement
of the outermost carbon atoms.

Figure 4.2(A,B) shows differential conductance dI/dV curves measured at
different positions along the most symmetric directions of the islands shown in
Fig. 4.1(B,C), respectively. As the measurement position moves from the center
to the border, the curves clearly show a decrease in the amplitudes of the first
peak at a sample bias of —0.27 V and an increase in the amplitudes of the second
peak at —0.41 V. These voltage dependent and spatially modulated differential
conductance dI/dV signals are ascribed to electron confinement, which induces
a corresponding spatial modulation of the LDOS [44, 51].

To provide clear evidence for electron confinement, maps of the differen-
tial conductance at different sample bias were measured. Figure 4.3(A-E)
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Figure 4.4: Dispersion relation E(k) extracted from the maps of the differen-
tial conductance of the islands in Fig. 4.1(B) (Fig. 4.3(A-E)) and Fig. 4.1(C)
(Fig. 4.3(K-0O)), named triangle and hexagon, respectively. The data points
for each island were fitted with the linear dispersion relation F = Ep — fivp|k|
(solid line), predicted by the tight-binding model of graphene [109,110], and with
the parabolic dispersion relation E = Eqy + h%k%/2m* (dotted line) describing
the free-electron-like behavior of the electronic surface states. Adopted from
ref. [54]

(Fig. 4.3(K-O)) and Fig. 4.3(F-J) (Fig. 4.3(P-T)) show the maps of the dif-
ferential conductance and their Fourier transform (FT) intensities of the pat-
terns inside the islands of Fig. 4.1(B) (Fig. 4.1(C)). As the sample bias is low-
ered from zero bias, the first modulation pattern (Fig. 4.3(A)) is observed at
—0.27 V. Here, the differential conductance dI/dV signal shows a maximum
at the center and a monotonic decrease toward the border of the islands. For
larger negative sample biases, four more distinct modulation patterns are iden-
tified (Fig. 4.3(B,E)). The patterns at lower sample bias show an increasing
number of modulations over the area of the island. The modulation can be un-
derstood as a standing wave pattern resulting from the interference of electron
waves. These findings suggest a decrease in the electron wavelength (increase
in the electron wave vector) toward larger negative energy, as shown in Fig. 4.4.
For the island in Fig. 4.1(C), a similar tendency in both differential conductance
dI/dV and FT maps is observed, as shown in Fig. 4.3(K,T).

Interestingly, the energy intervals between any two neighboring patterns in
Fig. 4.3 are identical within our experimental accuracy, with an average separa-
tion of 0.16 eV. This marks a distinct difference between the energy dependence
of dI/dV modulation patterns of graphene nano islands as compared to those
of metallic nano structures [44,46,111], which are also discussed in the next
Sections 4.2 and 4.3.

The energies of the patterns of Fig. 4.3 are selected to show the largest
intensity of the specific k-point. Indeed, the intensity of a given k-point of the
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FT map varies with energy. Also, the position does not vary continuously with
energy but changes in a discrete manner [46]. In 2D electron systems, the radial
average of the F'T map has been used to determine the in-plane wave vector k| of
a standing wave pattern [111-113]. Under the same strategy, the average of the
k for the sixfold symmetric pattern in each FT map was taken as the magnitude
of wave vector for each modulation pattern in Fig. 4.3(AE) (Fig. 4.3(K,0)).

Figure 4.4 shows the dispersion relation E(k) obtained from the extracted
wave vector of the Fourier analysis and the corresponding energy from the mod-
ulation patterns of the differential conductance shown in Fig. 4.3. The discrete
nature of the wave vector is apparent, which is a signature of the confinement.
Also, the wave vector increases monotonically as the electron energy gets more
negative. Both linear and parabolic fits through to data points were performed,
and they are shown in Fig. 4.4. The linear dispersion relation £ = Fp — hop|k|
is predicted by the tight-binding model of graphene [109,110]. A linear fit
through the data points gives Ep = —0.088 4 0.022 ¢V (—0.086 £ 0.021 eV)
and vy = (6.3 £ 0.40) x 105 m/s ((6.0 & 0.38) x 10°> m/s) for the island in
Fig. 4.1(B) (Fig. 4.1(C)). For the typical free-electron-like behavior of the elec-
tronic surface states, the parabola can be described by the dispersion relation
E = Ey + h®k?/2m* [114]. The fit through the data points results in Ey =
—0.29+0.04 (Eg = —0.304+0.04) and m*= 0.22+0.02 m, (m*= 0.25+£0.02 m.)
for the island in Fig. 4.1(B) (Fig. 4.1(C)). Apparently, the linear fit describes
better our data.

These results clearly show the observation of electron confinement in graphene
nano islands on Ir(111) for the first time [54], a detailed discussion is given in
Section 7.1.

4.2 Co nano islands

The results on electron confinement effects within approximately triangular two-
atomic-layers-high Co islands grown on Cu(111) are presented here. Although
this topic has already been investigated before at the MPI Halle [75], the present
section is necessary to compare the electron confinement within Co islands with
the electron confinement within Fe-decorated Co islands (see Section 4.3). More-
over, from the measurements in ref. [75], no clear distinction between a parabolic
and a linear dispersion relation E(k) of the Co surface states was possible due
to the limited k-range of data. The new measurements performed here lead to
a clarification of this open aspect.

Figure 4.5(a) shows a constant current STM image of the investigated is-
land. The island has the shape of a truncated triangle with a base length of
about 13 nm. A series of maps of the differential conductance recorded at dif-
ferent sample bias is presented in Fig. 4.5(b),(d-f). Pronounced modulation
patterns within the island can be observed. These patterns become more com-
plex with increasing energy, similar to the results of graphene islands presented
in Section 4.1. The appearance of the patterns is ascribed to the confinement
of surface state electrons within the island. Figure 4.5(c) shows the FT map
of the truncated triangular area of interest in (b). The three symmetry axes
of the triangle A, B and C are highlighted in the images. The energies of the
patterns of Fig. 4.5(b),(d-f) are selected to show the largest intensity of the spe-
cific k-point. Indeed, the intensity of a given k-point of the F'T map varies with
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Figure 4.5: (a) Constant-current STM image of a Co island on Cu(111). (b),
(d-f) Maps of the differential conductance at different bias voltages. Note that
the distinct modulation pattern is only apparent in the center region of the
island, and not close to the rim. This differs from Fig. 4.7. Solid red lines
in (d) show the directions three heights of the triangular island. Dashed red
lines in (¢) show where the directions A-C appear in the FFT map of (c).
Measurements parameters: Vgqp = +0.1 V, I, = 1 nA (a); Viiar = +0.5 V,
Istab = 1, Vinoa =20 mV, T'= 10 K, bulk Cr tip.
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Figure 4.6: Dispersion relation F(k) of the Co surface state electrons along
the direction C extracted from the FFT analysis of dI/dV spectroscopy maps.
Ey and m* are extracted from the fit of the plots for each island with the
equation E = Ey + h%k? /2m*. Note that the k-values are discrete, as discussed
in Section 7.2.
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energy. Also, the position does not vary continuously with energy but changes
in a discrete manner.

The FT analysis of maps of the differential conductance in the bias range
of —0.3 to +0.8 V yields the dispersion relations F(k). The dispersion relation
E(k) along the direction C is shown in Fig. 4.6. The discrete data points are
described reasonably well by a parabola. Assuming a free-electron-like behavior
typical of the electronic surface states, the parabola can be described by the
equation E = Ey + h?k?/2m* [114]. The fit though the data points results in
Ey = —0.17 £ 0.02 and m*= 0.35 + 0.02 m.. In Section 7.2, the dispersion
relation is discussed and a detailed analysis of the confinement is presented.
Here, the new aspect is that the confinement analysis is extended to small wave
vectors (k < 1 nm~!), whereas previous data were confined to a more limited
range of wave vectors [75].

4.3 Fe-decorated Co nano islands

The characteristic standing wave pattern already shown in Section 4.1 and 4.2
is formed by quantum interference of electrons scattered off the edges of nanos-
tructures. One can expect that modifying the borders of a nanostructure can
influence the confining potential and therefore the shape and characteristics of
the wave pattern. Moreover, Co islands present peculiar electronic properties
at the edges, the so-called rim state [95,106,115], which seems to play a role
in the position of the confining potential within the island (see discussion in
Section 7.2). Decorating the Co islands with another material is expected to
modify the rim of the nano structure. This novel approach is followed here to
present for the first time how edge decoration affects the electron confinement.
In this case, Fe was chosen to decorate the Co edge. This section deals only
with the confinement of the Co surface states within the Co core, accurate stud-
ies of the spin polarized electronic and magnetic properties of the system are
presented in Section 6.3 and 7.2.

Figure 4.7(a) shows a constant-current STM image of a Fe-decorated Co
island prepared as described in Section 3.3.1. In Fig. 4.7(b), the constant current
STM image of the area highlighted in Fig. 4.7(a) is shown. Here, the three
symmetry axes of the inner triangular Co core A, B and C are indicated. A
series of differential conductance maps showing the first four modes is presented
in Fig. 4.7(c-f). The yellow dashed line in Fig. 4.7(a-f) indicates the border of
the Co core extracted by analyzing the position dependence of the spectra of
the differential conductance as it is shown in Section 7.2. The Co core has the
shape of a truncated triangle with a geometrical height of approximately 5.7 nm.
Already at this point, a clear difference between the wave pattern within a Co
island and that within the Co core of a Fe-decorated Co island can be noted
comparing Fig. 4.5(b),(d-f) and Fig. 4.7(c-f). The wave pattern within the Co
core of a Fe-decorated Co island extends all the way to the border between
Co and Fe (see in particular Fig. 4.7(e,f)), whereas the wave pattern in a Co
island is confined within a smaller region in respect to the extension of the whole
island.

A FT analysis was performed as already explained in Section 4.1 and 4.2.
The dispersion relation were extracted for each direction and the result of di-
rection C is shown in Fig. 4.8. Here, due to the small size of the Co core (and
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Figure 4.7: (a) Constant current STM image of a Fe-decorated Co island on
Cu(111). (b) Constant current STM image of the area marked by the red dashed
line in (a). The yellow dashed line indicates the Co core of the Fe-decorated Co
island. Green dashed lines show the directions of the three geometrical heights
of the triangular Co core, along which the dispersion relations were extracted.
(c-f) Maps of the differential conductance at different bias voltages showing the
interference patterns of the first four modes. Note that in contrast to Fig. 4.5
the modulation extends all the way to the border of the Co core. Imaging
parameters: Vgqp = +0.1 V, I, = 1 nA (a,b); Vsiap = +0.5 V, Iyep = 1 nA (c-
£), Vgap = —0.01V (c), Vyap = +0.08 V (d), Vyap = +0.19V (), Vyop = +0.34V
(f), T =10 K, bulk Cr tip.

therefore of the quantum well), the modes are wider spaced in energy and only
four of them can be observed in the studied voltage range. This is readily under-
stood considering that, for a free particle in a one-dimensional particle-in-a-box
model, the energy intervals between two consecutive modes are inversely pro-
portional to the square of the confining length [116]. Here, the confining length
is related to the size of the Co core (or of the Co island), as discussed in Sec-
tion 7.2. Since the Co core of the Fe-decorated Co island in Fig. 4.7(a) is fairly
smaller than the Co island in Fig. 4.5(a), we can qualitatively understand why
seven modes are observed in the energy range between —0.2 V and +0.4 V in
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Figure 4.8: Dispersion relation E(k) of the Co core surface state electrons along
the direction C extracted from the FFT analysis of dI/dV spectroscopy maps.
Ey and m* are extracted from the fit of the data with the equation F = Eg +
h2k2 /2m*.

Fig. 4.6, whereas only four modes are observed in the same energy interval in
Fig. 4.8. Using the same free-electron-like model used before, the fit though the
data points results in Ey = —0.11 4= 0.03 and m*= 0.34 & 0.03 m.. A detailed
discussion of the comparison between confinement in pure Co islands and in
Fe-decorated Co island is presented in Section 7.2.
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Chapter 5

Characterization of bulk Cr
and Fe-coated W tips for
spin-polarized STM: spin
polarization and
temperature dependent
measurements

In spite of the numerous results that illustrate the success of spin-STM in nano
magnetism [25,34-36, 38,77, 84,93,95,97], only a small number of studies on
the decisive role of the tip in this technique have been presented so far [79-81].
A big challenge in sp-STM is the preparation and characterization of magnetic
tips. Generally, W tips covered with a thin film of a magnetic material (Co,
Fe, Gd, Cr) are used [34,117]. As described in Section 3.3.2 for Fe-covered W
tips, the preparation of these tips requires a multi-step preparation involving
several steps performed both ex-situ and in-situ preparation. However, the
macroscopic preparation of magnetic tips does not directly ensure magnetic
sensitivity routinely. Therefore an additional microscopic preparation by the
application of voltage pulses between sample and tip under tunneling conditions
is applied. Once a magnetic sensitivity is achieved, the spin direction of the tip
apex can differ from tip apex to tip apex. Also, the magnetic response of
the specific tip apex to the applied magnetic field may vary. Thus, one can
understand that a main challenge of spin-STM is the characterization of the
magnetic configuration of the tip apex, in order to draw reliable conclusion about
the spin structure of the sample [79]. The magnetic configuration of the tip is
expected to be determined by the exact atomic configuration of the tip apex,
which is, however, not straightforwardly accessible experimentally. Therefore,
further insight into tip preparation and how to determine the magnetic behavior
of the tip apex is called for, and corresponding experiments are presented here.

In this chapter, bulk Cr tips and Fe-coated W tips for in-situ sp-STM are
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investigated. Bulk Cr tips require an easy fabrication process, which makes them
excellent candidates for sp-STM probes. In the second section of the chapter,
temperature dependent measurements on Fe-coated W tips are performed to
obtain insights into the temperature dependence of the magnetic response of
the tip apex to the applied magnetic field.

5.1 Bulk Cr tips

Tips made of bulk antiferromagnetic materials such as Cr [118-120] have been
proposed for sp-STM and have recently been shown to provide magnetic con-
trast on Cr(001) and Fe/W(110) [83,121]. As it was already pointed out in
Section 3.3.2, in contrast to W tips covered with an ultra-thin film of anti-
ferromagnetic material [34,117,122], they present the advantage of a simpler
preparation which does not require a dedicated in-situ tip preparation stage.
Bulk Cr tips do not require either high-temperature flashing or material depo-
sition. The tips were prepared by a simple electrochemical etching performed
ex-situ, as described in Section 3.3.2. A scanning electron microscope image
(SEM) of a Cr tip! is shown in Fig 5.1. The tip apex has a macroscopic radius
of about 40 nm. In spite of this fairly large radius of curvature, resolution at
the atomic scale is still obtained. This is ascribed to nm small clusters at the
tip apex, which ensure high spatial resolution but which are not resolved in this
SEM image.

The only in-situ preparation of the tip consisted of the application of voltage
pulses between tip and sample during STM experiments. Voltage pulses were
applied only on the clean Cu surface to ensure the absence of any potential
Co contamination on the tip apex. In order to characterize these tips, we
performed sp-STS measurements on Co islands on Cu(111), a system for which
the electronic and magnetic properties have been thoroughly characterized [95,
105,111,115]. The Co islands have an out-of-plane easy magnetization axis and
the energy-dependent spin polarization of Co islands has been measured and
accounted for by ab initio calculations [95].

Figure 5.2 shows spectra of the differential conductance dI/dV taken on the

Figure 5.1: SEM image of a typical bulk Cr tip which was electrochemically
etched from a Cr foil as described in Section 3.3.2.

IThe SEM image of this bulk Cr tip was kindly provided by W. Erfurth from the Max-
Plank-Institute of Halle.
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Figure 5.2: Spectra of the differential conductance dI/dV (V) measured with a
bulk Cr tip at the center of the marked Co island (green) and on the Cu(111)
surface (red). Stabilization parameters: Vyep = +0.5 Vand I; = 1 nA, T =
10 K. Inset: constant-current STM image (Vyop = +0.1 V, I; = 1 nA) of two-
atomic-layer-high (0.4 nm) Co nano islands on Cu(111). The green and red
marks indicate the positions where the two differential conductance dI/dV (V)
spectra were taken. Adopted from ref. [80]

Cu surface and on a Co island. The positions where the two spectra were taken
are indicated in the inset. The dI/dV spectra taken on Cu(111) shows a step at
—0.44 V and a pronounced peak at —0.3 V in the spectra obtained on the Co
island can be observed. Both these features were reported in previous studies
and correspond to the onset of the Cu surface state [39] and the occupied d,2-like
Co surface state respectively [111]. Also the smaller features at —0.5 and +0.3 V
in the Co island spectra were interpreted as sample-related peaks [105,111,115].
The spectroscopy measurements on Co and Cu using a bulk Cr tip revealed
the intrinsic electronic properties of Co and Cu. The spectra are very similar
to those obtained with W and Cr-covered W tips [75,79,122]. Thus, we may
conclude that the tip shows a rather flat local density of states over the energy
range of the spectroscopy measurements.

