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Abstract

In this thesis the electronic properties of the bare Pt(111) surface, the structural,
electronic, and magnetic properties of monolayer and double-layer high Co nano-
structures as well as the spin-averaged electronic structure of single Co atoms on
Pt(111) were studied by low-temperature scanning tunneling microscopy (STM)
and spectroscopy (STS).

The experiments on the bare Pt(111) surface and on single Co atoms have been
performed in an STM facility operating at temperatures of down to 0.3 K and at
magnetic fields of up to 14 T under ultra-high vacuum conditions. The facility has
been taken into operation within the time period of this thesis and its specifications
were tested by STS measurements. These characterization measurements show a
very high stability of the tunneling junction and an energy resolution of about
100 peV, which is close to the thermal limit.

The investigation of the electronic structure of the bare Pt(111) surface reveals
the existence of an unoccupied surface state. By a comparison of the measured
dispersion to first-principles electronic structure calculations the state is assigned
to an sp-derived surface band at the lower boundary of the projected bulk band-
gap. The surface state exhibits a strong spin-orbit coupling induced spin splitting.
The close vicinity to the bulk bands leads to a strong linear contribution to the
dispersion and thus to a deviant appearance in the density of states in comparison
to the surface states of the (111) surfaces of noble metals.

A detailed study of Co monolayer and double-layer nanostructures on the
Pt(111) surface shows that both kinds of nanostructures exhibit a highly inho-
mogeneous electronic structure which changes at the scale of only a few A due
to a strong stacking dependence with respect to the Pt(111) substrate. With the
help of first principles calculations the different spectroscopic appearance for Co
atoms within the Co monolayer is assigned to a stacking dependent hybridization
of Co states with the substrate states. Despite this electronic inhomogeneity, the
magnetic domains and domain walls are clearly observed by spin-resolved STS.
For both types of Co nanostructures the out-of-plane orientation of the mag-
netic moments is proven. Furthermore, new insights into the anisotropy of the
Co nanostructures as well as a strong dependence of the coercivity on the local
sample morphology for Co double-layer islands were found.

The experiments performed on single Co atoms on the Pt(111) surface show
that two groups of Co atoms are present on the surface. Each group can be char-
acterized by a specific spectroscopic signature. An analysis of the spectroscopy
and atom manipulation experiments proves that the spectroscopic differences are
related to the two possible adsorption sites of the Co atoms on the Pt(111) sub-
strate.
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Zusammenfassung

In dieser Arbeit wurden die elektronischen Eigenschaften der reinen Pt(111)-
Oberflache, die strukurellen, elektronischen und magnetischen Eigenschaften von
ein- und zweilagigen Co-Nanostrukturen sowie die spin-gemittelte elektronische
Struktur von einzelnen Co-Atomen auf Pt(111) mittels Tief-Temperatur-Raster-
tunnelmikroskopie (RTM) und -spektroskopie (RTS) untersucht.

Die Experimente auf der reinen Pt(111)-Oberfliche und den Co-Einzelatomen
wurden in einer RTM-Anlage durchgefiihrt, die unter Ultrahochvakuum-Beding-
ungen bei Temperaturen bis zu 0.3 K und bei Magnetfeldern bis zu 14T arbeitet.
Wihrend meiner Arbeit wurde die Anlage in Betrieb genommen. Die Spezifika-
tionsmessungen haben gezeigt, daf die Anlage iiber einen auferordentlich stabilen
Tunnelkontakt und eine Energieauflosung von 100 peV verfiigt, die nahe am ther-
mischen Limit liegt.

Die Untersuchung der elektronischen Struktur der reinen Pt(111)-Oberfliche
wiesen die Existenz eines unbesetzten Oberflichenzustandes nach. Durch den
Vergleich der gemessenen Dispersion mit ab initio-Rechnungen zur elektronischen
Struktur kann der Zustand einem sp-artigen Oberflichenband oberhalb der un-
teren Grenze der projektierten Bulkbandliicke zugeordnet werden. Aufgrund der
Spin-Bahn-Kopplung ist der Zustand spinaufgespalten. Die Nédhe zu den Bulk-
béndern fiihrt zu einem starken linearen Beitrag zur Dispersion und somit auch zu
einem abweichenden Erscheinen in der gemessenen Zustandsdichte im Vergleich
zu den Oberflichenzusténden der (111)-Edelmetalloberfléichen.

Eine detaillierte Studie der ein- und zweilagigen Co-Nanostrukturen zeigt, daf
beiden Nanostrukturen eine hochst inhomogene elektronische Struktur zu eigen
ist, die sich aufgrund des starken Einflusses der Stapelung beziiglich des Pt-
Substrats innerhalb weniger A findert. Mit Hilfe von ab initio-Rechnungen kann
die unterschiedliche spektroskopische Erscheinung der Co-Atome innerhalb einer
Monolage auf die stapelungsabhingige Hybridisierung der Co-Zustéinde mit den
Substratszustinden zuriickgefithrt werden. Trotz dieser elektronischen Ungleich-
maébigkeit kénnen magnetische Doménen und Doménenwéinde klar mittels spin-
aufgeloster RTS beobachtet werden. Desweiteren wurden neue Einblicke hin-
sichtlich der Anisotropie der Co-Nanostrukturen sowie der starken Abhéngigkeit
des Koerzitivitsfeldes von der Morphologie der Co-Doppellageninseln gewonnen.

Die Experimente, die auf den Co-Einzelatomen durchgefithrt wurden, zeigen,
dak zwei Gruppen von Co-Atomen auf der Pt(111)-Oberfliche zu finden sind.
Jede Gruppe zeichnet sich durch eine spezifische spektroskopische Signatur aus.
Eine Analyse der spektroskopischen Messungen und der Atommanipulations-Ex-
perimente 1afst schlufkfolgern, daf die beobachteten Unterschiede auf die zwei
moglichen Adsorptionplitze der Co-Atome auf dem Pt-Substrat zuriickzufiihren
sind.



Contents iii
Contents
Abstract i
Zusammenfassung i
1 Introduction 1
2 Scanning tunneling microscopy and spectroscopy 4
2.1 How does an STM work? . . . . . . .. .. ... ... ..., 4
2.2 The tunneling effect in one dimension . . . . . . . ... ... ... 6
2.3 Tersoft-Hamann-Model . . . . . . .. ... ... ... 8
2.4 Scanning tunneling spectroscopy . . . . . ... ... 10
2.5 Spin-resolved STM/STS . . . . ... ... ... ... ...... 12
2.6 Tip preparation . . . . . . . .. ..o 16
2.7 Measurement modes . . . . .. ... Lo 18
3 Instrumentation 20
3.1 Setup. . . . .. 20
3.2 Low temperature properties . . . . . . .. . . .. ... ... ... 26
3.2.1 Cooling procedure . . . . . . .. ... 26
3.2.2 Base temperature hold time . . . . .. ... .. ...... 27
3.23 z-stability . . .. ... 28
3.2.4  Energy resolution . . . . .. ... Lo oL 30
3.2.5 Spin resolution . . . . ... ..o Lo 34
4 The Pt(111) surface and its surface state 37
4.1 Introduction . . . . . . ... 37
4.2 Preparation of the Pt(111) surface. . . . . . ... ... ... ... 43
4.3 Experimental results . . . . ... ..o oL 45
4.4 Theoretical results . . . . . .. ... oo 20
4.5 Discussion . . . ... 02
4.6 SUMMATY . . . . ... e 54
5 Co nanostructures on Pt(111) 55
5.1 Introduction . . . . . . . ... 95
5.2 Experimental details . . . . . ... ... ... 0. a7



iv

Contents

5.3 Structure and spin-resolved electronic properties of monolayer Co
wires and islands . . . . .. oL oo 58
5.3.1 Experimental results . . .. ... ... ... ... ..... 58
5.3.2 Theoretical results . . . . . . ... ... ... L. 65
5.3.3 Discussion . . . . .. ... 69

5.4 Structural and spin-resolved electronic properties of double-layer
Coislands . . . . . . . .. 70
5.5 Magnetism of Co nanostructures . . . . . . ... ... ... ... 73
5.5.1 Co monolayer nanostructures . . . . . ... .. ... ... 74
5.5.2 Co double-layer nanostructures . . . ... ... ... ... s
5.6 Summary . .. ... 80
6 Single Co atoms on Pt(111) 82
6.1 Introduction . . . . . . . . ... 82
6.2 Preparation . . . . . .. ... ... 87
6.3 Electronic properties . . . . . ... ... Lo 88
6.4 Manipulation . . . . ... o oo 95
6.5 Height switching . . . . .. .. .. ... ... ... .. 98
6.6 Summary . . . ... 101
7 Conclusions and outlook 102

Bibliography 105



Introduction 1

1 Introduction

The magnetism of ultrathin films and nanostructures is a field of interest which
is located at the border line between technology and basic research [1,2]|. The
advanced knowledge of the physics of magnetic nanostructures will be beneficial
for the increasing demand of storage density in technology development, which is
achievable through smaller magnetic units.

The properties of nanoscale magnetic systems cannot be simply obtained by
scaling down the properties of macroscopic magnetic systems, which consist of
10% magnetic moments. For magnetic nanostructures on substrates this number
is decreased by more than 18 orders of magnitude. Consequently, this reduction
in size and in dimensionality goes in hand with a reduction of coordination for
the magnetic atoms and leads to an important role of the underlying substrate.