Figure 5.3(a) shows spectra of the differential conductance at different ap-
plied magnetic fields measured at the center of the Co island marked in Fig. 5.2.
Clear differences in the shape and amplitude of the spectra were found, although
the main features are similar for all voltages. Increasing the applied magnetic
field from 0 to 2.3 T, the dI/dV signal at —0.5 V decreases in intensity and
then sharply increases at an applied field of 2.5 T. The field-induced change in
the dI/dV signal of the main peak located at —0.3 V is opposite in sign to that
of the shoulder at —0.5 V. In order to link the magnetic field dependence of
the differential conductance to the magnetic properties of the tunneling system
(tip + sample), spectra of the differential conductance dI/dV (V) were recorded
at different field values during a complete cycle of the applied magnetic field.
Extracting the magnitude of the differential conductance signal at a fixed bias
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Figure 5.3: (a) Spectra of the differential conductance dI/dV (V) measured at
the center of the Co island marked in Fig. 5.2 at different magnetic fields. (b)
Hysteresis loop of the differential conductance measured on the Co island in
Fig. 5.2 (Vyqp = —0.5 V). Arrows indicate the sequence in which the data were
measured. Red and blue points respectively indicate parallel (P) and anti-
parallel (AP) states between the magnetization direction of tip and sample at
+1.8 T where the asymmetry of the differential conductance shown in Fig. 7.9
was measured. T = 10 K, bulk Cr tip.

as a function of the field yielded the hysteresis loop shown in Fig. 5.3(b). The
differential conductance dI/dV changes gradually with increasing field and at a
critical applied magnetic field of 2.4 T, it changes abruptly. A butterfly hystere-
sis cycle results, which has been observed in previous studies using Cr-coated
W tips [79,122]. As already discussed in Section 3.4, the abrupt change in the
differential conductance dI/dV is ascribed to the reversal of the magnetization
direction of the Co island, whereas the gradual change is ascribed to a continu-
ous increase of the z-component of the local magnetic moment of the tip apex
towards the field direction.

In conclusion, in this section I showed that bulk Cr tips can be used for in-
situ sp-STM measurements. In Section 7.3, the tip spin polarization is extracted
and a detailed discussion of obtained results is presented.

5.2 Temperature dependent measurements us-
ing Fe-coated W tips

This Section presents temperature-dependent measurements which were per-
formed to clarify the magnetic response of Fe-coated W tips used to study the
spin-dependent electronic properties of Fe and Fe-decorated Co islands in Sec-
tion 6.3. As it is shown in Section 6.3, Fe on Cu(111) presents spatial periodic
modulations of the differential conductance dI/dV in maps of the differential
conductance taken in-field with spin-polarized tips. In order to draw reliable
conclusions about the spin structure of the sample, the direction of the tip
magnetic moment and its response to the magnetic field must be known un-
equivocally. The measurements shown in this Section were taken with a W tip

36
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Figure 5.4: (a) Constant current STM image of the two Fe-decorated Co islands
on which the magnetic field dependence of the differential conductance dI/dV
in (b) and (c) were taken. (b), (¢) Magnetic field dependence of the differential
conductance measured at the center of the Co core of the two Fe-decorated Co
islands in (a) at temperature of 10, 20 and 30 K. W tip covered with 40 atomic
layers of Fe was used.

covered with 40 atomic layers of Fe.

To characterize the tip, the dependence of the differential conductance dI/dV
on the magnetic field were measured on the Co cores of the two Fe-decorated
Co islands of Fig. 5.4(a) as already described in Section 3.4 and 5.1. The black
dI/dV hysteresis curves were obtained at 10 K and present the same butterfly
shape as those obtained on pure Co islands. Therefore, it is justified to assume
that the abrupt changes in the differential conductance at 1.6 and 2 T are as-
cribed to the reversal of the magnetization direction of the Co cores, whereas
the gradual change is ascribed to a continuous increase of the z-component of
the local magnetic moment of the tip apex towards the field direction, as already
discussed in previous sections.

From the measurements at 10 K only, it is not clear a priori whether the
increase of the z-component of the magnetic moment of the tip apex is due to
its rotation from the in-plane to out-of-plane direction or due to a superpara-
magnetic response. Both scenarios are possible. In order to shed light on this
issue, the magnetic field dependence of the differential conductance taken on
the same Co cores was measured at different temperatures. Indeed, the two
proposed physical processes are expected to produce two different temperature
dependent effects [123-125].

Figure 5.4(b,c) show the magnetic field dependence of the differential con-
ductance measured at the center of the Co cores of two Fe-decorated Co islands
in Fig. 5.4(a). The measurements were performed at 10, 20 and 30 K. Only
at 10 K complete cycles were measured, due to time limitations. A complete
hysteresis cycle with 40 points takes about 6 hours. The consumption of LHe
drastically increases with increasing temperature, and the measurements had to
be concluded before emptying the LHe tank. The most evident difference be-
tween the measurements is the drastic change of the switching fields of the Co
cores with temperature. This change in the switching field is expected for the
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Co core, as with increasing temperature the thermally assisted reversal of the Co
core becomes more apparent. This effect can be quantitatively described [77]
and the observed reduction of switching field is ascribed to this effect. This
aspect is discussed in Section 7.7.2.

Another temperature effect is the change in curvature of the magnetic field
dependence of the differential conductance dI/dV between +1 T. This second
temperature dependent effect is the key point to distinguish between the two
mentioned physical mechanisms which could bring the tip apex magnetic mo-
ment to increase its component into the z-direction, parallel to the sample mag-
netization. A detailed discussion is presented in Section 7.4. We already note
here that the temperature dependence of the differential conductance signal at
small fields indicates a superparamagnetic response of the tip apex magnetic
moment.
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Chapter 6

Magnetic properties of Co
and Fe nanostructures on
Cu(lll)

This chapter presents the results of the magnetic properties of the Co and Fe
nanostructures investigated in this thesis. It is divided in three main sections.
The first Section 6.1 focuses on the spatial dependence of spin-polarized elec-
tronic states near the edges of Co nano islands. An attempt to measure the
induced spin polarization in Cu surface states in proximity of Co islands is
performed, and first clear evidence of the existence of a spin-dependent Smolu-
chowski effect is shown. In Section 6.2, a study of the island size dependence
of the switching field for individual Co islands and Fe-decorated Co islands is
reported. Subsequently in Section 6.3, the magnetic order of Fe islands and at
the Fe-rim of Fe-decorated Co islands is investigated. Two different magnetic
phases with distinct spin-dependent electronic properties are found for these
bilayer Fe nanostructures on Cu(111).

6.1 Spatial dependence of the spin-polarized elec-
tronic properties near the edges of Co nano
islands

Several experimental and theoretical studies have evidenced the existence of
spin-polarized surface states on transition metal substrates [126-133]. On the
other hand, when magnetic nano islands grow on a nonmagnetic substrate
charge transfer, electronic scattering and interference phenomena generally gov-
ern the electronic and the magnetic properties of the combined system. Ab-
initio calculations show that surface states of nonmagnetic noble metals, such as
Cu(111), turn spin polarized and attain a different character when Co atoms are
added to the substrate surface [134-137]. Such spin-polarized surface states can
serve as spin-transport channels across the vacuum barrier to or from another
magnetic material. This issue is of central importance for spintronic applica-
tions based on spin-polarized tunneling. In Section 6.1.1 measurements of the
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spin polarization of the Cu states close to the edge of Co islands are presented.
Section 6.1.2 introduces the basis for a novel way to tune spin-dependent trans-
port at the edges of magnetic nano structures by exploiting the spin-dependent
Smoluchowski effect.

6.1.1 Induced spin polarization in Cu near Co islands

When magnetic materials are deposited on a nonmagnetic substrate, a magnetic
moment may be induced in the atoms of the substrate [138-143]. The induced
magnetic moment affects the properties of the system and it is expected to
polarize the surface states of the substrate [134-136, 144]. In this section, a
measurement of the induced spin polarization of the Cu surface states in a
Cu channel in between two Co islands is performed. This is experimentally
demanding, as theory suggests that the induced spin polarization in Cu is very
small, on the order of a few percent (see Section 7.5).

Figure 6.1(a) shows a constant-current STM image of the system investi-
gated. The measurements are performed in a Cu channel in between two par-
allel edges of two Co islands. Figure 6.1(b) shows a map of the differential
conductance dI/dV of the same area, a clear modulation pattern is visible in
the differential conductance signal on both Co islands and in the Cu channel
in between the Co islands. The inset in Fig. 6.1(b) shows the line profile along
the blue line, the modulation of the dI/dV signal in the Cu channel reflects
the quantum interference of the Cu surface state electrons. If a sizable spin
polarization is induced by the Co islands in the the Cu substrate, the standing
wave pattern of the Cu surface states (and therefore the dI/dV signal in the Cu
channel) is expected to be spin-polarized.

In order to check this expectation, spectra of the differential conductance
dI/dV along the blue line in Fig. 6.1(a) were measured for states of parallel and

W

1. 2 3 4
Position (nm)

Figure 6.1: (a) Constant current image (Vyap = +0.1 V, I; = 1 nA) of the
studied Cu channel between two Co islands (d = 5.5 nm). The blue line indicates
the line which has been scanned repeatedly to measure the asymmetry of the
differential conductance. In order to ensure to scan always the same line, in both
parallel and anti-parallel state, we fixed the distance from the cluster t = 6 nm
in both measurements. (b) Map of the differential conductance (Vyqp = +0.1 V,
I; = 1 nA) of the same area of (a). The blue line shows the direction along
which the line profile in the inset have been measured.
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Figure 6.2: (a) Line profile along the blue line marked in the constant cur-
rent image of Fig. 6.1(a). (b), (¢) dI/dV asymmetry A = (dI/dVap —
dI/dVp)/(dI/dVsp+dI/dVp) line profiles of the blue line showed in Fig. 6.1(a)
at —0.3 V and —0.1 V. a and § indicate the two points in the Cu channel to
which the two graphs in Fig. 6.3 refer.

anti-parallel orientation between tip magnetic moment and the magnetization
of the two Co islands, as verified from hysteresis curves of the differential con-
ductance measured on both islands. Measurements were performed along a line
perpendicular to the edge of the Co islands and at a distance ¢ = 6 nm from the
cluster at the bottom of the Cu channel. The asymmetry A of the differential
conductance along the blue line in Fig. 6.1(a) was extracted. This asymmetry is
proportional to the spin polarization of the sample, as explained in Chapter 2.
Figure 6.2(a) shows a constant-current line profile of the blue line in fig. 6.1(a)
along which the asymmetry of the differential conductance was calculated. Two
line profiles of the asymmetry of the differential conductance, averaged over 6
measurements of the same line, are shown in Fig. 6.2(b,c) for —0.3 and —0.1 V,
respectively. The data reveal a spatial variation of the asymmetry of the differ-
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Figure 6.3: Asymmetry of the differential conductance dI/dV as function of
sample bias for two points in the Cu channel situated 1 nm (a) and 2 nm (b)
away from the edge of the Co island at the left side of Fig. 6.1, as indicated by
the labels o and 3 in Fig. 6.2(a).

ential conductance which is pronounced along the edge of the Co islands, i.e. at
positions below 2 nm and above 7 nm. No clear modulation nor deviation from
the zero line of the signal can be observed in view of the experimental scatter
in the Cu channel. The comparably pronounced variation of the asymmetry of
the differential conductance along the edges of the Co islands is treated in the
next section and indicates a spin-dependent Smoluchowski effect.

To give an upper limit to magnitude of the induced spin polarization of the
Cu surface states within the channel, the statistical error in the extraction of
the asymmetry of the differential conductance was estimated. Figure 6.3 shows
the asymmetry of the differential conductance as function of sample bias for
two points in the Cu channel situated 1 nm (Fig. 6.3(a)) and 2 nm (Fig. 6.3(b))
away from the edge of the Co island at the left side of Fig. 6.1(a). The stan-
dard variation of the measurement varies between 0.015 and 0.03 depending on
the sample bias. The asymmetry of the differential conductance seems to have
positive values up to 0 V and then no clear tendency is visible. However, the
measured value of the asymmetry of the differential conductance ranges between
—0.02 and +0.02, which are values as big as the statistical error of the mea-
surement. Further discussion of the measurement and an estimate by ab-initio
calculations of the induced spin polarization of Cu surface states near the edge
of a Co island are presented in Section 7.5.

6.1.2 Spin-dependent Smoluchowski effect

The spreading and smoothing of electron charge density above atomically sharp
surface corrugations as described by Smoluchowski [60] is a well established pic-
ture in solid state physics, which has significant implications in wide areas of
surface science [145-150]. The typical feature of the Smoluchowski effect is that
the spatial corrugation of the atomic cores deviates from that of the electronic
charge density. As it was revealed by thermal energy He-atom scattering [151],
the latter shows a more smoothed behavior as compared to the former. The
works cited above provided an exhaustive picture of the electronic charge redis-
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Figure 6.4: Constant current image (Vyap = +0.1 V, I, = 1 nA, T = 10 K,
bulk Cr tip) at the edge of a two-atomic-layer-high Co nano island on Cu(111).
Inset: line profile along the red line indicated in the figure. The highlighted area
indicate the extension of Co island step edge region of the dI/dV asymmetry
line profiles in Fig. 6.5. Adopted from ref. [61].

tribution at the surface corrugations and its influence on physical and chemical
properties. However, the previous works focus on the total electronic charge
density and the effect of the electron spin was neglected. Spin-polarized mate-
rials show a different energy dependence of the local density of states (LDOS)
for majority and minority electrons and it is a priori not clear how majority
and minority states contribute to the spin-dependence of the Smoluchowski ef-
fect [60,61].

Spin-polarized STS is the method of choice to determine the spin-polarization
above nano structures with high spatial resolution. In order to check the ex-
istence of a spin-polarized Smoluchowski effect, measurements of the spin po-
larization above the edge of the bilayer Co island on Cu(111) of Fig. 6.4 were
performed. Figure 6.4 shows a constant current STM image of the step edge
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Figure 6.5: Differential conductance dI/dV asymmetry line profiles measured at
different gap voltages applied to the sample of the tunnel junction with reference
to the tip. Gap voltage (a) —0.5 V, (b) —0.05 V, (¢) +0.5 V. The line profile is
measured along the red arrow in Fig. 6.4. Adopted from ref. [61].
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Figure 6.6: Line scan of the tunnel magneto resistance ratio (TMR) measured
along the red arrow in fig. 6.4 at a gap voltage between sample and tip of —0.3 V.
Adopted from ref. [61].

and a line scan of the apparent height across the step edge. Maps of the dif-
ferential conductance dI/dV for states of parallel (P) and anti-parallel (AP)
orientation between tip and sample magnetization were measured. From these
maps, the asymmetry A of the differential conductance was extracted as ex-
plained in Section 3.4. This asymmetry is proportional to the spin polarization
of the sample [34,94,95], as pointed out in Chapter 2.

Three line profiles of the asymmetry of the differential conductance, averaged
over six adjacent lines next to the red arrow of Fig. 6.4, are shown in Fig. 6.5(a-
c¢) for different bias voltages. The data reveal a spatial variation, which is
most pronounced near the position 3 — 3.5 nm, near the upper section of the
step edge. Magnitude and sign of the variation of the asymmetry depend on
bias voltage. These data provide already a clear evidence of strong spatial
modulations of the spin-dependent electronic properties along the edge of a
ferromagnetic nano structure. These spatial variations of the asymmetry of the
differential conductance are ascribed to the spin-dependent Smoluchowski effect,
as discussed in Section 7.6.

A spatial modulation of the spin polarization impacts also the tunnel mag-
neto resistance ratio (TMR), as recently described by experiment and theory [97]
and outlined in Chapter 2. In that work, the spatially modulated TMR ratio in
the center region of a nanostructure was induced by spin-dependent quantum
interference. Here, it is expected that strong spatial variations of the spin po-
larization at the edge of the Co nano structure may also strongly modulate the
TMR ratio [86,152]. The TMR ratio along the red line of Fig. 6.4 was extracted
and Fig. 6.6 shows the TMR ratio at —0.3 V. As expected, the plot reveals a
drastic variation of the TMR ratio from —10% to +10% within 1 nm along the
Co step edge. Thus, this experiment indicates a pronounced spatial variation of
the TMR ratio near steps of Co nano islands due to strong spatial modulation
of the spin polarization in the same region.

A thorough discussion of the presented results [61] based on ab initio calcu-
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lations is presented in Section 7.6.

6.2 Nanomagnetism of Co and Fe islands: mag-
netization reversal

An outstanding challenge in nanomagnetism is the quantitative understanding
of magnetization reversal of nanostructures [62,64, 65,72, 77], which has also
profound implications for magnetic recording media [63,71]. Both fundamental
research and applications are interested in the understanding of the crossover
between different reversal modes. This opens the way to modify the parameters
which govern the process and to tune this transition as wished. A key parameter
in this respect is the magnetic anisotropy energy density K. A large anisotropy
favors stable magnetization directions against thermal agitation.

However, the magnetic anisotropy changes dramatically when the dimensions
of a particle are reduced to the nm scale in one or more dimensions. Lattice
strain, its relaxation and the increasing relative number of surface and interface
atoms induce a dramatic deviation of the magnetic anisotropy from its bulk
values [23,153-156]. Also, structural [115,157] and electronic relaxations at the
boundary of a nano structures [106] lead to distinct deviations of the atomic
positions and the electronic structure on the nm scale. It is a priori not clear
how the magnetic properties respond to this. This section provides experimental
reference data for these issues.

6.2.1 Island size dependence of the magnetic switching
field of individual Co nano islands

In this section I present briefly our recently published measurements about the
island size dependence of the magnetic switching field of individual Co nano
islands [77,78] and I will compare them to Fe-decorated Co islands in the next
section.

Figure 6.7 shows a constant-current STM image of several typical Co islands
on Cu(111), which were studied in ref [77]. A quantitative analysis of the
STM images provides the area A of these islands. Considering a pseudomorphic
growth of Co on Cu, the number of Co atoms in a island can be calculated

Figure 6.7: Constant current STM image of double layer high (0.4 nm) Co
islands on Cu(111) (Vyep = —0.27 V, I, = 1 nA, T = 8 K). Adopted from
ref [77].
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Figure 6.8: Switching fields of 54 individual Co islands of different size. Data
points of islands A to D from fig. 6.7 are indicated [77].

as N = A/0.028, where A is in nm?. Figure 6.7 shows that the shape of the
selected islands A to D is similar, while the size varies from 1600 to 13100 atoms.
The different orientations of islands A and C versus B and D with respect to
the underlying substrate correspond to the faulted and unfaulted layer stacking,
respectively [100].

In order to access the magnetization state of the islands, the field dependence
of the differential conductance dI/dV was measured at the centre of the Co is-
lands. For one specific field value, several spectra of the differential conductance
were obtained in 100 seconds, which marks the characteristic measurement time.
The switching fields Hg,, of 54 individual Co islands were extracted from the
measurements of the field dependence of the differential conductance dI/dV as
already shown in Section 3.4, 5.1 and 5.2. Figure 6.8 summarizes the measure-
ments of the switching field Hy,, for different island sizes N. A nonmonotonic
dependence of Hg, on N is apparent. Hg, increases from 0.25 to 2.5 T for
an increasing size N from N = 700 to 6000 atoms, and it decreases for larger
islands. This observation already suggests a crossover between two different
reversal mechanisms [77], as discussed extensively in Section 7.7.1.

6.2.2 Island size dependence of the magnetic switching
field of individual Fe-decorated Co nano islands

The analysis and discussion of electron confinement and switching fields of Co
islands on Cu(111) presented in Section 4.2 and 7.2 suggest that the rim of
the Co islands shows peculiar electronic and magnetic properties, which deviate
from those of the center region. Therefore, the extremely interesting question
arises: what happens upon changing the environment of the rim atoms by dec-
orating the Co islands with another material? In this case, Fe was chosen. A
flavor of how the Fe decoration affects the electronic properties of the rim was
already shown in Section 4.3, where the electron confinement in the Co core of
a Fe-decorated Co island was presented. Here, the impact of the Fe decoration
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Figure 6.9: (a) dI/dV (V) spectra measured at the center of the Fe-decorated
Co island in Fig. 6.11 at different magnetic fields. (b) Hysteresis loop of the
differential conductance measured on the Fe-decorated Co island in Fig. 6.11
(Vyap = —0.58 V). T'=10 K, W tip covered with 40 atomic layers of Fe.
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Figure 6.10: Switching fields of 54 individual Co islands and 41 Fe-decorated Co
islands of different size. In (a) the switching field is plotted as a function of the
total number of atoms Ny, i.e. number of Fe and Co atoms. In (b) only the
number of atoms Njpner in the inner Co core is considered. All measurements
were performed at 10 K

on the switching field Hy,, is investigated.

The sample was prepared as descried in Section 3.3.1 and constant-current
STM images of Fe-decorated Co islands are shown in the same section. It is
not clear a priori whether the magnetization state of Fe-decorated Co islands is
the same as that of pure Co islands. In order to clarify this point, differential
conductance spectra at the center of the Co core of the Fe-decorated Co island
of Fig. 3.3(c) were measured upon variation of the magnetic field along the
out-of-plane direction (Fig. 6.9(a)). Several dI/dV spectra were obtained for
each magnetic field value. Extracting the field dependence of the averaged
differential conductance signal at —0.58 V, the butterfly hysteresis loop of the
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differential conductance in Fig. 6.9(b) was obtained. The hysteresis loops of the
differential conductance measured at the center of the Co cores of each studied
Fe-decorated Co island present the same butterfly shape. The loops show the
same characteristic features observed in the hysteresis loops of the differential
conductance measured on the pure Co islands. They show a smooth change
of the differential conductance signal due to an increase of the z-component of
the tip magnetic moment and a abrupt change ascribed to the switching of the
island magnetization. We can conclude that the Co cores of the Fe-decorated
Co islands still show an uniaxial anisotropy with easy axis oriented out-of-plane.
The switching fields Hg,, of 41 Fe-decorated Co islands as a function of the
total number of atoms (Co+Fe) in the island are summarized in Fig. 6.10(a).
The switching field of Co islands is also plotted as a reference. Surprisingly, the
collection of switching fields of Fe-decorated Co islands in Fig. 6.10(a) does not
show a clear tendency, and the scatter of points looks random. In Fig. 6.10(b),
the same switching fields values Hg,, are plotted as a function of the size of Co
core. Here, a much clearer trend can be observed. The switching fields increase
monotonically up to a size of the Co core of around 2000 atoms. For larger Co
core size it is not clear weather a saturation is reached or they slowly decrease
with the Co core size. The scatter of the points is significant and they are
more dispersed respect to the switching fields of pure Co islands. These results
are discussed in more depth in Section 7.7.2. Already here we can state that
Fe-decoration impacts the switching fields of Co islands. It appears to induce
larger switching fields in the size range of up to 2000 atoms of the Co core.

6.3 Spin dependent electronic properties of Fe
islands and Fe-decorated Co islands

The surprising results presented in the previous section suggest that the Fe
decoration contributes in a non-trivial way to the switching field of Fe-decorated
Co islands. This observation calls for a deeper investigation and understanding
of the magnetic properties of the Fe decorating the Co islands. Spin-polarized
STM is a very suitable technique for such a study as it can measure spatial
variations of of the spin polarization above nano structures with high spatial
resolution.

As already shown in Section 3.3.1, both pure Fe and Fe-decorated Co islands
can be found on the Cu(111) surface. A clear cut distinction between Fe and
Co regions is possible by their different spectroscopic signatures in the differ-
ential conductance spectra. Figure 6.11 shows measurements of the differential
conductance performed on two-atomic-layer-high pure Fe and Fe-decorated Co
islands. The dI/dV spectra taken on pure Fe islands shows a clear peak at
around —0.23 V. In Fe-decorated Co islands, the Co core can be easily identi-
fied by the pronounced peak at around —0.3 V [111], visible in dI/dV spectra
taken in inner part of the islands (green curve in fig. 6.11(b)). Also, the clear
interference pattern due to the electronic quantum interference of the Co surface
states studied in Section 4.2 is visible in the maps of the differential conductance
in the inner part of the islands (upper inset of Fig. 6.11(b)). No corresponding
modulation is observed in pure Fe islands on Cu(111). The Fe decoration of the
Co core shows two different areas with different apparent heights, which varies
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Figure 6.11: (a) dI/dV (V) spectra measured at the center of the island shown
in the inset. (b) dI/dV (V) spectra measured at the marked positions of the
Fe-decorated Co island shown in the lower inset. Three clearly different dI/dV
spectra are measured. The upper inset shows the map of the differential con-
ductance of the island in the lower inset. A clear modulation pattern due to
quantum interference of the Co surface states can be seen in the inner part of
the island. Stabilization parameters: Vo, = +0.5 V, I; = 1 nA. Measurement
parameters: Vyqp, = 4+0.1V, I; = 1nA, T =10 K, W tip covered with 40 atomic
layers of Fe. The islands in (a) and (b) are further characterized in Fig. 6.13
and Fig. 6.14.

with the sample bias, as shown in the lower inset of Fig. 6.11(b). Spectra of the
differential conductance taken on these two different Fe regions are different.
One Fe region presents the same dI/dV spectra which characterizes the pure
Fe islands (purple curve in Fig. 6.11(b)). The dI/dV spectra of the second Fe
region shows an intense peak at —0.41 V and a small bump of low intensity at
—0.05 V (red curve in Fig. 6.11) instead.

Pure Fe nano islands on Cu(111) were already studied by Biedermann et
al. [158] and Gerhard et al. [159]. In their studies they also find two Fe regions
with different apparent heights. Based on atomically resolved STM images, the
authors identify two different Fe regions with two different stackings of Fe on
Cu(111), which they refer to as either fcc or bee. Here we follow their con-
vention of calling different Fe regions fcc or bee, although the assignment of a
bee structure in a two layer film appears to be desputable. Further below we
prefer to refer to Fe phase-a (fcc) and Fe phase-b (bece). Figure 6.12 shows a
hardsphere model explaining the differences between the two stackings. The
so-called bce stacking is obtained by shifting the Fe atoms of the second layer
from hollow sites to bridge positions. In ref. [159] the authors perform also STS
measurements on the two Fe regions. The dI/dV spectra on Fe fcc shows a
pronounce peak at —0.4 V and a small one at small negative voltages near the
Fermi level. Instead, bee Fe areas show a peak at —0.25 V. The dI/dV spectra
measured on the different Fe regions of our sample shown in Fig. 6.11 present
the same features at the same sample bias values as reported by Gerhard et
al. [159]. Therefore we can identify the pure Fe islands of our sample as formed
by the so-called bee stacking of Fe on Cu(111). On the other hand, the Fe which
decorates the Co islands is formed both by fcc and bee stacking regions, which
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Figure 6.12: Hardsphere model illustrating the movement of the top Fe atoms
from their threefold hollow site position of fcc (111) stacking (blue) to the so-
called bee (110) bridge position (orange) [159]. Grey and red balls represent Cu
and bottom Fe atoms, respectively. Lattice directions in the fcc (111) plane and
respective unit cells are indicated. Adopted from ref. [159].

are easily distinguishable by STS. An inspection of the lower inset of Fig. 6.11(b)
reveals that the region of Fe decoration with lower apparent height shows the
characteristic dI/dV spectra of Fe fcc stacking and the region with higher appar-
ent height that of Fe bce stacking on Cu. However, in this thesis no atomically
resolved STM image was achieved on Fe regions and the distinction between
different Fe stacking is based exclusively on spectroscopy measurements. Since
no evidence of different stacking of Fe on the Cu substrate is shown here, the
Fe fee-stacking areas (bee-stacking areas) will be called Fe phase-a (Fe phase-b)
throughout the thesis, whenever I will refer to our measurements.

In ref. [159] the authors perform also ab-initio calculations which predict
a ferromagnetic order for Fe bce stacking and a layer-wise antiferromagnetic
order for Fe fcc stacking on Cu(111). However, no experimental evidence for
the predicted magnetic properties of Fe on Cu have been presented so far and
corresponding measurements are presented here.

All the measurements presented in this section were taken with Fe-covered
W tips. The response of the tip magnetic moment to the applied magnetic
field was characterized as shown in Sections 5.2 and 6.2.2. These tips showed
a gradual increase of the z-component of the magnetic moment with increasing
field, as shown in Fig. 5.4 and Fig. 6.9.

For sake of clarity, let us focus on pure Fe islands first. Figure 6.13(a) shows
the constant-current STM image of a pure Fe island and Fig. 6.13(b-f) are maps
of the differential conductance of the same island taken at different magnetic
field values. A spectra of the differential conductance taken at zero field at the
center of the island is shown in Fig. 6.11. At 0 T the differential conductance
signal does not show any pronounced spatial modulation within the Fe island
(Fig. 6.13(d)). Surprisingly, as soon as the magnetic field is applied, a stripe-like
modulation of the dI/dV signal, which is not visible at 0 T, appears in the maps
of the differential conductance of Fig. 6.13(b,c,e,f). Figure 6.13(g) shows dif-
ferential conductance dI/dV line profiles along the white line in Fig. 6.13(b-f).
Important insights can be extracted from this graph. First of all, the differ-
ential conductance signal for measurements taken in-field oscillates around the
green line profile measured at 0 T. Secondly, the amplitude of the oscillations of
the differential conductance signal increases with increasing magnetic field and
saturates at £1.5 T. It is important to mention at this point that the measure-
ments in Fig. 6.13 were performed with the same tip apex used to obtain the
hysteresis loop of the differential conductance of Fig. 6.9(b). Also there, the
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Figure 6.13: (a) Constant current STM image of a pure Fe-b island. Imaging
parameters: Ve = +0.1 V, I; = 1 nA. (b-f) dI/dV maps of (a) at different
magnetic field values. The white line indicates the line along which the dI/dV
lines profiles in (g) were taken. Measurement parameters: Vi, = —0.5 V,
Vstab = 0.5V, Igap = 1 nA, T = 10 K, W tip covered with 40 atomic layers
of Fe. (g) dI/dV line profiles measured along the white line in (b-f).

saturation of the differential conductance signal is achieved at £1.5 T. We as-
cribe this saturation to the tip apex, where the z-component of the tip magnetic
moment reaches its magnetic saturation at the field value of £1.5 T. Finally,
the oscillations are always in phase and no shift or inversion of the differential
conductance dI/dV contrast can be observed upon changing the polarity of the
applied magnetic field. As can be seen in Fig. 6.13(g), the line profiles measured
at —1.5 T and +1.5 T overlap as well as those measured at —0.5 T and +0.5 T
do. Many pure Fe islands with different size were investigated, and a periodicity
of 1.28 +0.06 nm of the stripe pattern was always observed, irrespective of the
size of the island.

Next, we investigated whether the stripe-like pattern observed on the Fe
phase-b in pure Fe islands is influenced by the Co core when the Fe phase-b
decorates a Co island. Figure 6.14 shows maps of the differential conductance
of the Fe-decorated Co island of Fig. 6.11(b) at different magnetic field values.
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Figure 6.14: (a-d) Maps of the differential conductance dI/dV of the Fe-
decorated Co island of fig. 6.11 at different magnetic field values. (e) Differential
conductance dI/dV line profiles along the green and red dashed lines in (¢) and
(d), before and after the switching of the Co core magnetization direction re-
spectively. It is clear that the differential conductance signal, measured on the
stripe pattern located on the Fe-b region, inverts its contrast after the switching
of the magnetization of the Co core. Measurement parameters: Vo, = —0.5V,
I = 1 nA, Ve, = +05 V, Ige = 1 nA, T = 10 K, W tip covered with
40 atomic layers of Fe.

Fe phase-b regions are found at the corners of the island, and Fe phase-a are
observed along the side of the Fe decoration, as identified by the dI/dV spectra
in Fig. 6.11(b). A large region of Fe phase-b can be seen at the upper-left corner
of the island. No stripe-like modulation of the differential conductance signal
on the Fe phase-b is observed in the maps of the differential conductance at 0 T
(Fig. 6.14(a)). Upon application of the magnetic field, a clear stripe-like pattern
appears on the Fe phase-b located at the corner of the island (Fig. 6.14(b,c)),
as observed for pure Fe islands. A further increase of the magnetic field induces
the magnetization reversal of the Co core, as indicated by the change in the
brightness of the Co core from Fig. 6.14(c) to Fig. 6.14(d). Figure 6.14(e) shows
the differential conductance dI/dV line profiles along the green and red lines
drawn in Fig. 6.14(c) and (d). The direction of the line profiles are perpendicular
to the stipe pattern on Fe phase-b. It is oriented from the edge of the island,
across the Fe phase-b region, towards the Fe phase-a region. The change of the
modulation shows that the dI/dV signal on the Fe phase-b inverts its contrast
after the switching of the Co island magnetization. This indicates a strong
coupling between the two regions, as discussed in Section 7.8.1.

Figure 6.15(c,d) shows maps of the differential conductance dI/dV of two
Fe-decorated Co islands and one pure Fe island for a magnetic field of +1 T.
The corresponding constant-current STM images are shown in Fig. 6.15(a,b).
As already discussed, spatial periodic modulations of the dI/dV signal can be
observed both on Fe phase-b at the decoration of the Co islands and on Fe
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STM images dl/dV maps

Figure 6.15: (a), (b) Constant current STM images of pure Fe and Fe-decorated
Co islands. Imaging parameters: Vg, = +0.2 V, I, = 1 nA. (c¢) and (d)
Maps of the differential conductance dI/dV of the same islands in (a) and (b).
The white arrows indicate the directions of the stripes in the Fe-b regions.
The different areas are evidenced, i.e. the dashed white, light blue and green
lines surround the Fe-b, Fe-a and the Co regions, respectively. Measurement
parameters: Vgop = —0.4V, I; =1 nA, Vi = +05V, Iy =11nA, B=1T,
T =10 K, W tip covered with 40 atomic layers of Fe.

phase-b which forms the pure Fe islands. Figure 6.15(c,d) show that three
directions of the stripe-like pattern are observed, as indicated by the white ar-
rows. The stripes run along the [112], [211] and [121] crystallographic directions
of the Cu(111) surface, as established from atomic resolution STM images of
the Cu(111) substrate. Also, they are perpendicular to the edges of the islands,
which are orientated along the [101], [110] and [011] crystallographic directions
of the Cu(111).

Up to this point, the dependence of the differential conductance dI/dV signal
on the the magnetic field has been discussed only for the Fe phase-b. As it
was already shown above, the Fe decoration presents regions of the so-called
Fe phase-a, located along the side of the islands. In-field measurements of
the differential conductance were performed also on Fe phase-a regions, but no
field-dependent feature of the dI/dV signal was found. Figure 6.16(a) shows a
constant current STM image of a Fe-decorated Co island. A spatial modulation
in the inner part of the island marks off the Co core. Fe phase-a areas are located
at the side of the the Fe decoration as identified by STS. Figure 6.16(b) shows
two dI/dV spectra taken at the positions marked in red and blue in Fig. 6.16(a).
The signatures of the Fe phase-a at —0.4 V and of the Co at —0.3 V are clearly
visible. Several dI/dV spectra were measured at the position marked in blue
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Figure 6.16: (a) Constant current STM image of a Fe-decorated Co island. The
red and blue marks indicate the points where the dI/dV spectra in (b) and the
hysteresis loops of the differential conductance in (¢) and (d) were measured.
(b) Spectra of the differential conductance dI/dV measured at zero field at
the marked red position in (a). The characteristic peak of the Fe phase-a at
—0.4 V is clearly visible. (c), (d) Hysteresis loops of the differential conductance
measured on the Co core (b) and on Fe phase-a region (d). A drop in the
dI/dV signal, due to the switching of the Co core magnetization, can be clearly
observed in the measurement performed on the Co core. On the other hand, no
clear dependence of the differential conductance dI/dV on the magnetic field
can be observed in the hysteresis loop of the differential conductance measured
on the Fe phase-a region. Measurement parameters: Vgop = —0.1 'V, I; = 1 nA,
Vstab = +0.5 V, Isqp = 1 nA, T =10 K, W tip covered with 40 atomic layers
of Fe.