While the reduction of the spatial extent and shape of the system has dramatic
consequences for the size of magnetic domains and domain walls, the impact of the
reduced coordination is threefold. First, it leads to a reduced exchange interaction
for each magnetic atom. Second, it generally increases the spin moment and thus
may induce magnetism even for materials which are nonmagnetic in bulk. Third,
the reduced coordination tends to increase the orbital moments, which increases
the magnetocrystalline anisotropy [3,4]. Finally, the substrate may also affects the
spin and orbital moment of the magnetic atoms of the nanostructure by hybridiza-
tion with their electronic states which reveals the importance of the position of the
atoms. The substrate, size and shape thus govern the interplay between exchange
interaction, magnetocrystalline anisotropy, and surface anisotropy and determine
the magnetic properties of the system concerning the magnetic ordering, the di-
rection and strength of the magnetic anisotropy energy as well as the strength of
the coercivity.

The magnetic properties of nanostructures cannot be rationalized without tak-
ing into account the dimensionality, size, and shape of the nanostructure as well
as the structural and electronic properties of the substrate.

A highly interesting model system to study the impact of shape and reduced
dimensions is Co/Pt(111). Thin Co films on Pt(111) |5,6], monolayer and double-
layer high Co islands [7], Co wires [8,9] and single Co atoms on Pt(111) [4]
have been investigated concerning their magnetic anisotropy by spatially averaging
techniques. These studies revealed, that the perpendicular magnetic anisotropy,
which is observed for ultrathin Co films on Pt(111), is conserved even for Co
islands and single atoms, which exhibit a giant magnetic anisotropy of 9meV per
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atoms. In contrast to this the magnetic orientation of ferromagnetic Co wires
decorating Pt step edges is canted with respect to the surface normal.

A perfect tool to study the interaction of the structural, electronic, and magnetic
properties of magnetic nanostructures as well as single magnetic atoms is the spin-
polarized scanning tunneling microscopy (SP-STM). This measurement technique
is based on the pioneering work of Binnig et al., who succeeded in the realization of
the first scanning tunneling microscope (STM) in 1981 [10,11|. Nearly one decade
later, first experiments revealed the opportunities which are given by expanding
scanning tunneling microscopy by a magnetic sensitivity using magnetic tips [12].
Nowadays, SP-STM is highly advanced technique for probing surface magnetism
at the local scale [13].

In this thesis the correlation of topographic, electronic, and magnetic properties
of Co nanostructures on the Pt(111) surface is investigated by spin-resolved STM
at the atomic scale. Experiments were performed on the bare Pt(111) surface,
monolayer and double-layer high Co nanostructures as well as single Co atoms on
Pt(111).

After a brief introduction into the experimental and theoretical aspects of SP-
STM in Chap. 2, the setup and the performed characterization measurements of a
3He STM facility operating under ultra high vacuum and high magetic fields will be
described in Chap. 3. Due to its properties this facility is highly qualified for STM
experiments which demand a high lateral, energy, and spin resolution as well as for
sample systems, whose magnetization has to be stabilized by low temperatures,
like for example single atoms or very small superparamagnetic islands.

In Chap. 4 the results concerning the electronic structure of the bare Pt(111)
surface are presented. By scanning tunneling spectroscopy it was possible to
reveal the existence of an unoccupied surface state, which was not imaged before.
Furthermore, a comparison to bandstructure calculations gives insight into the
origin of the surface state, its energetic position with respect to the bulk bands
and its spin-splitting. The differences of the surface state on Pt(111) to surface
states on noble metals are discussed in detail.

Chapter 5 contains a detailed study of Co monolayer and double-layer nano-
structures on Pt(111) at the atomic scale. Both kinds of nanostructures show a
highly inhomogeneous electronic structure due to a strong stacking dependence
with respect to the Pt(111) substrate. First principles calculations are able to
explain the different spectroscopic appearance for Co atoms within the Co mono-
layer nanostructure due to a stacking dependent hybridization of Co states with
the substrate states. Despite this electronic inhomogeneity at the scale of only a
few A, SP-STM is able to image domains and domain walls.

For both sample systems the out-of-plane orientation of the magnetic moments
of the nanostructures is proven. Due to the magnetic sensitivity new insights into
the anisotropy of the Co nanostructures as well as a strong dependence of the
coercivity on the local sample morphology for Co double-layer islands were found.
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Chapter 6 shows the spin-averaged results obtained on single Co atoms on
Pt(111). Two groups of atoms will be presented which can be characterized by
different spectroscopic signatures. Due to a combined spectroscopy and manipu-
lation experiment each group of atoms can be assigned to a different adsorption
site on the Pt(111) surface.

Finally, Chap. 7 gives a summary of the results presented in this thesis as well
as an outlook regarding the ongoing work.
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2 Scanning tunneling microscopy
and spectroscopy

In this chapter, a brief introduction into scanning tunneling microscopy and spec-
troscopy will be given. After presenting the working principle of the scanning
tunneling microscope (STM) (Sec. 2.1), a simplified picture of the tunneling pro-
cess is discussed (Sec. 2.2). A more realistic description of the tunneling process —
the Tersoff-Hamann model — will be presented (Sec. 2.3) due to its great impor-
tance for the description and the interpretation of the experimental results. This
is followed by an introduction to scanning tunneling spectroscopy (STS) (Sec. 2.4)
and spin-resolved scanning tunneling spectroscopy (SP-STS) (Sec. 2.5). It will be
pointed out why scanning tunneling microscopy is such a powerful tool to study
the structural, electronic, and magnetic properties down to the atomic scale. The
tip preparation (Sec. 2.6) and the various STM measurement modes (Sec. 2.7) are
explained at the end of this chapter.

A more detailed introduction to the theoretical as well as technical aspects of
scanning tunneling microscopy is, for example, given in Refs. [14,15].

2.1 How does an STM work?

Twentyfive years after the first construction of an STM, the basic concept of the
setup is still the same [16]. It consists of a conductive sample, a metallic tip, which
is the probe head, and a very accurate regulation of the tip position as shown in
Fig. 2.1.

The STMs used in this thesis regulate the position of the tip by a piezoelectric
actuator called tube scanner according to its shape. It consists of a hollow cylinder
made from piezoelectric material. A smart arrangement of electrodes on this tube
scanner allows a vertical (z) as well as a horizontal (x,y) tip movement with an
accuracy better than 1 pm. During operation the distance between tip and sample
is reduced to only several A, which leads to an overlap of the wave functions of the
outward tip atom and of the sample atoms. When applying a so-called bias voltage
U to the sample with respect to the tip, a current can flow between both electrodes
because of the quantum mechanical tunneling effect (see Sec. 2.2). Therefore, the
current is called tunneling current. It is the primary measurement signal of all
STM experiments. The applied bias voltages, which are typically in the range
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Figure 2.1: Sketch of the operating mode of the STM. A sharp metallic tip is
mounted on top of a piezoelectric actuator. The topmost atoms of the
tip have a distance of only a few A to the sample. By applying a bias
voltage U between tip and sample a small and strongly distance depen-
dent current flows. The tip is scanned via the piezoelectric actuator
line by line above a certain area of the sample. Meanwhile, the tun-
neling current serves as feedback control parameter for the positioning
of the tip which follows the contour of the surface approximately at a
constant distance.

of several mV to 3V, result in tunneling currents I of a few pA up to several
nA. Taking into account the Tersoff-Hamann model, which will be discussed in
Sec. 2.3, the tunneling current [ is described by

eU
I x /pS(EF+6) cpe(Br —eU +¢€) - T(e, U, s)de, (2.1)
0

where the indices s and ¢t mark the sample and tip density of states p. The
so-called transmission coefficient T'(F, U, s) is given by

4m,

T(E,U,s) = exp [—s . \/ 7 (¢ + s + eU — 2F)

(2.2)

with the effective tunneling distance s and the corresponding work functions ¢.
h is Planck’s constant divided by 27 and m. is the mass of a free electron. If
the bias voltage is small compared to the work functions, I is thus exponentially
depending on s:

I o exp <—23\/%(¢8 + ¢p) — eU) : (2.3)
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Equations 2.1 and 2.2 show that fundamental sample and tip properties influ-
ence the current I and therefore can be extracted from this primary measurement
signal.

The exponential dependence between the tunneling current and the effective
tunnel distance s causes the extremely high sensitivity concerning any variations
of the tunneling distance. Typically, the increase of the distance by 1 A leads to a
decrease of I by a factor of ten. How this distance sensitivity is used in order to
obtain topographic images of the sample surface with very high lateral resolution
is shown in Fig. 2.1. An atomically sharp tip is approached to the sample until a
fixed chosen current [ is detected when applying a selected constant bias voltage.
The current is measured by a preamplifier and compared to Iy. A z-regulation
unit, which consists of a feedback loop, controls the z-movement of the tip by
applying Uy to the z-electrode of the tube scanner until the measured current
equals Ip. This is done during scanning a selected surface area (x-y plane) thus
achieving a map of Uz(x,y). When the tip approaches e.g. a protrusion on the
surface, the tip has to be retracted by changing U;. These differences in Uz can
be calibrated and translated into real height differences. Therefore, the height
differences with respect to the lateral position result in topographic images of the
scanning area which are also called constant current images. The exponential
dependence of I on the tunneling distance allows to measure height differences
of the order of 1pm. Furthermore, this dependence causes a very high lateral
resolution since most of the current flows via the foremost atom.

According to Eqn. 2.1 the interpretation of constant current images as topo-
graphic images is valid without any restrictions only if the main tip and sample
properties, namely the density of states and work functions, are not changing
within the scanning area. Section 2.4 will show how to get access to these sample
properties.