(Co) and red (Fe) in Fig. 6.16(a) and the field dependence of the dI/dV signal
at —0.5 V (for Co) and —0.4 V (for Fe) is shown in Fig. 6.16(c,d). A clear
drop in the differential conductance signal due to the switching of the Co core
magnetization can be observed in Fig. 6.16(c), whereas no clear dependence of
the dI/dV signal on the magnetic field is evident for Fe phase-a in Fig. 6.16(d).
No dependence of the dI/dV signal on the magnetic field was found for any
sample bias between +1 V. This result reveals that the relative magnetization
orientation between tip and Fe-a remains constant through a field cycle, and its
implication for the magnetic order of Fe-a is discussed in Section 7.8.2.

In conclusion, both pure Fe islands and Fe-decorated Co islands on Cu(111)
show striking and unexpected characteristics. The Fe phase-b presents a stripe-
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like pattern in the maps of the differential conductance measured in-field and Fe
phase-a does not show any dependence of the differential conductance dI/dV
signal on the magnetic field. The surprising results presented in this section
are discussed in Section 7.8. In the same Section, also asymmetry maps of the
differential conductance for Fe-decorated Co islands are presented and compared
to previous measurements on pure Co islands.
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Chapter 7

Discussion

A detailed discussion and analysis of all experimental data presented above
is given in this chapter. The different topics are ordered according to their
sequence in the Chapters 4, 5 and 6.

Firstly, the electron confinement within graphene nano islands is discussed.
Our results are the first demonstration that the wave vector quantization in
graphene nano islands follows the very simple 1D ”particle-in-a-box” model.
Interestingly, electron properties of graphene nano islands show remarkable dif-
ferences in comparison with those of an extended graphene layer on Ir(111).
Section 7.2 discusses and compares the results of electron confinement within
Co islands and Fe-decorated Co islands. The characteristic confinement length
in Co islands is found to be between 2.5 and 3 nm shorter than the geometrical
height of the island. On the other hand, the confinement length corresponds
exactly to the geometrical height of the Co core in Fe-decorated Co islands.
This new result is ascribed to the disappearance of the rim state at the edge of
the Co core in Fe-decorated Co islands. Sections 7.3 and 7.4 discuss the spin
polarization of Cr bulk tips and the temperature dependence of the magnetic
response of Fe-coated W tips. The spin polarization of bulk Cr tips is extracted
and a superparamagnetic response to the applied magnetic field is established
for the Fe-coated W tips used in this thesis. Ab-initio calculation are discussed
in Sections 7.5 and 7.6 to estimate the spin polarization of Cu surface states near
a Co island and to discuss the spin-dependent Smulochowski effect. Section 7.7
discusses the results on the magnetic switching field of individual Co islands and
Fe-decorated Co islands on Cu(111). A crossover of the magnetization rever-
sal from an exchange-spring behavior to domain wall formation with increasing
size is found for pure Co islands. A model treating the Co islands formed by
a magnetically soft Co rim coupled via exchange interaction to a magnetically
hard Co core explains the results. Surprisingly, the Fe decoration removes the
magnetically soft Co rim and contributes in a non-trivial way to the switching
fields of the nano islands. Finally, Section 7.8 discusses the results obtained for
Fe on Cu(111). A novel and unexpected magnetic structure is found both on
pure Fe islands and on the Fe rim of Fe-decorated Co islands.
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7.1 Electron confinement in graphene nano is-
lands

Figure 4.3 shows a series of maps of the differential conductance dI/dV taken
on graphene nano islands on Ir(111) which exhibit pronounced modulation pat-
terns that change with energy. This observation is ascribed to the formation of
standing waves in the local density of states (LDOS) due to electron confine-
ment [54]. This phenomenon arises from the scattering of electrons at potential
barriers, such as the edges of the graphene nano islands. The interference of
incoming and outgoing waves leads to the formation of standing wave patterns.
To compare the observed dI/dV maps to the LDOS of confined electrons, the
multiple-scattering method [50,160-162] was used to simulate the formation of
standing waves in the same confinement geometries as that of the islands shown
in fig 7.1(fj,p-t). In the multiple-scattering method, the electron probability
density at a position is determined as the interference between incoming wave
and scattered wave from point scatterers. The confinement areas were set by
arranging the atomic-size point scatterers at the same boundaries as the ge-
ometrical ones in the STM images (Fig. 4.1(B,C)). The resultant probability
density at a position within the boundary is given by the superposition of the

Figure 7.1: (a-j) Calculated spatial modulation of the electron density (a-e) for
the island boundary in Fig. 4.1(B) and maps of the differential conductance
dI/dV obtained for the same island (f-j). (k-t) Calculated spatial modulation
of the electron density (k-o) for the island boundary in Fig. 4.1(C) and maps of
the differential conductance dI/dV obtained for the same island (p-t) [54].
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Figure 7.2: (a) The upper-left region of the island in Fig. 4.1(B). (b) Spectra
of the differential conductance dI/dV at the positions denoted by 4 — 9 in (a).
The positions for the spectra in fig. 4.2(B) are denoted by O-4. Measurement
parameters: Viap = +0.5 V, Igap = 1 DA, Vinog = 20 mV. Adopted from
ref. [54]

original wave with the scattered waves from all the point scatterers. The input
parameter for the calculation is the wave number k of the original wave. The
calculation gives spatially resolved LDOS patterns. Figure 7.1(a-e,k-0) presents
the LDOS patterns of the five lowest confinement modes for the structures cor-
responding to Fig. 4.1(B,C). The calculation reproduces very similar patterns
as compared to the dI/dV modulation patterns in Fig. 7.1(f-j,p-t).

In the results Section 4.1 the energy dependence of the wave-vector within
the graphene nano islands is extracted from the maps of the differential con-
ductance by a FT analysis. The resulting dispersion relation is presented in
Fig. 4.4. The data points follow a linear shape, although they exhibits a distinct
quantization in k. The linear dispersion relation £ = Ep — hvupk is expected
from the electronic dispersion relation predicted by the tight binding model of
graphene [109,110]. Therefore, a linear fit with the mentioned linear equation
is performed. The fit leads to Ep = —0.088+0.022 eV (—0.086+0.021 eV) and
vp = (6.340.40) x 10° m/s ((6.0 £0.38) x 10° m/s) for the island in Fig. 4.1(B)
(Fig. 4.1(C)).

The offset Ep of —0.1 eV with respect to the Fermi energy (Er) is similar
to the results obtained on infinitely large graphene/Ir(111) systems [163-165].
However, it is surprising that vy values extracted from the plots in Fig. 4.4
are smaller by 30 — 40% than the Fermi velocity calculated for free-standing
graphene (vgg) [109,110]. The graphene-substrate interaction is known to af-
fect the graphene band structure. Angle-resolved photoemission spectroscopy
(ARPES) was employed to measure the band structure of graphene/Ir(111).
Those experiments reveal the creations of mini gaps in the graphene m-band due
to the moiré interaction and the hybridization of Ir surface states [166] with the
graphene m-band at Fr. Nevertheless, the measured band structures showed the
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preservation of a linear dispersion relation with the deviation of vg from vgrg by
only a few percent. Therefore, the graphene-substrate interaction itself appears
not to be the only origin to explain the large reduction of vr in this experiment.
Another mechanism for the reduction of v could stem from the nanometer-size
of the graphene islands in this study. In a tight binding model, vg is described
by hivg = 3ta/2 [109,110], where a is the nearest carbon-carbon atomic distance
and t is the nearest-neighbor hopping amplitude through the 7 orbitals of car-
bon atoms. This expression with vp extracted from this study gives a hopping
amplitude ¢t ~ 1.7 eV ~ 0.6ty, where ty = 2.8 eV is the carbon-carbon hopping
amplitude of free-standing graphene. It was predicted that the modification in
the hopping amplitude between carbon and impurity sites can locally reduce vp
due to the 7 orbital suppression at the defect sites [167]. Recent STM and STS
measurements near the defects in graphene corroborated this view and reported
a considerable reduction of vy down to ~ 0.3vpg [168,169]. Furthermore, these
studies showed that the reduction of v extends over several nanometers around
the defect sites. The edge atoms of graphene grown on Ir(111) are known to have
a much stronger interaction with the substrate than those in the central region
of the island [170-172]. The sharp decrease of the differential conductance signal
near the island edge supports this view. Figure 7.2 shows the dI/dV spectra
measured on different positions along the transition from graphene towards Ir
across the upper-left edge of the graphene island shown in Fig. 4.1(B). As the
measurement position moves from graphene to Ir, the dI/dV signal decreases in
magnitude and approaches the values measured on Ir. A monotonic variation
of the dI/dV signal was observed within the distance of ~ 1 nm from the edges,
where peculiar edge-related states, which were discussed for other systems [173],
or described in theory [55], were not observed here. This strongly suggests the
suppression of the m-band in the near-edge regions. The edges of the islands,
therefore, could be viewed as extended lattice defects. Since the islands in this
study have radii of 4 — 5 nm, one could expect a reduction of vg over the whole
area of the islands. The noticeable difference between our work and the previous
ARPES studies is the size of graphene. Thus, besides the graphene-substrate
interaction, the small island sizes with the suppressed m-band near the edges
provides one plausible scenario as a mechanism to induce the considerably small
vr in the nanometer-size graphene islands.

An additional explanation of the observed electron confinement comes from
very recent works of Subramaniam et al. [174] and Altenburg et al. [175]. They
claim that the modulation pattern observed in maps of the differential conduc-
tance on graphene nano islands on Ir(111) comes from the intrusion of the Ir
surface resonance located at the I' point into the graphene layer. Altenburg et
al. propose that nanometer-seized graphene islands act as local gates, which
shift and confine the Ir surface resonance. Their analysis of the electron con-
finement indicates the presence of a two-dimensional electron gas described by a
parabolic equation with a binding energy of —160 meV and an effective electron
mass of 0.18 m. underneath single-layer graphene on the Ir(111) surface. So
far, electron confinement in graphene nano islands has been observed only on
the Ir(111) substrate and this might be a convincing explanation for the lack
of experimental observations on other substrates. Although the data presented
in fig. 4.4 are described better by a linear fit, parabolic fits of our data with
the two-dimensional-electron-gas equation F = Ey + h2k? /2m* were performed
following the suggestion of Altenburg et al. [175]. The quality of the fit is quite
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Figure 7.3: k,(n) plots extracted by applying 1D particle-in- a-box model to
the wave vectors obtained from the FT maps in Fig. 4.3. The slope of the fit
gives the effective confinement length L.onf. The effective confinement length
is 8.4 nm (8.0 nm) for the island in Fig. 4.1(B) (Fig. 4.1(C)). Adopted from
ref. [54].

poor and yields Ey = —0.294+0.04 (Ey = —0.304+0.04) and m*= 0.22+0.02 m,
(m*= 0.25 £ 0.02 m,) for the island in Fig. 4.1(B) (Fig. 4.1(C)). These values
do not agree with the values measured in ref. [175]. Therefore, electron con-
finement in our system does not appear to arise from electron confinement of Ir
surface state electrons, described by a two-dimensional electron gas. However,
the observation of an Ir-related electron confinement cannot be excluded. Re-
cent studies show that even the dispersion relation of the well known Shockley
surface states of Cu(111) deviates significantly from the paradigmatic parabolic
behavior of quasi-free electrons [176]. This is due to the hybridization between
Cu surface states and bulk states. Similarly, the hybridization between Ir and
graphene may lead to a specific dispersion relation and electron confinement
which reflect properties of this specific interface.

The determination of the effective size of the confinement Loy, ¢ is an inter-
esting aspect of the confinement phenomena in graphene nano islands, as it is in
the surface state confinement of metallic system [41,43-46]. An effective way to
obtain the confinement size along the symmetry axis of a threefold symmetric
2D structure by using a one-dimensional (1D) particle-in-a-box model was in-
troduced by Rodary et al. [46]. The same analogy was applied to the graphene
islands in Fig. 4.3. The magnitude of the wave vector k,, was taken along one
of the symmetric direction, where n is the integer index determined from the
sequence of dI/dV patterns shown in Fig. 4.3(A-E) (Fig. 4.3(K-0)). Figure 7.3
shows the plots of k,, as a function of n. Each data set is fitted well by a linear
function k,, = nmw/Leons intersecting the origin. The slope of the kj,(n) relation
gives Leons = 8.4 nm (8.0 nm) for the island in Fig. 4.1(B) (Fig. 4.1(C)), which
is approximately 0.5 (0.7) nm smaller than the geometric size as indicated in
Fig. 4.1(B) (Fig. 4.1(C)). The above-mentioned strong interaction of the edge
carbon atom is expected to deplete the electronic DOS near the island edge. It
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is plausible that such an effect extends to 2 — 3 unit cells (0.5 — 0.7 nm) from
the island edge (see also the dI/dV spectra in Fig. 7.2). This may indicate that
the sharp transition of the electronic properties near the island edge serves as
the potential barrier for confinement, leading to a smaller L.o,s as compared
to the geometric size.

In conclusion, a pronounced spatial modulation of the differential conduc-
tance dI/dV in nano sized monolayer graphene island on Ir(111) was observed.
These findings are ascribed to spatial modulations of the LDOS which is induced
by electron confinement. The origin of the confined electrons is currently still
under debate.

7.2 Electron confinement in Co nano islands and
Fe-decorated Co nano islands

The results presented in Section 4.2 revealed, similar to the observations made
for graphene nano islands, pronounced modulation patterns of the differential
conductance within the Co islands. The energy dependence of these patterns is
investigated, and the wave-vector is extracted from the spatial modulation of the
differential conductance by a FT analysis. The confinement analysis is extended
to smaller wave vectors (kK < 1 nm~!) as compared to previous work [75], and
the discrete wave vectors follow a parabolic dispersion relation (see Fig. 4.6).
The parabolic fit with the equation E = Eo+h*k?/2m* yields Ey = —0.1740.02
and m*= 0.35 £ 0.02 m,. Previous studies reported values of Fy = —0.22 [106],
—0.16 [111] and —0.11 eV [75] for the onset of the Co surface states on Cu and
an effective mass of m*= —0.38 m, [111] and m*= —0.39 m, [75]. The onset
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Figure 7.4: Plot of the wave vector as a function of an integer index extracted by
applying 1D particle-in- a-box model to the wave vectors obtained from Fig. 4.6.
The three data sets correspond to three directions of the triangle. The slope
of the fit gives the effective size of the confinement length d.;r. We obtain
defr =7.6£0.3,8.3+0.4,9.5+ 0.5 nm for the directions A, B, C, respectively.
These are indicated in Fig. 7.5.
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Figure 7.5: Comparison of the characteristic lengths extracted from the quanti-
zation rule of Fig. 7.4 with constant current STM data along the three different
directions A, B and C of the Co island.

Fy = —0.17 + 0.02 measured here is in line with the previous reports, but the
effective mass m*= 0.35 & 0.02 m, is slightly smaller. Considering the relative
large variations of Ey between the different reports, it is possible that the values
Ey and m* may be island size dependent.

The one-dimensional particle-in-a-box model [46, 75] was used also here to
analyze the confinement in the Co island. Figure 7.4 shows the plots of the wave
vector k,, as a function of n for the three symmetry axes shown in the inset. Each
data set is fitted by a linear function k,, = nmw/d.s¢ enforced through the origin,
where the slope of the curves gives the effective confinement length d.s¢ for the
three symmetric directions of the island in Fig. 4.5. A comparison of the three
dery extracted for the different directions in Fig. 7.4 with STM topography
data is shown in Fig. 7.5. Note, this island is not equilateral and the three
heights differ from each other. Fig. 7.5 reveals a systematic deviation of the
extracted characteristic lengths d. s ¢ from the different geometric lengths d. The
extracted desy are between 2.4 and 3.1 nm smaller than the topographical values
from constant-current STM images. A possible explanation is that the electronic
structure of the island is changed close to the rim [106]. Such a change alters the
position of the potential barrier responsible for the scattering towards the island
center and leads to a reduced characteristic length. It was shown in ref. [75,115]
that the electronic structure is indeed changing significantly as a function of
position on the island towards the rim. This phenomenon can be explained by
structural relaxation of the atoms at the rim of the island [115]. Furthermore an
electronic state is observed at the rim of the islands near the Fermi energy [106,
115]. This also alters the electronic structure, and we speculate that this also
affects the scattering potential barrier at the rim of the islands. Since the spatial
distribution of that rim-state has a width of about 1.2 — 1.5 nm [75], it seems
likely that the differences between geometric lengths and confinement lengths
are mainly caused by the rim-state in combination with structural relaxation

effects.

In order to check the validity of these assumptions, the borders of the Co
The confinement within the Co core of the
Fe-decorated Co island of Fig. 4.7 was investigated performing the same FT
analysis of the spatial modulation of the differential conductance of the Co core
as presented before. A parabolic dispersion relation gives a valid description

islands were decorated with Fe.
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Figure 7.6: Plot of the wave vector as a function of an integer index extracted by
applying the 1D ”particle-in-a-box ” model to the wave vectors obtained from
Fig. 4.8. The slope gives the size of the effective confinement length desy =
5.7 £ 0.4 nm.

Direction | Confinement length de;; (nm) | Geometrical height (nm)
A 5.5+0.4 5.5+0.2
B 5.6+0.4 5.7+0.2
C 5.7+£0.4 5.8+0.2

Table 7.1: Comparison between confinement lengths d.fs and geometrical
heights for the Co core in Fig. 7.7

of the experimental data (see Fig. 4.8). The parabolic fit with the equation
E=FEy+ h2k2/2m* yields Ey = —0.11 4+ 0.03 and m*= 0.34 & 0.03 m,.. The
extracted values Ey and m* are in line with the discussion presented above for
pure Co islands.