2.2 The tunneling effect in one dimension

The principle of the quantum mechanical tunneling effect can be demonstrated by
considering an one-dimensional rectangular potential barrier with a height of 1}
and a width of s as shown in Fig. 2.2. Outside the barrier the potential is assumed
to be zero. In classical mechanics a particle of energy E cannot pass the potential
barrier if £ < V4. This is different in the terms of quantum physics which has
to be applied when the incoming particle is sufficiently small. For an incoming
electron in the region I with £/ < Vj, there is a non-zero probability to penetrate
into region III behind the barrier. For the one-dimensional case this transmission
probability can be calculated analytically from the time-independent Schrodinger
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Figure 2.2: One-dimensional rectangular
potential barrier with height
Vo and width s. Outside the
barrier the potential is zero.
E denotes the energy of an
incoming (region I) electron.

on | o A eqion Ii If the energy of the tunnel-

region region 9 ing electron is conserved, the
z<0 $s>z>0 z>s tunneling process is called

E>V(z)=0 E<V(@z)=Vy, E>V(z)=0 elastic.
equation:
h? d2
_ — 4V = F 2.4

(~om i + V) ) 06a) = Bua) (2.4

where v is the electron wave function. The solution of the wave functions of the
electron in each region is given by:

@Z)l _ eikz +ae—ikz (25)
Yy = Pe 4 yel? (2.6)
Yym = 6e* (2.7)

with k% = 2mFE/h? and x* = 2m(Vy — E)/h%. As indicated in Fig. 2.2, outside
the barrier the electron shows its oscillatory behavior, while inside the barrier an
exponential decay takes place. With the given boundary conditions (the wave
functions and their derivates have to match at z = 0 and z = s) the coefficients «,
B, v, and ¢ can be derived. Therefore, it is possible to determine the transmission
coefficient 7', which is the ratio of the transmitted and the incident current density
J¢ and 7;. It is given by

e 1
T = = P = T e T 727 /1k22) sinh (s) (2.8)

and results in the limit of a strongly attenuating barrier (ks > 1) in

16k%K>
T ~ . ,—2Ks ) 2.9
(k2 +r2)2 € (2.9)
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Figure 2.3: Geometry of the STM tip in the
Tersoff-Hamann model. The tip
has an arbitrary shape but a
spherical geometry close to the
surface with a radius R and dis-
tance d from the foremost end

of the tip to the sample surface
sample (taken from Ref. [17]).

In this derivation it was assumed that a tunneling electron possesses the same
energy after passing the barrier as before. This case is called elastic tunneling.
In realistic systems the energy of a tunneling electron can be lowered by so-
called second order processes where energy is deposited, e.g. into the excitation of
photons, phonons, or magnons. Since these processes are usually much less likely
than elastic tunneling, they are neglected in this work.

Even though this model is too simple to describe realistic STM experiments, it
demonstrates already the exponential dependence between the tunneling current
and the tunnel distance.

2.3 Tersoff-Hamann-Model

In order to describe the tunneling between a conducting surface and a probe
tip, Tersoff and Hamann developed an appropriate model, the so-called Tersoft-
Hamann model (THM). Using the THM allows to deduce and extract fundamental
sample properties from the measured tunneling current and from the measured
differential conductance.

The THM is based on the work of Bardeen, who described the tunnel process
within time-dependent perturbation theory for a planar metal-oxide-metal tunnel
junction [18]. According to this approach the tunneling current between two
weakly bounded electrodes, sample and tip, separated by a vacuum barrier, is
given by:

QWGZ{f Et )[1 = f(ES+eU)] — f(E,‘j—i—eU)[l—f(E:t/)]}

M 0(E, - E),  (2.10)

where U is the applied bias voltage with respect to the sample. M, is the
tunneling matrix element between the state 1) of the sample and 1/1;1 of the tip.
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E; and E}, are the energy eigenvalues of the states ¢ and 1/, in the absence of
tunneling. f(E) is the Fermi-Dirac distribution.! The delta function describes
the conservation of energy for the case of elastic tunneling. The tunneling matrix
element is given by:

h2 al *v7 /.S S .tx
My =50 -/dS' <¢; Ve — %Wi) . (2.11)
where the integral has to be performed over any surface lying within the vacuum
barrier. For low temperatures and small applied bias voltages Eqn. 2.10 reduces
to

2m <
I = EeQU Y M, - 6(E; — Ey) - 0(E), - Er) (2.12)

where Ep is the Fermi level. But still it is too difficult to calculate the tunneling
matrix in a general case. The THM overcomes this difficulty by assuming a
simple model for the foremost atom of the tip with a locally spherical symmetry
as displayed in Fig. 2.3. The tip state is assumed to be of s-type with orbital
momentum [ = 0. Within this approximation the tunneling matrix element can
be calculated and the tunneling current is described by:

[ ocU - pi(Eyp) - k1R ZW — Br), (2.13)

where k = \/2m@/h is the decay constant, ¢ is the work function which is assumed
to be equal for tip and sample and 7 is the centre of the tip curvature. pi(EF)
is the local density of states (LDOS) of the tip at the Fermi level. The LDOS of
the sample at the position of the tip and the Fermi level is given by:

ps(To, Ep) = Z G Ep). (2.14)

Therefore, we can conclude for the tunneling current [ in the case of small bias
voltages and small temperatures:

I o< U - py(7o, Er) - p(Ex) - 2. (2.15)

Since the sample wave functions decay exponentially into the vacuum, it follows
ps(70, Br) o< exp (—2k(R + d)). Thus the tunneling current depends also expo-
nentially on the tip-sample distance in this model:

I x exp(—2kd). (2.16)

Equation 2.15 already shows that constant current images can be interpreted as
surfaces of constant sample density of states measured at the centre of the tip
state and at Er for small U and T =~ 0.

Lf(E) = (14 exp[E/kpT])~!. kp is the Boltzmann constant, T’ the temperature.
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2.4 Scanning tunneling spectroscopy

For larger bias voltages an extension of the THM at T' = 0 K results from Eqn. 2.10
by converting the sum into an integral over quasi continuum states. This results
in:

eU
I x /ps(ﬁ), Er +€) - p(Er —eU + €)de. (2.17)
0
The sample LDOS at the centre of the tip state ps(7p, E) is related to the LDOS
of the sample at the surface ps(F, x,y,z = 0) = ps(F) via the relation ps(7, ) =

ps(E)-T(E,U,s) with s = R+ d and a transmission coefficient T'(E, U, s) . This
leads to:

eU
I x /pS(EF—l—e) (B — U + €) - T(e, U, 5) de.. (2.18)
0

Using a semi-classical WKB2-approximation the transmission coefficient can be
written as [14,19]:

4m,

T(E,U,s) = exp [—s . \/ 72 (¢t + ¢s+eU —2(FE — EH)) . (2.19)

where ¢s and ¢ are the work functions of sample and tip. Ej = h2kﬁ/(2m6) is

the component of the electron energy parallel to the surface, and kﬂ is the cor-
responding electron wave vector. T'(E, U, s) becomes minimal at certain energies
that have a vanishing wave vector parallel to the surface (k; = 0). Thus, it is
often concluded that the main contributions to I originate from states which are
located at the centre of the surface Brillouin zone I' and E)| is neglected as in
Eqn. 2.2. However, in Sec. 5.3.2 it will be shown that also states in the vicinity
of I' can play an important role.

The meaning of Eqns. 2.18 and 2.19 is demonstrated for a metallic tip and
sample in Fig. 2.4. A constant LDOS is assumed for the tip, while the LDOS
of the sample is assumed to exhibit some broad states. Without an applied bias
voltage the Fermi levels of tip and sample are equal and different work functions
¢y and ¢ lead to a non-rectangular vacuum barrier as shown in Fig. 2.4(a). No net
tunneling current is detectable. In Fig. 2.4(b) a negative bias voltage U is applied
to the sample. Therefore, the energy levels of the sample are shifted upwards
and electrons tunnel from an energy window [0,eU] into the unoccupied states of
the tip. The sign of the current is reversed when a positive voltage is applied as

2WKB denotes Wentzel, Kramers, and Brillouin.
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Figure 2.4: Tip and sample in tunnel contact. The energy-dependent sample den-
sity of states is sketched by the curve inside the barrier. A constant
density of states is assumed for the tip. (a) Zero sample bias equilib-
rium: Tunneling current occurs only until the Fermi levels are equal.
(b) Negative sample bias: Net tunneling current from sample to tip.
(c) Positive sample bias: Net tunneling current from tip to sample.
The length of the arrows indicate the different transmission coeffi-
cients due to the corresponding barrier height.

shown in (c¢). In Figs. 2.4(b) and (c) the indicated arrows of different size reflect
the voltage dependence of the transmission coefficient: Electrons with a higher
energy contribute more to I since the effective barrier height is smaller.

In order to obtain the sample LDOS, the first derivative of I in Eqn. 2.18 with
respect to the bias voltage U is calculated, which results in the so-called differential
conductance:

%(U, s) o< ps(Er+elU)-p(Ep)-T(eU,U,s)
U
+/ps(EF +é€)-p(Er+e—el)- %T(e, U, s)de
0
U
—i—/ps(EF—i—e) -T(e,U, s) - %pt(Ep—i-e—eU) de.  (2.20)
0

The first term contains the sample LDOS ps(Er +eU) at the applied bias voltage.
The second and third terms are often neglected, assuming a constant LDOS of
the tip p; and weak dependence of 7" on U at small bias voltages. Thus, Eqn. 2.20
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can be simplified to:

j—é(U, s) x ps(Ep +eU) - py(Ew) - T(eU,U,s) . (2.21)
Hence, the differential conductance dI/dU which can be directly measured by
lock-in technique gives an access to the energy resolved sample LDOS.

All these results are only valid by assuming that the temperature of tip and
sample is nearly zero. A non-zero temperature leads to thermal broadening, which
is important to consider even at very low temperatures as will be shown in Chap. 3.
Additionally, the amplitude of the modulation voltage U.q, which is used to
measure directly dI/dU (U, s) by the lock-in technique, deteriorates the so-called
energy resolution AE of the experiment. Taking into account thermal broadening
and the modulation voltage, AE is given by [20, 21]:

AE = \/AER ., + AEZ,y = /(3EpT)2 + (25 - eUnoa)? (2.22)
Consequently, features in the sample LDOS which have a width of less than the
energy resolution AE are hardly detectable by STS. In order to increase AE, both
temperature and U,.q have to be decreased as low as possible. For the facility
described in Chap. 3 the limit of AE is 100 V. In Sec. 3.2.4 it will be shown how
the energy resolution affects the STS measurements.

2.5 Spin-resolved STM/STS

Up to now the spin of the tunneling electrons was not considered in the theo-
retical concept for describing the tunneling current between tip and sample. All
expressions for I and dI/dU were spin-averaged.

The influence of the spin on the tunneling current becomes obvious by consider-
ing tunneling between two spin-polarized electrodes as displayed in Fig. 2.5. The
energy depending spin-polarization of each electrode is defined by

_ pi(E) —p(E)
P = & 0B

where p(E) and p|(E) denote the density of states of the majority and minor-
ity electrons, respectively. The indicated shift in energy of both subbands, which
show different spin orientations, reflects a simple model for ferromagnetism known
as the Stoner-Wohlfarth model. In this model one subband is shifted upwards,
the other is shifted downwards due to exchange interaction. Thus, the numbers
of electrons exhibiting a particular spin are different which leads to a macroscopic
magnetization. The electrons in the downward shifted band are called majority
electrons, while those from the upward shifted band are called minority electrons.

. (2.23)
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(a) (b)
parallel antiparallel
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Figure 2.5: Principle of spin-polarized tunneling between two ferromagnetic elec-
trodes (FM) with a parallel orientation of the magnetization in (a) and
an antiparallel orientation in (b). The density of states of the majority
(p1) and minority (p|) electrons is sketched. The color represents the
absolute orientation of the spin: green is spin-up(7) and red is spin-
down(|). For elastic tunneling and spin-conservation during tunneling
the tunneling current in case (a) is different from that in case (b).

Figure 2.5 displays the electron transfer between two ferromagnetic electrodes,
FM1 and FM2. The color represents the absolute spin orientation in the bands of
each electrode. Since the spin of electrons is conserved during tunneling, spin-up
and spin-down electrons of the left electrode tunnel solely into the corresponding
unoccupied states of the right electrode. For the parallel magnetic configuration
sketched in Fig. 2.5(a) majority and minority electrons of FM1 tunnel into unoc-
cupied majority and minority states of FM2, respectively. In the antiparallel case
in Fig. 2.5(b) majority electrons tunnel into unoccupied minority states and vice
versa. A comparison of both total currents reveals that in this model the tunnel-
ing current for the antiparallel case is different. This shows exemplarily how the
spin polarization of the electrodes, tip and sample, can influence the tunneling
process.

For tunneling between two ferromagnetic planar tunnel junctions exhibiting
arbitrary magnetic orientations M; and My it was theoretically predicted and
later experimentally verified that in the limit of free electrons and small bias
voltages the tunnel conductance o can be described by

o= oyl + A(E)Py(F)cosb). (2.24)

H(MI, MU) denotes the angle between the magnetization orientation of both elec-
trodes. Depending on € the conductance o varies around the spin-averaged value
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0o in a range which is given by the corresponding spin-polarizations F; and
Py [22,23].

In analogy to these results the previously introduced THM has been expanded
in order to describe spin-polarized tunneling between tip and sample [24,25|. Like
for the spin-averaged case it is assumed that the majority (T) and minority (])
s-wave states of the tip can be characterized by the same decay constant . In
addition, it is assumed that the majority and minority tip density of states pz
and ptl are constant in energy but different in size. This causes a non-zero spin
polarization of the tip, P, = (pg — ptl)/pt with p, = p! 4+ pi. The total tunneling
current I, which consists of a spin-averaged (sa) and a spin-polarized (sp) part,
can be written as

I(F()v U7 0) - ](FOJ U)Sa + ](FOJ U7 Q)Sp ) (225)

where 6(7) now denotes the angle between the fixed magnetization direction of
the tip and the local sample magnetization MS(FO).

In the case of small bias voltages U and neglecting any spin-flip processes the
tunneling current is given by

17, U,0(7%)) o p - (7o, U) (1 + PPy (7o, U) cos (7)) (2.26)
with

eU
ps(7o, U) = / (pl(?o, Er+e¢€)+ pi(Fg, J e)) de and (2.27)
0

eU
Pt = ([ (ol B +0) = phtio B+ ) de) (i V). (228)

ps(70, U) describes the energy-integrated and spin-averaged density of states, while
]SS(FO,U ) describes the energy-integrated local spin polarization of the sample.
Thus, the first summand in Eqn. 2.26 contains the spin-averaged part, which is
analogous to Eqn. 2.17. The second summand describes the influence of a non-
zero tip and sample spin polarization on the tunneling current. Consequently, the
complete information on the magnetic structure of the sample is already contained
in constant current images. Nevertheless, the topographic mode is most of the
time not used because height differences, which are caused by a laterally changing
sample magnetization, are hardly distinguishable from other contributions to the
topographic image of the sample.

A way to circumvent this problem is the use of spin-resolved STS. In analogy
to the tunneling current also the differential conductance dI/dU can be separated
into a spin-averaged and a spin-polarized part:

df df

—(7“0, (]7 9(7’0)) X wsa(

o 7o, U) - (1 + P, Py(fy, By + eU) COSG(FO)) . (2.29)
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Figure 2.6: (a) Angular dependence of the total dI/dU signal on the tip and sam-
ple magnetization. dI/dUs, denotes the spin-averaged differential con-
ductance. (b)—(d) Response of dI/dU to a sample with locally differ-
ent magnetic orientation by assuming an electronically homogeneous
surface. Due to the canted magnetization of the tip in (d) dI/dU is
sensitive to the in-plane as well as to the out-of-plane orientation of
the sample.

Here Ps(7p, U) denotes the energy-resolved local spin polarization of the sample. It
has to be noticed, that usually the density of states as well as the spin-polarization
of the tip are energy-dependent which is not considered in Eqn. 2.29. In the case
of such an energy dependence, especially for negative bias voltages, integrals anal-
ogous to Eqn. 2.20 have to be included. The advantage of Eqn. 2.29 in comparison
to Eqn. 2.26 in revealing differences due to a laterally changing sample magnetiza-
tion is given by the fact that bias voltages can be chosen in order to maximize the
magnetic contrast. Therefore, it is possible to separate the magnetic information
from the topographic information.

Figure 2.6 shows how the local sample magnetization can be imaged by spin-
resolved STS in the case of different tip magnetizations and for an electroni-
cally homogeneous sample. Figure 2.6(a) shows the angular dependence of the
spin-polarized contribution to the differential conductance according to Eqn. 2.29.
Figures 2.6(b)—(d) display the measured differential conductance above a sample
which shows a laterally inhomogeneous magnetic configuration with two out-of-
plane domains and two in-plane domains. The measured differential conductance
reflects the local configuration of the tip and sample magnetization. In Figs. 2.6(b)
and (c¢) the tip has a magnetization direction pointing in-plane and out-of-plane,
respectively. Only three different levels of dI/dU intensity are observable. In
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Figure 2.7: (a) Magnetic sensitivity of Cr-coated W tips. Tips with a Cr-coverage
below 6. = 45 AL are sensitive to the out-of-plane component of the
sample magnetization while tips with a coverage above tend to exhibit
an in-plane sensitivity. (b) The magnetic sensitivity of Fe-coated W
tips is usually in-plane.

Fig. 2.6 (d) all four magnetic domains of the sample magnetization can be re-
solved due to a canted tip magnetization. Therefore, the tip is sensitive to the
in-plane as well as to the out-of-plane components of the sample magnetization.

One should point out that it is not possible to draw a conclusion concerning
the orientation of magnetic moment of tip and sample from the observation of
a magnetic contrast alone. Whether a higher or a lower intensity in the dI/dU
signal corresponds to a parallel or antiparallel configuration of tip and sample
magnetization can only be proven by applying an external magnetic field. In the
following it will be shown how a coating of magnetic sensitive STM tips by different
ferromagnetic and antiferromagnetic films can be used to adjust the sensitivity to
in-plane or out-of-plane directions.

2.6 Tip preparation

All STM tips used in this thesis are etched electrochemically from polycrystalline
tungsten (W) wire except for the Nb tip used in Sec. 3.2.4. The advantage of
using W wires is that the standard preparation results in well-defined sharp and
stable tips. Additionally, these tips are outstandingly qualified for coating by
ferromagnetic or antiferromagnetic materials in order to obtain spin-sensitive tips.