The one-dimensional particle-in-a-box model was used also here and Fig. 7.6
shows the plot of the wave vector k,, as a function of n for the symmetry axis
C of the Co core of Fig. 4.7. Here, only the relation k,(n) for the direction C
is plotted since the Co core is very regular and all the three different directions
give very similar curves. From the slope of the linear fit in Fig. 7.6, the effective
confinement length d.;y can be extracted. The effective confinement lengths
for the three symmetric directions are listed in Table 7.1 and Fig. 7.7 shows
a comparison between the extracted d.fr and the size of the Co core. The
confinement lengths d.f¢ corresponds to the geometrical heights of the Co core,
in contrast to pure Co islands, where dc.;r is 2.4 — 3.1 nm smaller than the
geometrical height of the island. Thus, we can conclude that the effect of the
Fe decoration is to move the scattering potential barrier right at the border
between Fe and Co. What is the origin of this difference?

As discussed above for pure Co islands, the electronic properties at the
border of the nano structure, where the electron scattering takes place, are
the prime suspects. In order to understand why the position of the potential
barrier, which is responsible for the scattering, moves from 1.2 — 1.5 nm away
from the island border, in pure the Co island, to right at the Fe-Co border, in
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Figure 7.7: Constant current STM image of the Fe-decorated island in on which
the measurement were performed. The yellow dashed line indicates the Co core
of the Fe-decorated Co island. The arrows indicate the effective confinement
lengths extracted from the quantization rule. It is clear that the effective lengths
deyy correspond to the geometrical heights of the triangular Co core. Imaging
parameters: Vyqp = +0.1 V, I; =1 nA.

the Fe-decorated Co island, position dependent STS was performed.

Figure 7.8 shows several dI/dV spectra as a function of position across the
border between Co and Fe phase-a (a-c) or Co and Fe phase-b (d-f)*. The black
dI/dV spectrum at the bottom of Fig. 7.8(b) (Fig. 7.8(e)) shows clearly the Co
3-d peak at —0.3 V. Moving towards the Co-Fe phase-a (Co-Fe phase-b) border,
the Co 3-d peak decreases in intensity and the typical peaks of the Fe phase-a (Fe
phase-b) at —0.4 V (—0.2 V) gradually appears. On the basis of the changes of
the dI/dV spectra, the transition region between Co and Fe phase-a (Fe phase-
b) occurs over a distance of 0.7 nm for both Fe phases. This corresponds to
about 3 nearest-neighbor atomic distances of the Cu(111) substrate.

But the most striking observation is that no Co rim state can be observed
at the Fermi energy in the dI/dV spectra taken at the Co border. No peak at
0 V can be observed in the dI/dV spectra measured either at the Co-Fe phase-a
border or at the Co-Fe phase-b border. Thus, the Fe decoration removes the
peculiar Co rim state, which is observed at the edge of the pure Co islands. We
propose that without rim state, the scattering potential barrier moves all the way
towards the Co-Fe border and therefore, the extracted confinement length deys
correspond to the geometrical height of the Co core. It was shown by Rastei et
al. [115] that surface-state electrons on nano islands are significantly affected by
the local atomic structure and relaxation. Therefore, we speculate that the Co
rim state is closely related to the structural relaxation of the atoms at edge of the
Co islands. The structural relaxation of the atoms at the Co island edges alters
the local electronic structure and this might be responsible of the formation
of the so-called rim state in pure Co islands. In a Fe-decorated Co island,
the Co atoms at the edge of the Co core do not undergo the same structural
relaxation as in pure Co islands due to the Fe decoration, and consequently,
no rim state forms. Note that the absence of the Co rim state, and the almost

1The two different Fe phases which can be found in our sample were defined in Section 6.3
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Figure 7.8: (a,d) Constant current STM image of a Fe-decorated island on which
the position dependent STS measurement were performed. The white line in (a)
and (d) indicate the positions and directions along which the dI/dV spectra in
(b) and (e) and the line profiles in (¢) and (f) were taken. The line profile in (a)
runs from the Co core towards the Fe phase-a. The line profile in (d) runs from
the Co core towards the Fe phase-b. (b,e) Spectra of the differential conductance
dI/dV measured on the points evidenced in (a) and (d). (c,f) Constant current
line profiles along the white arrows in (a) and (d). Measurement parameters:
I =1nA, Vyop =401V, I =1 nA, Vigap =405 V.

—~

constant energy position of the Co related peak at —0.3 eV, is a first indication of
rather constant electronic properties and strain state within the Co core. This
assessment is further corroborated by the following discussion of the energy
position of the Co 3-d peak.

Another indication of a rather constant strain state of the Co core, which
does not vary sensibly at the edge region, comes from the observation of the
constant energy position of the 3-d Co peak at —0.3 V in Fig. 7.8(b). It was
shown that the energy position of the 3-d Co peak is closely related to the Co-
Co interatomic distance [115], and therefore to the local structural relaxations.
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Position dependent dI/dV spectra on pure Co islands performed by Rastei et
al. [115] and Wedekind [75] show that the 3-d Co peak shifts of about 0.06—0.1 V
when moving from the center of the islands towards the Co island edges. This
finding was ascribed to the variation of the Co interatomic distance within
the island. Figure 7.8(b) does not show a pronounced energy shift of the 3-
d Co peak and its energy position stays constant at —0.3 V from spectra 1 to
spectra 5. Thus, the hypothesis of a fairly constant Co interatomic distance, and
therefore a rather constant strain state, in the Co core can be advanced. This
observation is important in view of the discussion on the island size dependence
of the magnetic switching of Fe-decorated Co islands discussed in Section 7.7.2.

In conclusion, electron confinement both in pure Co and Fe-decorated Co
islands was investigated. In Co islands, the potential barrier responsible of the
electron scattering was found to be located around 1.2 — 1.5 nm away from the
edge of the islands, towards the inner part of the island. This differs for the Fe-
decorated Co islands, where the scattering of the electrons takes place right at
the Co-Fe border. This difference is ascribed to the disappearance of the Co rim
state at the border of the Co core in Fe-decorated Co islands. We speculate that
the rim state is a electronic characteristic raising from the structural relaxations
of the atoms at the edges of Co islands. The Co atoms at the edge of Co cores
of Fe-decorated Co islands cannot undergo the same structural relaxations as
in pure Co islands due to the Fe decoration and the characteristic Co rim state
does not appear. The absence of the Co rim state at the Co core borders
of Fe-decorated Co islands does not affect electron confinement only, but also
magnetism and electron spin dependent properties of the Co cores are influenced.
Section 7.7.2 and 7.8.3 will give further insights into these topics.

7.3 Magnetic response and spin polarization of
bulk Cr tips

The measurements presented in Section 5.1 demonstrate that bulk Cr tips can be
successfully used for in-field sp-STM measurements and no tip-related specific
features in the differential conductance dI/dV spectra are observed.

The hysteresis loop of the differential conductance in Fig. 5.3(b) suggests a
continuous increase of the z-component of the local magnetic moment of the tip
apex towards the field direction with increasing z-field. At first sight the reori-
entation of the spin moment of a bulk antiferromagnetic material in a modest
field of 2 T might come as a surprise. However, Rodary et al. [81] showed by
high resolution transmission electron microscopy measurements that clusters at
the end of the tip need to be considered in the tunneling process. Thus, the pres-
ence of uncompensated spin moments at the tip apex is a reasonable assumption
since uncompensated magnetic moments in Cr clusters were already observed
experimentally by Payne et al. [177] and treated theoretically by Czerner et
al. [178].

An important figure of merit in sp-STS is the spin polarization of the tip as
it determines, together with the sample spin polarization, the measured mag-
netic contrast. Furthermore, knowledge about the tip spin polarization enables
to disentangle the contribution from tip and sample in the dI/dV signal and
gain detailed information about sample properties. To determine the spin po-

67



0.10

0.05

0.00

-0.05

dl/dV asymmetry

-0.10

-0.15L— : :
02 00 02 04 06

Sample bias (V)

Figure 7.9: Energy dependence of the asymmetry of the differential conductance
dI/dV averaged over the highlighted inner part of the Co island shown in the
inset (the Co island marked in Fig. 5.2). The two curves refer to two different
measurements performed by the same macroscopic bulk Cr tip but with different
tip apexes. The tip apex changed between « and § during a spectroscopy scan.

larization of the tip (P;), asymmetry maps of the differential conductance were
measured on the Co island shown in the inset of Fig. 7.9 as described in Sec-
tion 3.4. Then, the energy dependence of the asymmetry of the differential
conductance was extracted averaging each asymmetry map of the differential
conductance over the inner part of the Co island, in order to avoid the con-
tribution of the rim state and to average out the modulation of the Co spin
polarization (see also supporting material of ref. [95]). The result is shown in
Fig. 7.9 (curve ). The asymmetry varies in sign and magnitude with the ap-
plied voltage and reaches a maximum value of —0.123 at the Fermi energy. The
pronounced voltage dependence of the asymmetry of the differential conduc-
tance reflects the energy dependence of the spin polarization of a 2-ML-high Co
film [95]. In order to quantitatively extract the spin polarization of the tip, the
effect of the tip-sample distance on the extraction of the spin polarization must
be taken in account [129,179]. The energy dependence of the spin polarization
of a 2-ML-high Co film (P,) at 4 A away from the surface was calculated by ab-
initio calculation in ref. [95]. Here, the calculated sample spin polarization P
was used to extract the tip spin polarization P;. Using the relation A = — P, P;
(see Chapter 2), from curve « in Fig. 7.9 we obtain a tip spin polarization
P, = 0.45 at the Fermi energy. The calculated spin polarization at the Fermi
energy for this tip has the opposite sign and is significantly larger than the spin
polarization of the Cr(001) surface (P = —0.18) [180]. This value is comparable
to the spin polarization obtained for Fe-coated W tips (P = 0.42) [34,181] and
it is much larger in comparison with Cr/Co/W tips (P = —0.1) [95].

The characterization of the tip spin polarization is important to obtain a
correct interpretation of the experimental data since it can change from tip
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apex to tip apex, as we discuss in the following. Curve § in Fig. 7.9 shows the
measured dI/dV asymmetry averaged over the island after the tip apex changed
its configuration unintentionally during an STS measurement. We observed
that the overall shape and amplitude of the two curves are very similar, but
the sign of the asymmetry of the differential conductance is different. The
change in the tip apex could only be noticed from the slightly different shape
of the dI/dV spectra, whereas the constant-current image did not show any
noteworthy difference after the tip had changed. Moreover, the response of the
spin moment of the tip apex to the applied magnetic field did not change. The
change in the tip apex can be ascribed to structural modification of the cluster
at its apex, which is responsible for the tunneling process. This measurement
clearly shows that even a small change in the tip apex can modify the value
of the tip spin polarization as well as reverse its sign. This is in line with
recent theoretical calculations by Ferriani et al. [182], which reveal that the spin
polarization of a Cr ad-atom can strongly change depending on the orientation
of the surface on which it is bonded.

In conclusion, a magnetic characterization of bulk Cr tips was performed.
The significant spin polarization and the easy fabrication as compared to film
covered W tips make bulk Cr tips excellent candidates for antiferromagnetic
sp-STM/STS probes.

7.4 Temperature dependent measurements with
Fe-coated W tips

Figure 5.4 shows the dependence of the differential conductance dI/dV on the
magnetic field measured on the Co cores of single Fe-decorated Co islands. The
measurements show clear changes in the slope of the differential conductance
signal between —1 T and +1 T with temperature. This observation is already
a strong hint of a superparamagnetic response of the magnetization of the tip
apex.

The abrupt change of the differential conductance in the measurements of
Fig. 5.4 is ascribed to the reversal of the Co core magnetization direction. Thus,
the dependence of the differential conductance on the magnetic field due to the
response of the tip magnetization can be obtained by subtracting the ferromag-
netic contribution of the Co island from the measurements of Section 5.2. The
results are shown in Fig. 7.10. The labels Col and Co2 refer to the two different
Co cores of Fig. 5.4 on which the magnetic field dependence of the differential
conductance was measured.

The measurements in Fig. 7.10 show remarkable changes of the slope around
0 T with temperature. These curves were calculated from the magnetic field
dependence of the differential conductance of Fig. 5.4(b,c) by subtracting the
signal change due to the magnetization reversal of the sample. If the increase
of the z-component of the magnetic moment of the tip apex was due to the
rotation of the tip magnetization direction from the in-plane to out-of-plane di-
rection, these pronounced changes come as a surprise as the magnetic anisotropy
constants of Fe can be considered constant in this rather small temperature in-
terval [123,125,183]. A possible temperature dependence of the anisotropy of
the tip apex does not seem to be responsible for the observed temperature
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Figure 7.10: Calculated differential conductance dI/dV loops, measured with
a 40 ML Fe/W tip, extracted by subtracting the ferromagnetic contribution
of the Co magnetization from the magnetic field dependence of the differential
conductance of Fig. 5.4(b,c). These calculated curves from the experimental
data represent the magnetic response of the 40 ML Fe/W tip measured over the
two Co cores Col and Co2 in Fig. 5.4(a). The red curves are Langevin fits to
the experimental data.

dependence. The temperature induced changes rather point at superparamag-
netic response of the magnetization of the tip apex. As a first analysis, the
case of isotropic superparamagnetism is considered. Under the assumption of
(KV/kgT) << 1 (K: anisotropy per unit volume, V: volume of the magnetic
cluster at the tip apex, kp: Boltzmann constant, T: temperature), the thermal
agitation energy is so high in respect to the anisotropy energy of the magnetic
cluster at the tip apex, that all macrospin directions of the magnetic cluster are
equally probable, and the magnetic anisotropy K can be neglected. Therefore,
the data can be fitted with the Langevin function L(z) = coth () — 1/x, where
x = pH/kpT (u: magnetic moment of the cluster at the tip apex, H: applied
field) [124]. The red curves in Fig. 7.10 represent the Langevin fits though the
data points. The Langevin function reproduces well the experimental data at
each temperature explored here.

The data were analyzed as follows. Firstly, the data at 10 K were fitted with
the measuring temperature of 10 K in order to obtain the magnetic moment u
of the magnetic cluster at the apex of the tip. Once checked that the magnetic
moments obtained from the fits of the data in Fig. 7.10(a,b) were the same in
view of the experimental error, the magnetic moment p = 0.0397 eV/T was used
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to fit the data measured on the so-called Co2 island in order to cross check the
temperature reading. The temperatures extracted from the fits in Fig. 7.10(e,f)
were then used as fixed parameters in the fits of the the data in Fig. 7.10(b,c)
to extract the tip magnetic moment p.

The temperatures extracted from these fits reproduce well the temperatures
imposed by the resistive heater at the STM head. At 30 K a deviation of
around 4 K is observed. The origin of this error might come from different fac-
tors. At this temperature, the duration of the measurement for each single point
in Fig. 7.10(c,f) is longer in respect to the other two temperatures because of
the larger noise introduced in the differential conductance signal with increasing
temperature. Another factor is the spatial separation between the heater, the
Cernox temperature sensor and the sample. With increasing heating power it
appears plausible that the thermal equilibrium of the setup is disturbed and
larger temperature gradients appear. In any case, the overall agreement looks
satisfactory. Also, the magnetic moments extracted from the fits are rather con-
stant in the experimental error bar. Considering an atomic magnetic moment of
3up per Fe atom [184], the magnetic cluster at the tip apex can be estimated to
contain some 210—250 Fe atoms, which is a reasonable result in view of previous
high resolution transmission electron microscopy (HRTEM) studies [81].

Also the case of anisotropic superparamagnetism was considered to fit the
data. In this case, the assumption (KV/kgT) ~ 1 is made, and the macrospin
of the magnetic cluster at the tip apex fluctuates along the easy axis of the
cluster only. The difference in respect to the previous case is that the magnetic
anisotropy K is explicitly considered in this model. The experimental data in
Fig. 7.10(a) were fitted with the function [185]

exp (d + h?/4d) sinh (h)

F(H) = —h/2d + (2/V7d) x Erfi (vd + h/2d) + Erfi (vd — h/2/d)

(7.1)

where d = BKN, h = BuopH, f = 1/kpT and Erfi(z) = (2//7) [i et dt is
the imaginary error function (K: anisotropy per atom, N: number of atoms in
the magnetic cluster at the tip apex, u: magnetic moment of the cluster at the
tip apex, H: applied field, T temperature). Considering an atomic atomic mag-
netic moment of 3up per Fe atom as above, the fit gives K = 24 +9 eV /atom
and N = 108 £ 14 atoms. From these values we calculate (K N/kpT) = 3,2,1
for T' =10, 20, 30 K, which validates the previous assumption. Also, a blocking
temperature [124] Tp = KN/25kp = 1.2 K results for the cluster at the tip
apex. The extracted magnetic anisotropy K is surprisingly large compared to
the bulk anisotropy of Fe (3.9 ueV/atom at 4.2 K) [183] and Fe films on W(110)
(9.4 peV/atom) [186], but it is reasonable in view of the large values reported
for nanoscopic systems [23,77,187]. Therefore, also an anisotropic superpara-
magnetic response of the tip apex magnetization can describe the experimental
data well. However, a clear cut distinction between isotropic and anisotropic
superparamagnetism is difficult for the presented data. Indeed, numerical evalu-
ation shows that the Langevin function L(uH/kpT) and Eq. 7.1 are very similar
within this temperature range, i.e. 7'~ 10—30 T, and both the curves describe
the presented data well.

In conclusion, the measurements and the discussion presented above indicate
a superparamagnetic response of the tip apex magnetization of Fe-coated W
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tips. At this point, we can state that the magnetic sensitivity of the Fe-coated
W tips used for the measurements presented in this thesis was always along
the direction of the external magnetic field. This implies that only the out-
of-plane component of the sample magnetization was detected and no in-plane
component was ever probed. At zero field, no spatial orientation of the tip apex
magnetic moment is preferred, and no magnetic sensitivity was ever achieved.
Thus, for this tips we conclude that at 0 T we cannot detect in-plane sample
magnetization. These findings are important for the interpretation of the results
presented in Section 6.3 and discussed in Section 7.8.