The standard preparation starts with using sodium hydroxide (2M NaOH) for
electrochemically etching the W wire which has a diameter of 0.3-0.9 mm. Before
clamping the W tip into the tip holder (see Fig. 3.4) and both into the tip shuttle,
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it is cleaned with distilled water. After inserting it into the load lock of the UHV
system the tip shuttle with the tip is transferred to one of the side chambers
where the electron bombardment takes place. During this procedure the tip and
the shuttle is heated up to T >2000 K for a couple of seconds (so-called flashing).?
This temperature is sufficient to remove any contamination as well as the oxide film
covering the tungsten tip. After mounting the tip into the STM the state of the tip
is probed by performing STM and STS measurements on clean W(110) surfaces.
The W(110) substrate is cleaned as described in Sec. 3.2.5. If the obtained images
exhibit experimental artefacts which let conclude that the tip is blunt or shows
a so-called multiple-tip, the tip is pulsed. For pulsing, a tunneling current of
up to 10nA is applied with voltage pulses of up to 10V for approximately one
second. This results in a lost of material and/or touches of tip and sample. Both
procedures lead consequently to a change of the tip apex. This treatment is
repeated until the tip fulfills the requirements concerning sharpness and stability.

For the spin-resolved measurements clean W tips are coated with thin films of
antiferromagnetic (Cr) or ferromagnetic (Fe) materials [13|. The ferromagnetic
or antiferromagnetic coating takes place right after flashing the tip, which pro-
vides a clean tip surface and therefore defined growth conditions of the magnetic
material. Afterwards the coated tip is annealed at 500 K. It is known that the
magnetic sensitivity of Cr-coated tips shows a transition depending on the thick-
ness of the Cr film as displayed in Fig. 2.7(a) [26]|. Cr tips with a coverage below
45 atomic layers (AL) are sensitive to the out-of-plane component of the sample
magnetization while tips with a coverage above 45 AL tend to exhibit an in-plane
sensitivity. In the study shown in Chap. 5 the Cr coverage is 15-20 AL, which
results in out-of-plane sensitive tips. But sometimes also Cr tips with a high nom-
inal Cr-coverage (90 AL) were found to show a strong out-of-plane contrast as will
be shown in Sec. 3.2.5. Fe-coated tips with an Fe-coverage of around 10 AL are
usually magnetized in the surface plane as shown in Fig. 2.7(b) [13]. Anyhow, the
Fe-coated tip with a coverage of 10-15 AL used in Chap. 5 also showed an out-of-
plane component of the magnetization. Using Fe-coated tips can be advantageous
due to a higher spin polarization of the electronic states compared to Cr-coated
tips yielding a higher magnetic contrast in dI/dU maps. On the other hand, due
to their antiferromagnetic configuration Cr tips do not show stray fields and thus
have no influence on the magnetic state of the sample.

3In order to avoid melting of the tip holder as well as of the tip shuttle both are made of
molybdenum. (TMS. ~2900K, TWV,. ~3700K)

melt melt
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2.7 Measurement modes

Topographic images

All images presented in this work which are referred to topographic images have
been recorded in the constant current mode. In this mode the feedback keeps
the value of the integral in Eqn. 2.18, i.e. the tunneling current, by varying the
tip-sample distance at each point of the image as explained in Sec. 2.1. Since
the electronic structure of the sample can also spatially vary not all height reg-
ulations are due to local changes of the sample topography. A pure topographic
image is only obtained for a chemically, electronically, and magnetically (in the
case of SP-STM) homogeneous surface. In this work it will be shown that such
inhomogeneities result in small height variations of a only few ten pm. This is
small in comparison to topographic changes such as monolayer high step edges
exhibiting heights of up to 3 A.

Spectroscopy fields

To obtain information about the electronic structure of the sample the differential
conductance dI /dU(U) signal is measured, which is closely related to the LDOS of
the sample according to Eqns. 2.21 and 2.29. In order to perform such a measure-
ment the tip is first stabilized at Ugia, and Igan. Then the feedback is deactivated,
the voltage is swept to a final value and I(U) as well as dI/dU(U) are recorded.
The dI/dU(U) spectra are obtained by using lock-in technique where a small ac
modulation voltage Uy,.q with frequencies in the range of 1 kHz to 4kHz is added
to U. Depending on the required energy resolution the modulation voltage Uy,oq
varies from 25 uV to several tens of a mV. This can be done for each image point
thus achieving dI/dU(U) spectra with high lateral resolution, or so-called full
spectroscopy fields. In addition, topographic images are recorded simultaneously
which allows a direct correlation of the topographic and spectroscopic properties
of the sample. In this thesis the spatially resolved dI/dU signal at a fixed bias
voltage extracted from a full spectroscopy field is called dI/dU slice.

The topographic images, which are recorded simultaneously, allow to evaluate
whether different tip-sample distances z are adjusted to obtain the same value
for Iy at each image point. Different z(z,y) values due to a laterally changing
electronic structure or work function lead consequently to laterally changing trans-
mission coefficients which affects the comparability of the measured dI/dU (U, z,y)
spectra. In order to overcome this problem the measured dI/dU(U) spectra can
be normalized using the decay constant x(U) which can be determined from the
slope by plotting In(7(z)) versus z.

The normalized dI/dU(U) spectra are then given by

A1 /AUporen (U, 2, y) = dI /AU peas (U, z, y) - 25 @W2@0) (2.30)
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Any normalization of the measurements shown in this thesis will be discussed
where necessary.

dl/dU maps

A less time-consuming method to get access to the electronic properties of the
sample is the measurement of so-called dI/dU maps at a fixed bias voltage. In
contrast to dI /dU spectra, dI /dU maps are obtained by recording the dI/dU sig-
nal via lock-in technique simultaneously to constant-current images with a closed
feedback loop. There are two disadvantages of this method in comparison to spec-
troscopy fields. First, dI/dU maps acquired at different bias voltages are usually
obtained at different tip-sample distances. This complicates the comparison of
dI/dU maps at different energies. Second, while for recording a spectroscopy field
it is possible to choose a stabilization voltage where the topographic contribution
is sufficently small, this is not possible for dI/dU maps. The main advantage
of this method is that the data can be recorded with high spatial resolution in
a short time. This is in particular advantageous in the case of SP-STM when
imaging magnetic domains. As shown in Sec. 2.5 the use of magnetic tips allows
for the measurement of the spin-resolved dI/dU signal, which depends on the
scalar product of tip and sample magnetization. Thereby, any differences in spin-
resolved dI/dU signals observed for structures exhibiting the same spin-averaged
electronic structure are due to a different relative alignment of the tip and sample
magnetization vectors as displayed in Fig. 2.6. In this thesis the appearance of
these differences in spin-resolved dI/dU maps is called magnetic contrast.
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3 Instrumentation

The unique power of spin-resolved scanning tunneling spectroscopy (SP-STS) is
its ability to give direct access to the spin-resolved local density of states (LDOS)
of the electron system of conducting solid surfaces with a high spatial and energy
resolution. The high spatial resolution is basically guaranteed by the working
principle of an STM for all temperatures. A high energy resolution requires low
temperature systems.

This chapter gives an overview of the setup and the properties of the ultra-high
vacuum (UHV) STM system with a 14 T magnet operating at liquid *He temper-
atures which was used for the measurements on the Pt(111) surface (Chap. 4) as
well as for the investigations on the single Co atoms on Pt(111) (Chap. 6). In the
present thesis UHV conditions are defined by a base pressure below 1 x 107 mbar
for the whole UHV system. They are absolutely required to guarantee clean and
well-defined samples as well as tips and the reproducibility of their preparation,
in particular for SP-STS measurements and single atoms as studied in Chap. 6.
A high magnetic field is an important experimental parameter to manipulate the
magnetic state of the investigated sample systems.

Originally the facility has been designed and set up by J. Wiebe and A. Wa-
chowiak [21,27]. In the first phase of my work the setup of the system has been
completed and the operation of the facility has been started. Some serious techni-
cal problems required an improvement of the technical realization in some aspects
regarding the cryostat delivered from Ozford Instruments Superconductivity |28|.
This is described in Sec. 3.1. Section 3.2 shows the excellent results of the char-
acterization measurements, which have been performed in this thesis, concerning
the stability of the STM, the energy resolution, and the spin resolution at base
temperature. A detailed description of the system is given in Ref [29].

3.1 Setup

Figure 3.1 gives an overview of the facility. The main part of the system is a *He
evaporation refrigerator in a bottom loading cryostat which was designed and built
by Ozford Instruments Superconductivity. It contains a superconducting single coil
magnet and the low temperature STM. In order to achieve an effective mechanical
decoupling from the building and thus from the main vibrational noise sources,
a three stage damping system is used. First, the cryostat itself is embedded in a
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sand-filled aluminum barrel which rests on three supports. Second, the supports
themselves rest on air springs. Third, they are supported on a sand layer having a
depth of 1 m which is kept within the supporting legs. The whole facility rests on
the foundation in the basement of the building. The performed test measurements
shown in Sec. 3.2.3 will reveal that all stages of the damping concept decouple the
facility from external noise sources very effectively.

The bottom flange of the cryostat is connected to a home-built three chamber
UHV-system. After baking the system including a UHV tube inside the cryostat
for about one week at temperatures of 110°C-150°C, each chamber exhibits a base
pressure of p < 1- 107 mbar, even with the cryostat kept at room temperature.
In the central UHV chamber, STM tips and samples can be stored and trans-
ferred into and out of the STM. From there they are transported between the
chambers by means of magnetic drives and wobblesticks. In addition a molecular
beam evaporator is mounted onto the central chamber. Since this evaporator can
be separated from the chamber by a valve and thus baked-out independently, it
is possible to exchange the evaporator material without breaking the vacuum of
the system. The second UHV chamber contains a molecular beam evaporator, a
room-temperature STM for an easy and fast sample characterization as well as
a combined LEED/Auger-electron' spectroscopy unit. The third UHV chamber
contains an ion source for sputtering, a gas inlet for dosage of different gases, sev-
eral metal beam evaporators, a quadrupole mass spectrometer, and a home-built
electron bombardment heater for tips and samples with T},., > 2400 K assembled
on an x,y,z-manipulator. Finally, it contains a home-built variable-temperature
MOKE? setup for the characterization of the spatially averaged magnetic proper-
ties of thin film samples [30]. By means of a load lock, tips and samples are easily
transferred into the system without breaking the UHV in the main chambers.

Figure 3.2 shows a section through the cryostat. The STM and the 3He refrig-
erator can be moved over a distance of 500 mm in the UHV tube by an external
motor drive. The UHV tube itself extends from the electrical feedthroughs at
the top of the cryostat to the bottom flange. The motor drive turns a threaded
leadscrew via a rotary feedthrough. By this mechanism the STM can be moved
from the fully retracted position, which is the measuring position, to the fully
extended position inside the central UHV chamber as shown in Fig. 3.2. There,
tips and samples can be exchanged. Additionally, in this position it is possible
to evaporate material from the molecular beam evaporator onto the cold surface
as described in Chap. 6. In the fully retracted position the STM can be cooled
down to base temperature. A superconducting solenoid, which is placed in the
liquid *He dewar, can provide a maximum magnetic field of 12 T perpendicular to
the sample surface. A lambda fridge can be used to cool the magnet to 2.2 K in
order to achieve a field of 14 T. For additional thermal insulation of the cryostat

'LEED stands for low energy electron diffraction.
2MOKE is an acronym for magneto-optical Kerr effect.
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Figure 3.1: Overview of the facility. (1) Bottom loading cryostat containing the
3He refrigerator, the low temperature STM and the superconducting
single coil magnet. (2) Sand-filled aluminum barrel, (3) stainless-steel
supports, (4) air springs, (5) sand-filled supporting legs, (6) sand-filled
stainless-steel frame mounted to the supports (3), (7) central UHV
chamber for sample and tip exchange from the low temperature STM;
it contains a molecular beam evaporator for evaporating on cold sur-
faces, (8) second UHV chamber containing a room temperature STM,
molecular beam evaporators and a combined LEED /Auger-system, (9)
third UHV chamber containing a variable-temperature MOKE-setup,
the tip- and sample heater, molecular beam evaporators and an ion
source, (10) edge-welded bellows, (11) magnetic linear and rotary mo-
tion drives, (12) load lock.
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Figure 3.2: The bottom loading
cryostat with the
3He refrigerator.
The UHV insert is
shown in the fully
extended  position
with the STM moved
into the UHV cham-
ber for tip or sample
exchange and mate-
rial deposition onto
cold surfaces. (1)
Aluminum  barrel,
(2) stainless-steel
supports, (3) sand,
(4)  rubber ring,
(5) liquid nitrogen
bath, (6) *He dewar,
(7) lambda fridge,
(8) 12/14 T mag-
net, (9) single-shot
SHe refrigerator,
(10) radiation shield,
(11) UHV rotary
feedthrough for
opening the radia-
tion shield (10), (12)
super-insulation vac-
uum, (13) threaded
leadscrew, (14)
aluminum-bronze
nut, (15) radiation
flaps at 77 K.

the “He dewar is surrounded by a super-insulation vacuum and a liquid nitrogen

dewar.

The cooling of the STM is provided by a 3He refrigerator. It consists of a
vibrationless charcoal sorption pump (also called sorb) which is connected to the
3He pot via a pumping line that passes through the so-called 1K pot. The charcoal
pump adsorbs or desorbs the *He gas while being cooled below 20K or heated to
40 K, respectively. The STM is attached to the 3He pot via an OFHC-copper
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Figure 3.3: (a) UHV bearing which replaced the original UHV feedthrough set-up.
(b) Schematic drawing of the mounted *He line fixing for releasing the
soldering position (see white arrow). (c) 1He line fixing in order to
avoid catching of the *He line by the 1K pot.

rod which provides a very good thermal connection (see Sec. 3.2.2). A capillary
from the *He dewar to the *He recovery line (*He line) outside the facility is
connected to the sorb as well as to the 1K pot. Therefore, both can be cooled
to < 4K by pumping the capillary which causes a continuous flow of *He to the
sorb as well as to the 1K pot. Without pumping this capillary the 1K pot stays
at temperatures around 4.2 K. Furthermore, the 1K pot is attached to a thermal
radiation shield which protects the *He pot and the STM from heat radiation.
Thus, the temperature of the 1K pot influences the temperature of the STM
weakly (see Sec. 3.2.2).

Technical improvements

The ellipses labelled by A,B, and C in Fig. 3.2 indicate parts of the original UHV-
insert setup which caused serious technical problems. First, the UHV rotary
feedthrough (A) was overloaded by carrying the total weight of the UHV insert.
The occurring mechanical overload lead to an early abrasion of the feedthrough



Setup 25

Figure 3.4: (a) Photo of the STM head.
(b) Horizontal (top) and ver-
tical (bottom) cross sections.
(1) Sample holder, (2) sam-
ple, (3) tip, (4) tip holder
(molybdenum), (5) tube
scanner, (6) sapphire prism,
(7) tube scanner holder (ma-
cor), (8) shear-piezo stacks,
(9) molybdenum leaf-spring,
(10) titanium ball, (11) mi-
croscope body (phosphorous
bronze), (12) Cernox temper-
ature sensor, (13) electrical
connector (OFHC copper).

which thus prohibited the travelling of the insert and thus of the STM. This
problem had been overcome by mounting an additional UHV bearing between
a new magnetically coupled rotary feedthrough and the threaded leadsrew as
displayed in Fig. 3.3(a). Thus the weight of the insert rests on the flange of the
bearing and the rotary feedthrough only provides the turning of the leadscrew.
The second problem (B) was a leak in the *He line. As shown in Fig. 3.3(b)
the flexible *He line passes the aluminum-bronze nut, which travels along the
leadscrew. An overstress at the position marked by the white arrow caused a
SHe leak, which required soft soldering at the affected position. To avoid further
weakening of this position, a *He line fixing had been mounted. Finally at position
(C), the flexible *He line (see Fig. 3.3(c)) got caught by the 1K pot. This required
a replacement of the line and the setup of a simple fixing, which avoids such
catching effectively.

After healing these teething troubles, now the system exceeds all our expecta-
tions which is emphasized by the results obtained at low temperatures as shown
in Sec. 3.2.

STM head

Figure 3.4(a) shows a photo of the home-built STM head. It has been designed
to be as small and compact as possible in order to make it less susceptible against
vibrations. The gold plated microscope body is made of phosphorous bronze, a
hard, nonmagnetic, and UHV-compatible copper alloy and includes the coarse
approach motor, which is of the so-called Walker design [31], as well as the tube
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scanner. Figure 3.4(b) shows two schematic cross sections of the STM. This
provides a view of the coarse approach motor consisting of a sapphire prism,
which is clamped between six shear piezo stacks. Operating the piezo motor in
the so-called stick-slip mode, the tip can be approached to the sample until the
tunneling distance is reached [32]. The tube scanner, which is mounted within the
sapphire prism, provides the (x,y,z)-movement of the tip during the measurement.
The maximal scan range in the (x,y)-plane is 1 x 1 um? with applied voltages of
+240V and the z-range is about 200 nm at base temperature.

Because of the achievable magnetic fields of up to 12 (14) T, it is important
to avoid any magnetic materials for the set up of the STM. The right choice
of materials is not trivial since even non-ferromagnetic materials can exhibit a
very high paramagnetic or diamagnetic susceptibility at temperatures below 1K,
which leads to a reasonable interaction with the external field. Since the present
setup of the *He refrigerator requires a small bellow between the sorb and the
3He pot, already small forces lead to a displacement of the STM which can result
in a touching of the STM and the radiation shield which causes vibrational noise
and a temperature increase. This has been observed for the original setup of the
STM when magnetic fields of more than 4T were applied. The reason was found
in a Ni wetting-layer between the STM body and the gold plating. Therefore, a
new STM was set up without any Ni layers even for the shear- and tube scanner
electrodes.®> The following will show that this improvement allows experiments in
the presence of magnetic fields of up to 127T.

3.2 Low temperature properties

3.2.1 Cooling procedure

A standard cooling down procedure of the He pot as well as of the STM is as
follows: After storing all 3He gas in the sorb by cooling it below at least 20 K,
the sorb is warmed to 45 K by heaters. This results in a 3He gas pressure increase
which activates a thermal switch between the He pot and the 1K pot. Therefore,
the 3He pot is cooled down to 1K pot temperature. When the 1K pot temperature
is below 2K the 3He gas is free to condense in the 1K pot region and fills the
3He pot with liquid. In order to reach the base temperature, the sorb is cooled to
approximately 7 K after the complete condensing. This reduces the vapor pressure
above the liquid *He and deactivates the thermal switch. Thus, the temperature
of the 3He pot as well as of the STM drops to base temperature. When all the
3He has been adsorbed by the sorb, the STM warms up to 4.2 K. In order to reach
the base temperature again the liquid has to be recondensed by repeating the
process, which takes typically less than 1h. An additional feature of the system

3The new setup of the STM was done by Daniel Haude.
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Figure 3.5: Temperature of the *He pot as a function of time. Typically the tem-
perature of the STM is only 2-3mK higher. (a) The 1K pot is cooled
(Thkpot < 2K) by pumping at the 1K pot. In this operation mode a
base temperature of 262 £ 5mK and a base temperature hold time of
approximately 130 h are reached. (b) Without pumping at the 1K pot
(Tikpot = 4.2K). A base temperature of 315 + 5mK and a base tem-
perature hold time of approximately 30 h are accomplished.

is the possibility to heat the *He pot and the sorption pump in order to achieve
higher temperatures. Below 4 K the temperature of the STM is regulated by the
temperature of the sorption pump. Above 4K, the heat load is regulated by a
resistive heater on the 3He pot. Thereby, a wide temperature range from base
temperature up to 100 K is accessible.