7.5 Estimation of the induced spin polarization
in Cu in proximity of a Co island

The measurements in Section 6.1.1 aim at measuring the spin polarization in-
duced in the Cu surface between two Co islands. The line profiles of the differ-
ential conductance dI/dV asymmetry shown in Fig. 6.2 do not reveal any clear
modulation of the signal in the Cu channel, but only at the Co edges. This
suggests that the induced spin polarization of the Cu surface states is too small
to be detected. The estimation of the statistical error presented in Fig. 6.3 indi-
cates that the minimum detectable differential conductance dI/dV asymmetry
signal is around 0.02 — 0.03 under these measurement conditions. By similar
analysis to that presented in Section 7.3, the spin polarization Pr of the specific
bulk Cr tip tip used to perform this experiment was estimated to be 0.35 at
the Fermi energy. Therefore, an upper limit of |Pg| = A/Pr = 0.05 — 0.08
can be estimated for the Co-induced spin polarization of the Cu surface at the
Fermi energy. Note that a tip with larger spin polarization would give a better
sensitivity for the detection of minute spin polarization of the sample.

In order to have a theoretical estimation of the induced spin polarization
in the Cu surface in proximity of a Co island, ab-initio calculations were per-
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Figure 7.11: (a) Hardsphere model of the system used in the calculations. The
magenta dashed line indicate the origin of the X axis. (b) Calculation of the
spin polarization at the vacuum spheres for the geometry sketched in (a).

72



formed?. The induced spin polarization in the Cu surface was calculated in
the geometry sketched in Fig. 7.11. A two-atomic-layer-high Co stripe runs
along the [110] direction of the Cu(111) and the sample spin polarization is
calculated in the first and second vacuum layer above the Cu surface, along the
[112] direction. This geometry reflects the orientation of the Co island edges
shown in Fig. 6.1. The results of the calculations performed at the Fermi en-
ergy are shown in Fig. 7.11. A maximum spin polarization of 1% (Ps = 0.01)
is calculated in the second vacuum sphere around 0.2 nm away from the Co
stripe, and it vanishes around 0.8 nm. These calculations corroborate the es-
timate done before for the upper limit of the induced spin polarization in the
Cu surface states. The calculated minute magnitude of the spin polarization
suggests that its value is too small to be reliably detected already at a distance
of about one atomic diameter away from Co. Nevertheless, novel insights into
spin-dependent electron spill-out near a Co island are accessible, and they are
discussed in Section 7.6.

In conclusion, improving the lower limit for the smallest detectable spin
polarization remains a challenge for future investigations. Magnetic tips with
a bigger spin polarization in bulk materials may be used. However, as it was
shown and discussed in previous sections, this tip characteristic is not easy
to control and tip spin polarizations larger than 0.4 — 0.5 are rarely achieved.
Working at lower temperature also helps to reduce the thermal induced noise
and to increase to signal to noise ratio. In any case, this experiment gives an
estimate of the smallest spin polarization value detectable with the Omicron
cryo-STM used in this thesis, and it is of the order of 5%.

7.6 Spin-dependent Smoluchowski effect

The data presented in Section 6.1.2 provide clear evidence of strong spatial
modulations of the spin-dependent electronic properties and transport proper-
ties along the edge of a Co island on Cu(111). In order to link these observations
to an electron spin dependent charge flow at at the Co island edge and to under-
stand how majority and minority states contribute to this effect, first principles
calculations were performed?.

In the calculations, the edge of a bilayer high Co island on Cu(111) was
mimicked by an infinite stripe of Co atoms, which is four atomic rows wide in
the topmost layer and five for the lower layer. The Cu substrate is described by
a slab of five layers, with 12 atomic rows in each layer. This structure is sketched
in Fig. 7.12(A). The electronic structure at the edge of Co islands was calculated
performing simulations for different numbers of atomic rows in the stripe, and
it was found that the chosen model describes the main aspects reliably.

Energy and site resolved plots of the calculated total local density of states
and for the minority and majority electrons in the vacuum space above the
edge of the Co stripe are presented in Fig. 7.12(B). The total density of states
reveals a non-trivial spatial and energy dependence of the density of states.

2Calculations are kindly provided by L. Niebergall and V. S. Stepanyuk from the theory
department at the Max-Planck-Institute of Halle.

3Calculations are kindly provided by O. P. Polyakov, O. V. Stepanyuk, A. M. Saletsky
and V. S. Stepanyuk from the Faculty of Physics of Moscow State University and the theory
department at the Max-Planck-Institute of Halle. A correspondingly publication has been
submitted [61].
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The total density of states is strongly reduced above the step edge (position
3). Qualitatively we find that the total electron density of states at any given
energy is reduced above the Co stripe (position 1) and increased above the Cu
surface (position 6). Thus, a positive surface dipole is expected near the step
edge, in accordance with the Smoluchowski’s model. However, the plot also
indicates that states of different energy show a different spatial variation. Thus,
electron charge spill out and smoothing is an energy dependent phenomenon.

The plots of the minority and majority states in Fig. 7.12(B) reveal that the
local density of states (LDOS) for minority electrons is significantly larger than
for majority electrons. The minority LDOS exhibits strong spatial variations
across the step, which vary drastically with energy. In both spin channels a
deep minimum of the LDOS near the top of the step, which corresponds to the
vacuum sphere 3, is revealed. This reflects the spill out of electronic charge
near the top of the step, in accordance with Smoluchowski’s description. Our
treatment advances the Smoluchowski description by identifying that charge
redistribution at step edges effects minority and majority electrons differently,
as outlined next.

There is a strong local increase in the electron density of the majority elec-
trons at the bottom of the step. This contrasts with the LDOS of the minority
electrons, where the LDOS at the bottom is close to that on the top of the step.
The behavior of the minority sp electrons is strongly affected by the localized
minority d-rim states observed at the edge of Co islands on Cu(111) in spin-
polarized STS experiments [95,106]. The rim states have been clearly identified
as spin-polarized states having an electronic structure strongly different from
that of the islands interior.

The above results give clear evidence of the spin-dependent charge redis-
tribution across a step of a magnetic nanostructure. In other words, one can
speak of a spin-dependent Smoluchowski effect at the edges of magnetic nano
structures.

One very interesting and important issue predicted by these results is the
possible strong impact of the spin-dependent charge redistribution on the spin-
polarization of electrons above step edges. In particular, one might expect
significant spatial variations of the spin-polarization near step edges. The spin-
polarization P is defined as

nt(E) —ny(E)
nt(E) + ny(E)

where n4+(E) and n|(E) are the LDOS for the majority and minority elec-
trons, respectively. The calculated spin-polarization near the edge of the Co
island is presented in Fig. 7.13%.

In order to determine the spin-polarization above the step edge of the Co
island shown in Fig. 6.4, the asymmetry of the differential conductance was
extracted across the same step edge. This asymmetry is proportional to the
spin polarization of the sample Pg. Three line profiles of the asymmetry of the
differential conductance are shown in Fig. 6.5 for different bias voltages. The
comparison between the experimental data of Fig. 6.5 and the theoretical data

P(E) = (7.2)

4The position of occupied minority Co d-states calculated by VASP or by the Korringa-
Kohn-Rostoker method is about 0.1 eV higher than the experimental results [97,115]. There-
fore, the Fermi level on the map of the spin-polarization was shifted to the higher energy by
0.1 eV.
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Figure 7.12: (a) Hardsphere model of the system used in the calculations. Note
that all atomic positions were allowed to relax. (b) Plots of the energy depen-
dence of the total density of states (top) and of the spin-resolved density of
states of minority (center) and majority (bottom) electrons as calculated at the
position of the vacuum spheres identified in (a). Adopted from ref. [61].

of Fig. 7.13 requires an alignment of the horizontal spatial axis. The position of
half step height was chosen as the common point, i.e. the position 4 nm of the
experimental line scans corresponds to the lateral position of vacuum sphere 4.
Our data reveal that both experiment and theory observe the same location of
the strongest changes of the asymmetry and spin polarization signal, which is
located near the upper section of the step edge, i.e. at position 3 — 3.5 nm in
Fig. 6.5 and at position 3 in Fig. 7.13.

The experimental data obtained at a gap voltage of —0.5 V (Fig. 6.5(A))
show a negative value near the top of the Co island step, and it turns slightly
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Figure 7.13: Calculation of the energy dependence of the spin-polarization P at
the vacuum spheres across the step edge, as defined in Fig. 7.12(a). Adopted
from ref. [61].

positive before going to zero at the bottom of the step. This resembles favorably
the behavior of the spin polarization along the step edge as indicated for a
horizontal section through Fig. 7.13 at —0.5 eV. For —0.05 V (Fig. 6.5B), the
asymmetry of the differential conductance shows small positive values near the
upper step edge, and negative values at half height of the step edge (4 nm),
changing to zero above the Cu surface. This behavior agrees favorably with the
calculation presented in Fig. 7.13. Also at +0.5 V (Fig. 6.5(C)) the agreement
with theory is comforting as we measure a negative asymmetry of the differential
conductance, indicative of a negative spin polarization over the complete step
edge, in agreement with theory.

This spatial modulation of the spin-polarization at the edge of the Co island
impacts also the TMR ratio, as it is evident from Fig. 6.6. The TMR ratio is
related to the spin polarization of tip Pr and sample Pg by [96]

Ip—Lip  2Pp(E)Ps(E)
R = e = T Pr(B)Ps(B) (3

as outlined in Chapter 2. For small spin polarizations of the tip and the sam-
ple, the TMR ratio is proportional to the spin polarization above the sample [96].
Thus, our combined calculations and experiments indicate a pronounced spatial
variation of the TMR ratio near steps which is ascribed to the spin-dependent
Smoluchowski effect.

In conclusion, this combined theoretical and experimental study establishes
the spin-dependence of the Smoluchowski effect at the edge of a Co nanostruc-
ture for the first time. The implications of the spin-dependent Smoluchowski
effect are manifold for spin dependent transport, where tunnel current, differ-
ential conductance and spin polarization are effected. The exploitation of the
spin-dependent Smoluchowski effect opens a new way to tune the TMR of nano
structured magnetic tunnel junctions on a scale of a few Angstroms [61].
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7.7 Magnetization reversal of individual Co and
Fe-decorated Co islands

7.7.1 Co nano islands

The results presented in Section 6.2.1 showed a pronounced size dependence of
the switching field Hy,, of single Co islands on Cu(111) (see Fig. 6.8). This
observation is discussed in this section in view of a possible thermally assisted
magnetization reversal process [77].

The dependence of the switching field on island size shows two regimes. The
switching field increases up to an island size of 7500 atoms, and it decreases
for islands larger than 7500 atoms. The overall dependence of the switching
field on islands size is qualitatively easily understood. Small islands with less
than a few hundred atoms are superparamagnetic at 8 K, and their switching
field is zero. With increasing island size the magnetization is blocked on the
time scale of our experiment (100 s), and a switching field is observed. Thermal
assisted magnetization reversal is the switching mechanism for island sizes up
to 7500 atoms [74,188]. The larger the island, the less important is the thermal
agitation for the reversal, and the switching field increases sharply towards a
value which is given by the Stoner-Wohlfarth model H,, 4, = 2K /M [189], where
K is the effective anisotropy, and M the magnetization. With increasing islands
size, domain nucleation and growth becomes feasible as reversal mechanism and
the switching field decreases for larger islands. This mechanism characterizes
the reversal process for islands bigger than 7500 atoms.

One might be tempted to assume that islands smaller than 7500 atoms are
characterized by magnetization reversal by coherent rotation of a macrospin,
which changes to reversal by domain nucleation and growth for islands with more
than 7500 atoms. The transition from thermally assisted magnetization reversal
of a macrospin to reversal by domain formation has already been described some
50 years ago in a study of the magnetization reversal of ensembles of FeCo alloy
nano particles [74], and it appears tempting to apply it also here. However, our
analysis reveals that this approach fails to describe the data quantitatively [77,
78].

To unravel the physics of the reversal mechanism we extract the energy
barrier AE of magnetization reversal from the switching field Hy,, as [62,188]

kBT tmeas 12

where 1 = 1.8 pup is the magnetic moment per atom, 7o = 10710 [65] and
tmeas = 100 s, which reflects the time scale of our experiment [77].

Figure 7.14(a) shows the resulting compilation of the data on the energy
barrier as a function of island size, where all switching fields plotted in Fig. 6.8
have been evaluated using Eq. 7.4. Figure 7.14(b) shows a zoom-in for smaller
N. The data points are described by a linear dependence of AF on N up to
N ~ 7500 atoms. Data points for N > 7500 deviate clearly from this lin-
ear dependence. The data points for N < 7500 were fitted with the relation
AE};n(N) = K(N — Np). The slope gives K = 0.15 meV/atom, and we observe
an offset of Ny = 870 + 93 atoms. The offset Ny comes as a surprise and it

H, = 2AE
Np
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Figure 7.14: (a) Island size dependence of the energy barrier AE. The blue curve
is a linear fit AEj;, (N)= K (N —Np). The red curve shows the calculated energy
barrier for domain wall formation AEg,(N)= 40V AK. The labels identify the
data for the islands of fig. 6.7. (b) The solid blue line is the same as in (a).
The function K (N — Ny.;,) is plotted for different rim widths of 1 and 4 atomic
rows, respectively, with purple and green dashed lines [77].

suggests that only a reduced number of atoms (N — Ny) contributes to the mag-
netic anisotropy K. Therefore, the offset Ny can be interpreted as the number
of atoms with vanishing anisotropy. This is in contrast to the expectation of a
simple macrospin model discussed above, where all atoms contribute equally.

We propose that the islands are magnetically inhomogeneous, where the rim
atoms are magnetically soft and do not contribute to the magnetic anisotropy
K. To elucidate this point, Figure 7.14(b) plots the energy barrier AEj;,(N)
for two different rim widths of one and four atomic rows. The plot indicates
that the experimental data fall in between these limiting cases. Therefore, we
conclude that Co islands show a 1 —4 atomic wide region of vanishing magnetic
anisotropy located at their outer rims. Moreover, position resolved measure-
ments of the differential conductance by STM have revealed inhomogeneous
electronic structure for Co islands. Almost spatially-independent spectroscopy
is observed in the center region of large island, whereas specific edge-related
features appear near the edge region [95,106,115]. We speculate that these
spatial variations of the electronic structures may also influence the magnetic
anisotropy of the islands. On the basis of this observations, Co islands may be
considered as a one-element exchange-spring system [190]. The rim contributes
to the magnetization, but not to the magnetic anisotropy. We may consider the
Co atoms near the rim magnetically soft, i.e. they show a negligible magnetic
anisotropy as compared to the inner part of the Co island.

Figure 7.14(a) shows that the energy barrier AE deviates from the linear
fit for N > 7500 atoms. Here, the data points are fitted with the energy cost
for domain wall formation AFE4,(N) = 40/ AK [62]. Where o is the area of
the domain wall, and it is given by the vertical cross-section o = d x [ with
d = 2 atoms and [ the geometric height of the inner part (without considering
the magnetically soft rim), given by the STM measurements for each island.
A = 27.1 meV /atom is the exchange constant and K = 0.15 4+ 0.005 meV /atom
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Figure 7.15: Switching fields of 54 individual Co islands of different size. Data
points of islands A to D from Fig. 6.7 are indicated. The blue and red lines
are calculated from two different reversal mechanism, i.e. coherent rotation and
domain wall formation respectively [77].

is the anisotropy energy density. The red dotted line in Fig. 7.14(a) shows the
curve AFEg,(N). Note that the calculated energy barrier agrees optimally with
the measured data points.

The calculated curves for the switching fields corresponding to AFEj;, and
AFEyg4, are shown as blue and red curves, respectively, in Fig. 7.15. The ex-
perimental data are described very well by the calculated curves, which gives
further evidence of the reversal mechanism discussed here.

In conclusion, two regimes for the size dependence of the switching fields
H,, of Co nano islands, which are ascribed to two magnetization reversal mech-
anisms, are identified. The switching field of islands smaller than 7500 atoms in-
creases with island size, and the magnetization reversal shows the characteristics
of an exchange-spring magnet. We propose that the island rim is magnetically
soft, i.e. with negligible magnetic anisotropy as compared to the inner part of
the Co island. The switching field decreases for larger islands and this is ascribed
to a crossover from a magnetization reversal characteristic of a exchange-spring
magnet to a magnetization reversal via domain wall formation. These measure-
ments have been recently published in ref. [77], and are reported here with the
purpose to be the basis of the discussion on the size dependence of the switching
fields of Fe-decorated Co islands presented in the next section.

7.7.2 Fe-decorated Co nano islands

The measurements presented in Section 6.2.2 show that the Co core of Fe-
decorated Co islands remains ferromagnetic with out-of-plane easy axis upon
Fe decoration. Inspecting Fig. 6.10(b) it is clear that the Fe decoration affects
the Co core switching field Hy,,, inducing larger Hg,, up to about 2000 atoms.
However, from a first inspection, it is not evident how an increase of the island
size influences the switching field.
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To analyze the data quantitatively, the energy barrier AFE is derived from
H,,, in Fig. 6.10(b) using Eq. 7.4. Figure 7.16 shows the compilation of the
obtained energy barriers as a function of the size of the Co cores. A linear
fit of the data points with the relation AEy,(N) = K(N — Ny) gives K =
0.105 4 0.005 meV /atom and an offset Ny = —55 + 76 atoms. Two remarkably
different results are obtained in comparison with the analysis of pure Co islands.
Firstly, the magnetic anisotropy constant K is reduced as compared to the value
extracted for pure Co islands (K = 0.15 meV/atom) and secondly, the offset
Ny is zero within the error margin, in contrast to the offset discussed for pure
Co islands.