3.2.2 Base temperature hold time

Figure 3.5 shows the temperature run of the *He pot when the sorb cools the
liquid *He. The temperature of the STM is only 2-3mK higher than the tem-
perature measured by the sensors at the *He pot. This indicates an excellent
thermal coupling between the STM and the 3He pot via the OFHC copper rod.
Fig. 3.5(a) shows the temperature run while the temperature of the 1K pot is
below 2K due to pumping the *He capillary. With a 3.51 (NTP)* 3He-gas charge
that condenses into about 5cm? of liquid the STM can be held at a base temper-
ature of 262 & 5mK for 130h. After this time the STM warms up and reaches
a temperature which is close to the 1K pot temperature. Since this mode of op-
eration causes additional vibrations probably due to turbulence arising from the
“He injection into the 1K pot, the system is operated in a second mode where the
1K pot is not pumped and stays at around 4.2 K. For this mode Fig. 3.5(b) shows
a slightly higher base temperature of 315 £ 5mK with a decreased hold time of
30 h. Since this time period is usually sufficient for high-resolution STS measure-
ments, all of the following results at base temperature were achieved in the second

4Normal Temperature and Pressure (NTP).
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mode of operation. The difference of both base temperatures can be explained
by taking into account the radiation shield which is connected to the 1K pot and
surrounds the STM. An increase of the 1K pot temperature thus causes a higher
heat radiation to the STM.

Another important time scale is given by the time it takes to reach the base
temperature after exchanging tip or sample. Typically, such a procedure takes
less than 4h. During the tip and sample exchange the STM temperature stays
below 35 K.

The system can also be operated at a stable temperature of 4.2 K without any
temperature regulation. This is achieved when no 3He is recondensed. Then the
STM stays at 4.2K and the temperature hold time is (practically) unlimited. The
measuring time is only limited by the hold time of the *He dewar, which has to
be refilled at least after 120 h.

3.2.3 z-stability

In order to specify the z-stability of the tunneling junction atomically clean and
largely defect free (110) surfaces of InSb and InAs have been prepared by cleav-
ing single crystals in the load lock and a fast transfer to the STM afterwards.
Thus, these surfaces provide an ideal test system for the specification of the
piezo-sensitivity and the z-stability. Figure 3.6(a) shows an atomically resolved
topographic image of the InSb(110) surface obtained at 313 mK.® Tt is known for
the (110)-surfaces of III-V semiconductors that only one sort of atoms is imaged
by STM in a certain voltage range while the other sort is invisible [33]. The two
line sections taken perpendicular and parallel to the atomic rows are shown in
Fig. 3.6(b). They exhibit an atomic corrugation of about 20 pm and 13 pm, re-
spectively with a period given by the unit cell of one atomic sort. In both plots
the z-noise level is below 3 pm. In order to demonstrate the performance in the
presence of a magnetic field, an InAs(110) surface has been probed at 8 T which
is imaged in Fig. 3.6(c). The sections in Fig. 3.6(d) along the lines marked in
(c) show a lower corrugation than in Fig. 3.6(a), which is in particular visible
for section 2. Though the corrugation along this line is tiny (<2pm) the atoms
are still resolved. This proves that applying the external magnetic field does not
cause additional noise.

While the z-noise level was determined in the topography mode with a closed
feedback loop, the following reveals the stability of the tunneling junction when
the feedback is switched off. As described in Sec. 2.7 this is required for measuring
I(U) and dI/dU spectra.

Figure 3.7(a) shows the time dependency of the tunneling current measured at
a single point on the InSb(110) surface, which was partly covered by Fe clusters.
Originally, this measurement was performed to obtain information about charging

5All images in Fig. 3.6 show unfiltered raw data. Fig. 3.6(a) and (b) are plane and line fitted.
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Figure 3.6: (a) Topographic image of the atomically resolved InSb(110) surface
(unfiltered data, U = 0.3V, I = 0.8nA). (b) Line sections along the
lines marked in (a). The atomic corrugations show a z-noise level below
3pm. (c) Topographic image of the atomically resolved InAs(110)
surface in a magnetic field of 8 T (unfiltered data, U = +0.05V, [ =
0.2nA). (d) Line sections along the lines marked in (c). Both images
have been recorded at 0.315 K.

effects in the sample which causes discrete jumps in the current. Therefore, the tip
has been stabilized at Ug,,—1V and Igp—1nA. After switching off the feedback,
the bias voltage was set to -0.95V, which resulted in a current of about -41 pA.
The current was measured for 400s. The image consists of 2000 x 2000 data
points and each row took 0.1s. Due to the used data acquisition method there is
a time gap of 0.1s between neighboring rows. Thus, the indicated points A,B,C,
and D correspond to t—0.0s, t—=0.1s, t—=399.9s, and t—400.0s. According to the
color code of the image the dominating bright color reflects a current of around
—40 pA while the mentioned jumps to a current of less than —150 pA are visible
as black lines. Figure 3.7(b) displays sections along the first, the 820*", and the
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Figure 3.7: (a) Image of the time dependency of the tunneling current at a single
point on Fe/InSb(110) without z-regulation (for A,B,C, and D see
text). (b) Sections along the first, the 820", and 2000*" row in (b).
The current jumps (black lines in (a)) are due to charging effects and
not related to the stability of the system. Even though the feedback
has been switched off for more than 6.5 min, the current has changed
barely due to drift effects. The image has been recorded at 0.315 K.

last row of Fig. 3.7(a), corresponding to the time intervals 0.0-0.1s, 163.9-164.0s,
and 399.9-400.0s. Apart from the current jumps caused by charging, the current
stays extremely constant over a time period of 400s. By comparing the plots of
the first and the last row we can extract that the average of each row changed from
I; = —41.6+2.1pA to I, = —40.01£2.10 pA. This corresponds to a current change
of (I; —I5)/I; =3.6% in 400s. Assuming a reasonable range for the averaged work
function (@ + ®;)/2=1-3 €V, this results in a z-change of 2-5pm, according to
Eqn. 2.3. Thus, the z-stability over a time period of 400s, which is usually long
enough to aquire a high energy resolved spectrum, is in the same range as the
z-stability with an active feedback regulation.

3.2.4 Energy resolution

In order to demonstrate the high energy resolution of the facility, STS measure-
ments on superconducting as well as metallic samples with metallic as well as
superconducting tips were performed.

NbSes was used for the superconducting sample, which is a type II supercon-
ductor with a superconducting phase transition at approximately T = 7.2 K [34].
Since it is a layered sample system it is easily cleaved in UHV in order to obtain
a clean surface. Cleavage is achieved by an adhesive tape which is glued to the
NbSe, surface as well as to the load-lock wall. When the sample is moved, the
first layers, which were exposed to air, stick to the tape and the remaining sample
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Figure 3.8: (a) dI/dU slice of the cleaved NbSe, surface showing the Abrikosov

flux lattice at a magnetic field of 0.5 T and at a sample bias of 0 mV
(Istap = 0.2 DA, Uspap, = —6.8 mV, Upoa = 80 tVyms, T = 310 mK).
(b) dI/dU spectra measured on a superconducting area (triangles)
and on a vortex (circles). (c¢) dI/dU spectra measured on NbSe, at
0T. The measurement temperature is given besides each curve. The
curves are averages from several single curves taken on the same sample
area; 300 mK-1.6 K: average of 2 x 2 curves; 2.5K: 3 x 3; 4.2K-6.5K:
10 x 10. The curves are offset by 20 nS steps for clarity (Isap = 0.2 nA,
Ustab = 6 MV, Upoq = 24 1Vyms). For all measurements a W-tip was
used.

with a flat and clean surface can be transferred to the STM.

Figure 3.8(a) shows a dI/dU slice of the NbSe, surface at zero bias voltage with
an applied magnetic field of 0.5 T which is in between the lower and upper critical
field of type II superconductors. Due to the magnetic flux, which penetrates the
superconductor, a regular hexagonal lattice of vortices, the so-called Abrikosov
flux lattice, is formed. The vortices appear brighter in the dI/dU slice at 0 mV,
because the superconducting phase is destroyed inside the region, where a flux
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Figure 3.9: Open circles: dI/dU curve measured by lock-in technique with a Nb
tip on a W(110) sample (Igap, = 0.2 nA, Usay = —5 mV, Upoa =
20 uVims, T = 315mK). Solid line: fit to the experimental data
revealing a superconducting energy gap of A = 1.23meV and a fit
temperature of T, = 315 mK.

quantum penetrates the material.® This is illustrated in Fig. 3.8(b), which shows
dI/dU spectra averaged above and outside of a vortex. While the spectrum on the
vortex appears metal-like apart from a zero-bias anomaly [34], the spectrum taken
on the superconducting area exhibits the characteristic superconducting gap with
the vanishing conductance around 0 mV. Although the spectroscopic differences
appear in a very small voltage range of below 8 mV, the differences in the dI /dU
spectra are very well resolved, which indicates a high energy resolution even while
applying a magnetic field.