A clue to understand the disappearance of the offset Ny can be drawn linking
the discussion on electron confinement within Co and Fe-decorated Co islands
in Section 7.2 with that on magnetization reversal of Co islands in Section 7.7.1.
In the previous section, the offset Ny was correlated to the number of atoms at
the rim N, and these rim atoms were considered magnetically soft. It was
proposed that Co atoms near the rim show a negligible magnetic anisotropy as
compared to the inner part of the Co island [77]. The width of the magnetically
soft area corresponds roughly to the extension of the so-called electronic rim
state. In Section 7.2, position dependent dI/dV spectra show clearly the disap-
pearance of the characteristic Co rim state at the Co-Fe border in Fe-decorated
Co islands. Thus, it is tempting to correlate the vanishing Ny with the absence
of the electronic rim state. The borders of the Co cores in Fe-decorated Co
islands do not show the electronic rim state. Therefore, we may speculate that
all atoms of the Co cores contribute to the magnetic anisotropy equally.

The second remarkable result of the fit is a 30% reduction of the magnetic
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Figure 7.16: Dependence of the energy barrier AE from the size of the inner
Co core. The blue dashed curve is a linear fit AE(N)= K(N — Ny). The red
dashed curve is the linear fit AFEj;, obtained in Fig. 7.14 for pure Co islands.
The green curve shows the calculated energy barrier for domain wall formation
AE(N)= 40+ AK. The inset shows that the crossing point between the two
curves occurs around N;,ner = 12000.
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Figure 7.17: Dependence of the energy barrier AE on the size of the inner Co
core for Nipner < 2500. The blue line is a linear fit AE(N)= K(N — Np).
The green curve shows the calculated energy barrier for domain wall formation
AE(N)= 40+ AK. The inset shows that the crossing point between the two
curves occurs around Ny,pner = 8300.

anisotropy K. At a fist sight, this is a surprising result in view of Fig. 6.10(b),
which shows larger switching fields H,, for Fe-decorated Co islands as compared
to pure Co islands up to about 2000 — 2500 atoms of the Co core. This apparent
discrepancy is readily understood considering that a number of atoms N, do
not contribute to the magnetic anisotropy K in pure Co islands, as discussed in
the previous section. The Co atoms of pure Co islands have a larger magnetic
anisotropy but only (N — N,;;,) of them contribute to the energy barrier AFE,
which determines the switching field Hg, (see also Eq. 7.4). On the other
hand, the Co atoms in the Co core of of Fe-decorated Co islands have a smaller
magnetic anisotropy but all of them contribute to the energy barrier AE of the
magnetization reversal. Therefore, the energy barrier AE for the Co cores of
Fe-decorated Co islands results larger than the energy barrier of pure Co islands
up to a value of almost 3000 atoms, and the switching fields Hg,, of Fig. 6.10(b)
follow the same trend. This can be seen clearly in Fig. 7.16, where the two
linear fits corresponding to the energy barriers of the magnetization reversal of
pure Co islands (red curve) and Fe-decorated Co islands (blue curve) intercept
at around N = 3000.

Two basically different mechanism may be the keys to understand the reduc-
tion of the magnetic anisotropy in the Co cores of Fe-decorated Co islands. The
first explanation may come by describing the Fe-decorated Co islands with an
exchange spring model, as discussed for pure Co islands in the previous section.
The difference between the random scatter of Hy,, as a function of Ny, (total
number of atoms in the Fe-decorated Co island) in Fig. 6.10(a) and the clear
increase of Hgy with Nipner (atoms in Co core) in Fig. 6.10(b) suggests that
the Fe decoration does not contribute to the magnetic anisotropy of the system.
However, it is likely that the Fe decoration introduces an additional magnetic
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moment which increases the overall magnetization of the single island and fa-
vors an early switch of the magnetization direction as compared to a pure Co
island with the size of the Co core only. As a result, the magnetic anisotropy
of the atoms in the Co core is apparently reduced. Although this may be a
reasonable assumption, the measurements presented in Section 6.3 show that
the spin dependent properties of the Fe which decorates the Co islands are far
from trivial and this explanation sounds too simplistic.

Another mechanism which may be responsible of the reduction of K is atomic
relaxation. Changes of magnetic anisotropy up to +30% were reported by Nahas
et al. [191] and Campiglio et al. [192] for Au and Pt-decorated (and capped)
Co islands on Au(111). Molecular dynamics simulations show that Co islands
undergoes a substantial in-plane deformation due to atomic relaxations upon Au
and Pt decoration and these relaxations have strong impact on the magnetic
anisotropy of the system. Position dependent measurements of the differential
conductance dI/dV discussed in Section 7.2 indicate a variation of the strain
state of the Co cores of Fe-decorated Co islands in respect to pure Co islands.
Therefore, structural relaxations may play an important role in modifying the
magnetic anisotropy also in this system. The Fe decoration may change the
overall strain state of the Co core with a consequent modification of the magnetic
anisotropy. This leads leads to a smaller magnetic anisotropy per Co atom as
compared to pure Co islands. Then, we speculate that the variation of the
lattice strain within the Co islands leads to an enhanced magnetic anisotropy.

In order to understand whether domain wall formation plays a role as reversal
mechanism of the largest Fe-decorated Co islands studied here, the energy cost
for domain wall formation AE4,(N) = 40V AK is calculated [62]. Where o
is the area of the domain wall and is calculated from the vertical cross-section
o = dx[ with d = 2 atoms and [ the geometric height of the inner Co core, given
by the STM measurements for each island. A = 27.1 meV/atom is the exchange
constant and K = 0.105 meV /atom is the anisotropy energy density. The green
dotted curve in Fig. 7.16 shows the curve AFEy,(N). The curve AFE4,(N) is
far above the data points and it crosses AEj;, (N) for N = 12000. Therefore,
domain wall formation is not the reversal mechanism for any islands investigated
here.

A closer inspection of Fig. 7.16 reveals that the data points for N < 2500
atoms seem to follow a steeper slope in respect to those for N > 2500 atoms. For
this reason, the data points for N < 2500 atoms were fitted with the function
AFE);, (N) which gives K = 0.130 = 0.006 meV /atom and Ny = 56 £ 66 atoms
(Fig. 7.17). The numbers extracted from the fit are different but the discussion
is qualitatively the same done for the previous case, i.e. the offset Ny due
to the magnetically soft atoms at the rim is removed, and we ascribe it to
the disappearance of the rim state at the Co core borders. Also the magnetic
anisotropy K is reduced, although the difference in respect to pure Co islands
is not as remarkable as before. The energy cost for domain wall formation
AFE4,(N) was also calculated and the curve runs above all the data points (green
dotted line in Fig. 7.17). The crossing with the function AEj;,(N) occurs at
8300 atoms and also in this case no data point can be described by a reversal
caused by domain wall formation.

The switching fields corresponding to K = 0.105 meV/atom and K =
0.13 meV/atom are shown as dotted blue and green curves, respectively, in
Fig. 7.18. Most of the data points are located between these two curves but the
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Figure 7.18: Switching fields of 41 individual Fe-decorated Co islands of differ-
ent size. The blue and green curves are calculated from the coherent rotation

reversal mechanism using two different anisotropy constants K obtained from
the fits in Fig. 7.16 and Fig. 7.17.

scatter is substantial. This scatter might arise from the different ratio between
Fe phase-a and phase-b present in the Fe decoration. As it was shown in Sec-
tion 6.3 and discussed in the next section, the Fe decoration shows two different
phases and these phases present distinct different magnetic properties. There-
fore, it is reasonable to assume that the two Fe phases have different interaction
with the Co core and influence the switching field of the Co core differently.

Another indication that the thermally assisted coherent rotation model does
not describe fully the experimental data, and more complex scenarios must
be considered also in this case, comes from the analysis of the temperature
dependence of the switching fields of the so-called Col and Co2 cores of Fig. 5.4.
Figure 7.19 shows the temperature dependence of the switching fields extracted
from the field dependence of the differential conductance of Fig. 5.4. The red and
black solid lines represent the fits with the Eq. 7.4 through the data points. The
fits give K = 0.125 £ 0.01 meV for the Co core Col and K = 0.103 £ 0.02 meV
for the Co core Co2. The two values for the magnetic anisotropy K are in
agreement with the values extracted from the fits in Fig. 7.16 and Fig. 7.17.
However, whereas the Neél-Brown model for thermal assisted coherent rotation
reversal describes the temperature dependence of the switching field of the Co
core Co2 reasonably, it fails to describe the data for the Co core Col.

In conclusion, the first investigation of the size dependence of the switching
field for individual core-shell Co/Fe structures is presented. In contrast to the
case of pure Co islands on Cu(111), no indication for reversal by domain nucle-
ation and growth is observed. The Fe decoration removes the magnetically soft
rim of Co islands and decreases the magnetic anisotropy of the system. Further
insights into the understanding of how the different Fe phases influence the Co
core switching fields, and its temperature dependence, will be the topic of future
studies.
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Figure 7.19: Temperature dependence of the switching field for the the two Co
cores Col and Co2 of Fig. 5.4.

A word of caution appears appropriate. We cannot measure the anisotropy
directly, but we rely on quantitative analysis of the switching fields. Thus,
we consider fairly simple reversal models, whereas more complicated reversal
scenarios cannot be excluded a priori. Further theoretical work on this direction
might elucidate this aspect further.

7.8 Novel magnetic structure of nano structured
Fe on Cu(111)

7.8.1 The stripe pattern of Fe phase-b

The measurements presented in Section 6.3 indicate spatial variation of the spin
dependent electronic properties of Fe phase-b, both for pure Fe phase-b islands
and for Fe phase-b regions at the decoration of Co cores. An unexpected stripe-
like modulation of the differential conductance dI/dV appears in maps of the
differential conductance measured in-field with magnetic tips (Fe-coated W tips)
on Fe phase-b regions. Figure 6.13 and Fig. 6.14 show that this characteristic
modulation of the differential conductance is only visible when the magnetic
field is applied. Two scenarios are possible to explain the absence of magnetic
contrast at 0 T. The first scenario assumes that our tips have an in-plane mag-
netization direction at 0 T and no in-plane component of the magnetization of
the stripe-pattern in the Fe phase-b occurs. The second scenario which would
explain the absence of magnetic contrast at 0 T is a superparamagnetic response
of the magnetization of the tip apex to the magnetic field. At this point, thanks
to the temperature dependent measurements performed with Fe-covered W tips
in Section 5.2 and discussed in Section 7.4, we can state that the Fe-coated W
tips used in this thesis always showed a superparamagnetic response of the local
magnetic moment of the tip apex. Therefore, no magnetic signal is detectable
at 0 T, and in-plane magnetic sensitivity is never achieved at any magnetic field.
All the measurements shown in Section 6.3 and discussed here are sensitive to
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Figure 7.20: Two configurations of the sample local magnetic moments which
can produce the stripe-like modulation of the differential conductance dI/dV
observed in Fe phase-b areas. The black arrows represent the out-of-plane com-
ponent of the sample magnetization. The horizontal green line represents the
differential conductance in absence of magnetic signal. The violet and cyan
curve sketch two modulations of the differential conductance signal obtained
with two different magnitudes of the tip spin polarization. The cyan curve is
obtained with a larger tip spin polarization Pr as compared to the violet curve,
i.e. Pr1 < Ppo.

out-of-plane local magnetization of the sample only.

Let us focus on pure Fe phase-b islands now. Figure 6.13(g) reveals that
the differential conductance dI/dV oscillates around the line measured at 0 T.
This observation indicates that bright and dark stripes in Fig. 6.13 correspond
to regions with opposite magnetization direction. Figure 7.20 explains the con-
cept, and the formula dI/dV = A(1 + PrPscosf) cites the relation between
the differential conductance dI/dV, the spin polarization of tip Pr and sample
Ps and the angle 6§ between tip and sample magnetization (see Chapter 2). A
is a proportional constant, which corresponds to the differential conductance
dI/dV in absence of magnetic contrast, i.e. Pr =0 or Ps =0 or § = 90°. Fig-
ure 7.20(a,b) represent two different scenarios, which produce the same stipe-like
modulation of the differential conductance qualitatively. For both cases maxima
and minima in the dI/dV signal are obtained, which correspond to bright and
dark lines in the maps of the differential conductance. Black arrows indicate
the out-of-plane component of the local sample magnetization. Minima in the
differential conductance (dark lines) can be due to the opposite direction of the
sample magnetization in respect to that of bright lines (Fig. 7.20(a)) or can be
due to the absence of magnetic signal (Fig. 7.20(b)). Vanishing magnetic sig-
nal can result either from an in-plane orientation of the sample local magnetic
moment or from a null sample spin polarization. However, the modulations of
the differential conductance induced by the configurations of the local magnetic
moments in the two figures are different as referred to the green line indicating

85



di/dV (nANV)

-09 -06 -03 00 03 06
bias voltage (V)

—
o
~

(¢
~

— o .’./0
5k \ 8

./ -
— hd 0]
2 .0/ e—Bright S
< —o—]| ©
E 0.5V s —e—Dark S
L ] o
% 4 J o £
= / Yo— >
o o )
o o \./. %

3 1 1 1 1 1 1 1

Field (T) Field (T)

Figure 7.21: (a) Map of the differential conductance dI/dV of the Fe phase-b
island of Fig. 6.13(a) measured at —1.5 T. The black and red marks indicate
the points where the dI/dV spectra shown in (b) were measured. (b) Spectra of
the differential conductance dI/dV measured at different magnetic filed values
at the positions marked in (a). (¢) Dependence of the dI/dV signal at —0.5 V
on the magnetic field for the two positions marked in (a), corresponding to
bright and dark stripes. (d) Dependence of the dI/dV signal on the magnetic
field measured on the Co core of a Fe-decorated Co island and on the position 1
(bright stripe) in (a). The green line represents the Langevin fit of the black data
points corresponding to the measurements on Co. Measurement parameters:
It =1 DA, anp =-0.5 V, Istab =1 IIA, Vgtab =40.5 V.

the absence of magnetic signal (0 T). The arrangement of the sample magneti-
zation in Fig. 7.20(a) produces modulations in the dI/dV signal, which oscillate
around the green line. Whereas the magnetic configuration of Fig 7.20(b) pro-
duces modulations in the dI/dV signal, which are always above the differential
conductance signal measured at 0 T in absence of magnetic signal. Therefore,
the model of Fig. 7.20(b) can be discarded as it does not produce modulations
of the differential conductance in agreement with the experimental observations
of Fig. 6.13(g). On the other hand, the model of Fig. 7.20(a) does not only
produces modulations of the differential conductance around the green line, in
agreement with the experimental observations, but also the increase of the am-
plitude of the oscillations in the differential conductance induced by a larger
z-component of the tip magnetic moment is produced correctly.
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Figure 7.22: Sketches showing the tip and sample local magnetization loops
which would provide the magnetic field dependence of the differential conduc-
tance dI/dV of Fig. 7.21(c) for bright and dark stripes.

Another important question arises from the observations of the measure-
ments presented in Fig. 6.13. The amplitude of the oscillations in the differ-
ential conductance dI/dV increases with increasing magnetic field. Is this due
to an increase of the z-component of the tip magnetization only, or does also
the z-component of the sample magnetization increase with increasing magnetic
field?

In order to clarify this point, dI/dV spectra were taken on bright and dark
stripes of the Fe phase-b island of Fig. 7.21(a) at different magnetic field values.
The dI/dV spectra taken at the points marked in Fig. 7.21(a) are shown in
Fig. 7.21(b), and the magnetic field dependence of the dI/dV signal at —0.5 V
is presented in Fig. 7.21(c). Figure 7.21(d) shows the dependence of the nor-
malized differential conductance on the magnetic field measured on the Co core
of a Fe-decorated Co island and on a bright stripe of the Fe phase-b island of
Fig. 7.21(a). For the Co core, only the magnetic field values smaller than its
switching field are plotted. For this range of field values, the change of the differ-
ential conductance is due to the increase of the z-component of the tip magnetic
moment only, due to its superparamagnetic response to the applied magnetic
field (see Section 7.4). The Co core magnetization is fixed in direction and
magnitude. The green line in Fig. 7.21(d) is the Langevin fit of the data points
measured on the Co core. It is clear that also the dependence of the differential
conductance on the magnetic field measured on the bright stripe of Fig. 7.21(a)
follows the same Langevin fit. It indicates that the local magnetic moment of
the Fe phase-b stays fixed in magnitude with increasing magnetic field and the
increase of the differential conductance dI/dV is only due to the increase of
the z-component of the tip magnetic moment. Therefore, the magnetic field
dependence of the differential conductance presented in Fig. 7.21(c) can be un-
derstood as combination of tip and sample local magnetization loops sketched
in Fig. 7.22. It must be mentioned that, because of the superparamagnetic
response of the tip, null or very small magnetic contrast is achieved between
+0.1 T, and the assumed switching of the magnetic nanostructure could not be
revealed experimentally. However, an upper limit of +0.1 T can be estimated
from our measurements.
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Figure 7.23: Hardsphere model representing the three symmetric stacking con-
figurations of Fe phase-b on Cu(111), assuming the so-called bce structure of Fe
on Cu(111) proposed in ref. [159]. The black and red arrows represent the dark
and bright stripes, respectively, observed in the dI/dV images taken in-field on
the Fe phase-b.

In Section 6.3, a stripe periodicity of 1.28+£0.06 nm was extracted from mea-
surements on both pure Fe phase-b islands and Fe phase-b regions at the deco-
rations of Co islands. This stripe periodicity corresponds to 5 nearest neighbor
distances of the Cu(111) substrate within the experimental error (dyn.cu(111) =
0.255 nm [193], 5 X dyn:cu(111) = 1.275 nm). Figure 7.23 shows a hardsphere
model of the system assuming the atomic arrangement proposed in ref. [159] for
the Fe phase-b, i.e. the so-called bbc stacking of Fe on Cu(111). All the three
symmetric stacking configurations of Fe phase-b on Cu are sketched. The peri-
odicity observed in the experiments suggests that if a dark stripe (black arrow)
is centered on a Fe atom of the second Fe layer, the bright stripe (red arrow) is
centered on a Fe atom of the first layer of the same atomic row (and vice versa
for the two adjacent rows).

The discussion carried out up to this point aimed to characterize the Fe
phase-b and to identify tip and sample contribution to the magnetic part of
the dI/dV signal. But what is the physical origin of this stripe-like modu-
lation of the differential conductance observed on Fe phase-b? The observed
modulation may be explained by two fundamentally different spin structures: a
spin-density wave or a spin spiral. A spin density wave is an antiferromagnetic
ground state characterized by a spatial periodic modulation of the conduction
electron spin density, and therefore of the spin polarization. Spin density waves
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are observed in metals and alloys, most prominent is Cr and its alloys [194].
Recently, spin density waves were observed on the Cr(110) surface [195]. On
the surface, a spin-density wave is characterized by a sinusoidal modulation
of the size of the magnetic moments and the absence of spin rotation. On the
other hand, spin spirals at the surface manifest themselves as magnetic moments
of constant magnitude, the directions of which rotate continuously [196-198].
Spin spirals are chiral magnetic structures arising from the broken symmetry
of the system. They represent a delicate energy balance between Heisenberg
exchange interaction, magnetic anisotropy and Dzyaloshinskii-Moriya interac-
tion [199,200]. The first evidence of the existence of a spin spiral at the surface
was provided by Bode et al. [196] for a single atomic layer of Mn on W(110)
and more recently, spin spiral states were found in bi-atomic Fe chains on the
(5 x 1)-Ir(001) surface [197] and double-layer Mn on a W(110) surface [198]. In
ref. [197], the authors show that bi-atomic Fe chains present no magnetic signal
at 0 T because of thermal fluctuations which destabilize the magnetic order,
only upon application of magnetic field the magnetic order is stabilized, and a
net magnetization is detectable above the bi-atomic Fe chains. Moreover, the
local magnetic moment of Fe chains follows the same local magnetization loops
shown in Fig. 7.22. These observations may suggest that the magnetic field
response of bi-atomic Fe chains on Ir(001) and Fe phase-b islands on Cu(111)
may be the same. However, a clear cut evidence would require to obtain spin
resolved measurements at 0 T on Fe phase-b islands to check the magnetic state
of the system in absence of magnetic field. Unfortunately, these kind of mea-
surements are not feasible with the superparamegnetic response of the tips used
here, and further measurements are currently performed in our laboratory to
bridge this gap.

On the contrary, Fig 6.14 shows that the local magnetic moment of Fe phase-
b at the decoration of Co cores inverts its direction together with the Co core
magnetization. These observations suggests a strong direct exchange interaction
of the Fe spins with the Co spins a the Fe-Co boundary, which fixes the direction
of the Fe spins in space. With the Fe spins fixed at the Fe-Co boundary, the
coupling between Fe atoms leads to a stabilization of the whole Fe phase-b
region. Switching the magnetization of the Co core, also the Fe spins at the Fe-
Co boundary flip, and the perturbation propagates all the way towards the edge
of the island. This observation implicates the transmission of the information
about the Co magnetic state without flow of charge. By measuring the spin
direction at a defined position of the Fe phase-b decoration, even nanometers
away, the magnetic state of the Co core can be read out and its changes can
be monitored. This novel mechanism of information transmission has been
pointed out by Menzel et al. [197] recently. In that work, the authors show
that by measuring the spin direction of a Fe atom at the end of a bi-atomic Fe
chain they are able to read out the magnetic state of a Co particle with a fixed
magnetization direction. Here, we show that a similar mechanism transfers the
reversal of the Co core magnetization direction nm away through the Fe phase-b.

In conclusion, a novel and unexpected magnetic order is found for Fe phase-
b on Cu(111). When the Fe phase-b is located in direct contact to Co cores,
the Fe spins at the Co-Fe border are exchange coupled with the Co spins and
the stripe-like magnetic structure of the Fe phase-b switches along with the Co
core magnetization. Both spin density wave and spin spiral can explain the
measurements obtained on Fe phase-b. Further measurements and on-going ab-
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initio calculations will shed light on the origin of the observed stripe-like pattern
soon.

7.8.2 Fe phase-a

A consideration concerning the measurement presented in Fig. 6.16 is necessary
in view of the magnetic state of Fe phase-a. Figure 6.16(d) shows a hysteresis
loop of the differential conductance dI/dV measured on the Fe phase-a region
of the Fe-decorated Co island of Fig. 6.16(a). No clear dependence of the dif-
ferential conductance on the magnetic field is evident for Fe phase-a, whereas
a clear drop in the dI/dV signal due to the switching of the Co core magneti-
zation can be observed in Fig. 6.16(c). Gerhard et al. [159] performed ab-initio
calculations which predicted a lawyer-wise antiferromagnetic order with out-of-
plane orientation of the spins for Fe phase-a (I remind the reader that they
call it Fe fcc). Although the absence of magnetic signal for a antiferromagnetic
structure is a reasonable assumption at a first sight, a deeper thought reveals
that the proposed magnetic structure does not agree with the magnetic field
dependence of the differential conductance measured in Fig. 6.16(d). Indeed, it
was shown that sp-STM is sensitive to the spin orientations of the last atomic
layer only [129,130,201]. Thus, supposing an arbitrary out-of-plane orientation
of the spins of the last Fe layer, the magnetic field dependence of the differen-
tial conductance measured on Fe phase-a would show the superparamagnetic
response of the tip and it would look like Fig. 7.24. Thus, the proposed layer-
wise antiferromagnetic structure does not agree with our observation. However,
a layer-wise antiferromagnetic structure with in-plane orientation of the spins
can not be excluded, since in-plane magnetic sensitivity is never achieved with
the tips used in this work. Also more complex magnetic structure, such as
non-collinear magnetic structure without a net local out-of-plane magnetiza-
tion, would lead to the same result and further measurements are presently
performed in our laboratory to shed light on it.

dl/dv

Magnetic field

Figure 7.24: Magnetic field dependence of the differential conductance dI/dV
signal resulting from a fixed out-of-plane spin direction of the last atomic layer of
the sample and a superparamagnetic response of the tip apex magnetic moment.
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7.8.3 Spin polarization of Fe-decorated Co islands

A powerful way to extract information concerning spatial and energy variations
of the spin polarization of the sample consists in measuring asymmetry maps of
the differential conductance dI/dV, as explained in section 3.4. Figure 7.25(f,g)
shows two dI/dV asymmetry images measured above a pure Co island [95]. The
images show spatial modulation of the spin polarization inside the Co island and
the inversion of the sign of the spin polarization at the edges of the island. The
modulation of the spin polarization inside the island is due to spin dependent
quantum confinement, whereas the inversion of the spin polarization at the rim
reflects the opposite spin character of the Co rim state in respect to the elec-
tron states in the inner part of the island, as thoroughly discussed in ref. [95].
For most of the measurements presented in Section 6.3 and discussed here, an
opposite sign of the dI/dV signal is observed between parallel and antiparal-
lel states over a wide energy range, both on the Co core and transition regions
between Co and Fe. This is visible for the Co core in Fig. 6.9(a), where the spec-
tra of the differential conductance for anti-parallel (2.1 T) and parallel (2.2 T)
states have similar amplitude but opposite sign for a voltage interval between
—0.8 V and —0.5 V. This is a peculiar tip induced effect which brings the sum
dI/dVap+dI/dVp at the dominator in Eq. 3.1 close to zero. As a consequence,
the asymmetry of the differential conductance diverges. For this reason, only
maps of the numerator of Eq. 3.1 were extracted on the Fe decorated Co island
of Fig. 7.25(a), and they are presented in Fig. 7.25(b-d). The cyan line indicates
the edges of the island, the purple line the Co-Fe border and the green line marks
off the Fe phase-a region. Using Eq. 2.5, the quantity shown in Fig. 7.25(b-d) is
given by dI/dVap — dI/dVp x —prpsPrPs. At a fixed voltage, pr and Pr are
constant and the images show the spatial variation of the quantity pgsPs. Since
ps is positive for definition, the sign of the quantity dI/dVap — dI/dVp comes
from the sample spin polarization Pg. Thus, a qualitative comparison between
the images (¢)-(f) and (d)-(g) is meaningful and qualitative information about
the spatial variation of the sample spin polarization can be extracted.

The most pronounced difference between the pure Co island and the Co
core of the Fe-decorated Co island is the absence of the inversion of the sign of
the spin polarization at the rim of the Co core in Fe-decorated Co islands. In
Fig. 7.25(c,d) the Co spin polarization maintains the same sign all over the Co
core and no inversion of the sign of the spin polarization due to the Co rim state
is observed. This is a further consequence of the absence of the Co rim state at
the Co core edges, as already shown by spatial dependent dI/dV measurements
in Section 7.2. Also, the Co core of the Fe-decorated Co island shows spatial
modulations of the spin polarization due to spin dependent electron confinement,
as identified for pure Co islands, which extends up to Co-Fe border. We can
conclude that the disappearance of the Co rim state due to the Fe decoration
has many implications, from electron confinement (Section 7.2) to magnetism
(Section 7.7.2) and electron spin dependent properties. Whereas Co islands show
spatial dependent electronic and magnetic properties, within the Co region, Co
cores of Fe-decorated Co islands are characterized by uniform properties which
do not change up to the Co-Fe border, except for electron confinement induced
modulations.

A second important observation is the strong energy dependence of the spin
polarization on Fe and Co-Fe borders. Whereas the Co core spin polarization
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Figure 7.25: (a) Constant current image of the Fe-decorated Co island on
which the measurements presented in (b-d) were taken. The purple line in-
dicates the Co-Fe border, the green line marks off the Fe phase-a area and
the cyan line shows the Fe edges of the island. (b-d) Maps of the quantity
dI/dVap — dI/dVp = —prpsPrPs measured on the Fe-decorated Co island in
(a) at different energy. (e) Constant current image of the Co island on which
the measurements presented in (f,g) were taken [95]. (f,g) Asymmetry maps of
the differential conductance dI/dV extracted for a pure Co island showing spin
dependent quantum confinement [95]. Measurement parameters: [; = 1 nA,
anp =40.1 V, Istab =1 DA, Vistab =+40.5 V.

changes abruptly at the Co-Fe border in Fig. 7.25(c,d), the Co spin polarization
extends across the Co-Fe border into the Fe decoration in Fig. 7.25(b). Inter-
estingly, it can be noticed that the Fe phase-a area does not show any clear
asymmetry signal in Fig. 7.25(c,d), whereas a clear induced asymmetry signal
is detected in the Fe phase-a region in Fig. 7.25(b). This is probably due to the
Co induced spin polarization of the Fe in proximity of the Co core.

Also, an inversion of the color of the stripes can be observed in the stripe
pattern of Fe phase-b between Fig. 7.25(b) and Fig. 7.25(c). Inspecting the
right-upper corner of the Co core of Fig. 7.25(b), the color of the first stripe
close to the Co core is red, as well as the color of the last stripe at the right-upper
Fe edge of the island. On the other hand, the color of the same two stripes turn
into blue in Fig. 7.25(c). No stripes can be observed at energies bigger than the
Fermi energy. This change of contrast of the stripe pattern is observed around
—0.4 V and it may be due to an inversion of tip or sample spin polarization.
Since this change is observed with all the magnetic tips which were used here,
it can be safely concluded that the inversion of sign of the stipe pattern is due
to an inversion of the spin polarization of the Fe phase-b around —0.4 V.

In conclusion, a further indication for the absence of the Co rim state in Fe-
decorated Co islands as compared to pure Co islands is presented in the images
of Fig. 7.25. Moreover, spin dependent electronic properties become constant
all over the Co core upon Fe decoration.
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Chapter 8

Conclusions and outlook

Spin-polarized scanning tunneling microscopy has been used in this thesis to
study spin-dependent electronic and magnetic properties of Co and Fe nano
structures on Cu(111). This technique has been used also to investigate electron
confinement in Co nano islands and Fe-decorated Co nano islands on Cu(111)
and graphene nano islands on Ir(111).

This thesis shows the first evidence of electron confinement within graphene
nano islands grown on Ir(111) [54]. Graphene offers exciting visions for ap-
plications in future nano electronics. However, a prominent question for its
application is how electronic properties depend on the size at the nanoscale.
Here, we advance the understanding of the physics relevant for graphene-based
electronics by scanning tunneling spectroscopy, which we used to elucidate elec-
tron quantum confinement effects in graphene nano islands on Ir(111).

Observation of electron confinement in nano structures also delivers infor-
mation about the scattering potential and its spatial dependence. In this thesis,
we introduce a new approach to alter the scattering potential of a nano struc-
ture by modifying the electronic properties at the edges. To achieve this goal,
Co islands were decorated with Fe and electron confinement within both pure
Co islands and Co cores of Fe-decorated Co islands on Cu(111) was instigated.
A quantitative analysis identifies the characteristic confinement length in the
two systems. The comparison shows that the relevant boundary for electron
confinement is strongly influenced by the local electronic properties induced by
structural relaxations at the edge of Co islands. This study provides novel in-
sights in the correlations between electron confinement, structural relaxations
and local electronic properties at the edges of nanostructures.

Structural relaxations and local electronic properties at the edge of nanos-
tructures do not only play a fundamental role in the electron confinement of the
Co surface states. Our study indicates that also the magnetism of Co islands
and Fe-decorated Co islands is strongly influenced. We apply spin-polarized
scanning tunneling microscopy in magnetic fields to analyze the magnetization
reversal of individual Fe-decorated Co islands on Cu(111) quantitatively, and we
compare the results to our previous study on Co islands on Cu(111) [77,78]. For
Co islands, we can describe our data within the Néel-Brown model of thermally
assisted reversal. The analysis indicates that the rim atoms are magnetically
soft, i.e. they show a negligible magnetic anisotropy, whereas the inner part of
the islands is characterized by a considerable effective magnetic anisotropy of
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0.150 + 0.005 meV /atom. The width of the magnetically soft rim is deduced to
be around 1 — 4 atoms wide, which is roughly the extension of the electronic Co
rim state. For Fe-decorated Co islands on Cu(111), the Fe decoration decreases
the magnetic anisotropy of the system up to 30%. At the same time, both the
electronic Co rim state and the magnetically soft rim of Co islands are removed
upon Fe-decoration. What can we learn from this?

Previous studies carried out at the MPI Halle indicate that the magnetic
properties such as spin-polarization and tunnel magneto resistance vary sharply
at the rim of Co islands on Cu(111) [95,97]. Here, we deduce from a quanti-
tative analysis of the magnetization reversal that also the magnetic anisotropy
changes at the rim. Also, a previous combined experimental and theoretical
study [115] has demonstrated that structural relaxations in Co islands modify
their electronic structure at their edges. A clear understanding of the impact of
electronic and structural relaxation on magnetic anisotropy has not been estab-
lished yet. We suspect that the pronounced spatial variation of the electronic
structure at the edge of a single Co island is the key to understand the resulting
magnetic anisotropy. A support to this idea comes from the results obtained
on Fe-decorated Co islands, where the disappearance of the electronic Co rim
state at the edges of Co cores comes along with the disappearance of the mag-
netically soft rim. Future combined efforts in theory and experiment are called
for to establish whether the similarity between the width of the rim region, as
observed in tunneling spectroscopy, as compared to the width of the region with
vanishing anisotropy, from the analysis of the magnetic switching fields, is of a
related electronic origin.

This thesis offers many new insights into nanomagnetism but I feel that the
most unexpected and striking result is the novel magnetic order found for nano
structured bilayer Fe on Cu(111). Two different physical mechanisms can ex-
plain the origin of the stripe-like pattern observed in maps of the differential
conductance: spin density wave and spin spiral. When Fe is located at the dec-
oration of Co cores of Fe-decorated Co islands, the Fe spins at the Co-Fe border
are exchange coupled with the Co spins and the Fe spins switch along with the
Co core magnetization. The most interesting outlook is the clarification of the
spin order in nano structured Fe on Cu(111). Spin-polarized scanning tunneling
microscopy measurements and ab-initio calculations are currently performed to
clarify this open aspect.

Ab-initio calculations have been of fundamental importance in this thesis
also to understand the origin of the spatial dependence of the spin-polarized
electronic properties near the edges of Co nano structures. The spin-dependence
of the Smoluchowski effect at the edge of a Co nano structure has been estab-
lished for the first time by our combined theoretical and experimental study.
On the basis of the spin-dependent Smoluchowski effect, a new way to tune the
tunneling magneto resistance on a scale of a few Angstroms is introduced.

Finally, many specific experimental aspects of sp-STM have been addressed.
Thanks to the sp-STM measurements in the Cu channel between two Co islands,
an upper limit of 0.05 for the smallest spin polarization detectable with the
Omicron cryo-STM used in this thesis was derived. Moreover, this thesis delivers
physical insights into magnetic probes for in-field sp-STM by characterizing
bulk Cr tips and Fe-coated W tips. The easy fabrication process and a spin
polarization as large as 45% make bulk Cr tips excellent candidates for sp-
STM probes [80]. Temperature dependent measurements performed with the
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Fe-coated W tips used to study Fe on Cu(111) indicate a superparamagnetic
response of their tip-apex magnetic moment. A visionary goal in sp-STM is the
exact characterization of the electronic and magnetic properties of the tip apex,
in order to reliably disentangle tip and sample contributions from the differential
conductance spectroscopy measurements. The precise characterization of the
tip apex atomic structure may make this goal more accessible. This aspect is
currently tackled in our laboratory by a close cooperation with Dr. Shigekazu
Nagai [202,203] who is setting up a field ion microscopy [204-206] experiment
for the characterization of tips used in sp-STM.
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