In order to describe the differential tunneling conductance between a normal
conductor (nc) and a superconductor (sc), the standard relation for I(U) spec-

fFor more details we refer to textbooks on superconductivity like [35].
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tra [17, 36,37]

I(U, Ty, Tpe) / Pnc(€+eU) - psc(e) - [fle+eU, Tye) — fle, Tse)|de  (3.1)

—00

with the density of states ps. and p,. and the corresponding Fermi functions f is
used. In contrast to Eqn. 2.17 non-zero temperatures, which can be different for
the superconductor Ty, and the normal conductor 7;,., are now allowed. According
to the BCS theory” the density of states of the superconductor is given by [38]:

e > A(T)
Psc (€) o =A% (Tsc) : (3.2)
0 D el < A(Tse)

A(T.) denotes the superconducting energy gap around Er. Together with the
assumption that p,. is approximately constant in the small energy range around
Er, this leads to

fm (€ + eU, Ty.) de . (3.3)

/\/T

This expression shows that the temperature dependence of dI/dU(U) is mainly
dominated by the temperature of the normal conductor via its Fermi function for
Ts. < Te since A(T) is constant in this range. Fig. 3.8(c) shows dI/dU spectra
measured on NbSe, with a W-tip at variable temperatures in zero magnetic field.
The temperature dependence of the superconducting energy gap can clearly be
observed: with increasing temperature the gaps become smaller and flat until only
a small dip is visible close to T-. A small difference between the spectra measured
at 310mK and 700 mK is visible, i.e. an earlier onset of non-zero conductance
within the gap. Taking into account that the temperature dependence on the
dI/dU signal is now dominated by the normal conducting tip, this indicates that
the electronic temperature of the tip is well below 700 mK.

Since the superconducting gap of NbSe, is anisotropic [39], a fit to conventional
BCS theory is difficult. Therefore, dI/dU spectra of a W(110) sample using a
superconducting niobium tip were measured in order to determine the temper-
ature of the sample. A similar experiment using the Au(111) surface is known
to yield dI/dU spectra that fit well to BCS theory [40]. For this, mechanically
sharpened, polycrystalline Nb wires with a diameter of 0.8 mm were used. The
W(110) surface is prepared as described in Sec. 3.2.5. After mounting the tip
into the STM, voltage pulses on the W(110) surface were applied to remove the
oxide and contaminations from the tip. The dI/dU spectra are then measured

"Bardeen, Cooper, and Schrieffer.
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on a clean W(110) area with a clean Nb tip. Figure 3.9 shows a dI/dU spectrum
measured at base temperature. In order to determine the electronic temperature
of the normal conducting sample the differential conductance measured via lock-in
amplifier can be expressed alternatively to Eqn. 3.3 by

/2
dI
U (U) x / sino - 1 (U + V2 Upod - sina, Tnc,Tsc> da (3.4)
—m/2

with I(U, Ty, Tse) from Eqn. 3.1, which has to be numerically integrated, using
Unoda = 20 uVims. A curve, which is given by Eqn. 3.4, is fitted to the raw data
by adjusting the energy gap A(Ts.) and the temperature Tg, = T}, of the Fermi
function. The measured energy gap A(Ts.) depends on the micro-tip, i.e. it can
change after field emission, as already described by Pan et al. [40]. For the per-
formed measurements this effect results in a variation of the gap by approximately
+10%. The fit result is shown in Fig. 3.9 as a solid line revealing a fit temperature
of Ty, = 315mK and an energy gap of A(0) = 1.23meV. The same procedure
was carried out for several different measurements using different Nb micro-tips
and different stabilization currents resulting in an average sample temperature of
Ts = 350 £ 35mK. This is only slightly higher than the sample temperature
read off from the temperature sensor on the STM head. According to Eqn. 2.22
and with Upoq = 20 Vs such a temperature results in an energy resolution of
101 eV, which is only slightly higher than the thermal limit of 3kgT = 85 peV.

3.2.5 Spin resolution

The intensively studied stripe-domain structure of Fe double-layer (DL) nanowires
on W(110) is a perfect sample system to probe the magnetic sensitivity of the
tips coated with thin magnetic films [41]. While the easy axis of the ML was
found to be in-plane orientated, the DL nanowires are known to exhibit a domain
configuration with alternating out-of-plane stripe domains and a Néel-type domain
wall in between.

The nanowires are prepared by deposition of 1.4-1.6 AL Fe at a temperature of
approx. 500 K on a clean W(110) substrate, which is obtained by repeated cycles
of heating at 1500 K in an oxygen atmosphere of 5 x 10~" mbar and subsequent
flashing to 7" = 2300 K [42]. Figure 3.10(a) shows a topographic image of 1.5 AL
Fe/W(110) at base temperature. It shows that alternating Fe monolayer (ML)
and Fe DL stripes run parallel to the step edges of the W(110) substrate. The
lattice mismatch of 9.4% between Fe and W leads to the formation of dislocation
lines in the DL. Figure 3.10(b) shows the section along the line indicated in (a)
and sketches the local Fe coverage on the substrate. Figure 3.10(c) reveals a
simultaneously recorded dI/dU map using a Cr-coated tip (90 AL). Due to the
out-of-plane orientation of the Cr tip, the ML appears uniformly dark, whereas
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Figure 3.10: (a) Topographic image of 1.5 ML Fe/W(110) (partly differentiated)
measured with an out-of-plane sensitive Cr tip. (b) Section along
the line drawn in (a). (¢) dI/dU map measured simultaneously to
(a). DL stripes show an out-of-plane domain contrast with domain
walls oriented roughly along [110] perpendicular to the dislocation
lines (see white arrow) (I = 0.7nA, Upoq =30mV). (d) Topographic
image of 1.5 ML Fe/W(110) (partly differentiated) measured with
an out-of-plane sensitive Fe tip. On DL stripes the domain contrast
is visible (/ = 1.0nA, U = 40.05V, Uyoa = 20mV). (e) dI/dU
map measured simultaneously to (d). Insets in (d) and (e): Highly
resolved magnified views. All images have been recorded at 0.315 K.
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the DL exhibits a regular pattern of oppositely magnetized out-of-plane domains
with a period of 44 + Inm, which is in agreement with studies performed in a wide
temperature range on this sample system [43|. The dislocation lines are visible as
dark lines which run along the |001] direction as indicated.

In addition to the tip preparation method (reported in Sec. 2.6), the coating of
the tip can also be achieved using a different procedure. Magnetic material can
be transferred to the tip by voltage pulses on magnetic samples [44] or by dipping
the tip into the magnetic sample surface. The latter has been performed with a
bare W tip which gently touched the surface of 1.5 AL Fe/W(110) at around 40 K.
While afterwards no magnetic contrast was observed at 40 K a strong magnetic
contrast was found at 0.315K as shown in Figs. 3.10(d) and (e). Already in the
topography, the spin sensibility results in a height difference of about 40 pm on the
oppositely magnetized domains at this particular bias voltage of 4-0.05V. This is
emphasized in the inset image, which reveals a magnified view of the marked region
in (d). The magnetic contrast observed in the simultaneously recorded dI/dU map
in Fig. 3.10(e) is relatively high with about 30%. Again the domains exhibit a
period of 444 1Inm. Fitting the domain wall profile as described in Ref. [26] reveals
a tip magnetization of 10°£10° relative to the surface normal. Since the magnetic
contrast is absent at 40 K one can conclude that the magnetic material which is
attached to the tip is in a superparamagnetic state with a blocking temperature
below 40 K. This could be an Fe cluster of an appropriate size, which is attached to
the apex of the nonmagnetic W tip. The observed unusual magnetic orientation of
the Fe tip already reveals a disadvantage of such a preparation method, since the
magnetic direction cannot be adjusted by the preparation procedure. Anyhow,
these results suggest that the preparation of spin-sensitive tips could be quite easy
at very low temperatures.
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4 The Pt(111) surface and its
surface state

This chapter presents the results concerning the electronic structure of the bare
Pt(111) surface. It was possible to observe and explain the dispersion of an
unoccupied surface state on Pt(111) by imaging scattering states with the help
of scanning tunneling spectroscopy. By comparison to first-principles electronic
structure calculations the state is assigned to an sp-derived surface band at the
lower boundary of the projected bulk band-gap. The onset of the surface band
appears as a rather broad feature in dI/dU(U) spectra, whose shape is explained
by two spin-orbit split branches with nearly linear dispersion where the lower
mixes into bulk states at higher energies.

This chapter is organized as follows: After an introduction in Sec. 4.1, where
basic properties of surface states on the (111)-surfaces of noble and late transition
metals are discussed, Sec. 4.2 reports on the preparation of the Pt(111) surface.
In Sec. 4.3 the experimental results are presented. The first-principles electronic-
structure calculations are shown in Sec. 4.4 and compared to the experimental
data in Sec. 4.5. Finally, in Sec. 4.6 the results are summarized.

4.1 Introduction

Partly occupied surface states are known to play a crucial role in chemistry, growth
properties and magnetism of the surfaces of noble metals (Cu, Ag, Au) and late-
transition fecc metals (Ni, Pd, Pt).! They have therefore been studied quite exten-
sively by photoelectron spectroscopy [45]. As was shown more than ten years ago,
surface states and their interaction with defects and step edges can be studied on
a local scale by scanning tunneling spectroscopy (STS) [46,47|. Recent publica-
tions in this field deal with the interaction with atomic adsorbates [48,49| or with
the interaction between atomic adsorbates mediated by surface states, [50] with
lifetime effects, [51] the Stark effect [52] or even spin-orbit induced spin-splitting
similar to the Rashba effect in two-dimensional electron systems of semiconductor
heterostructures [53-55].

Lfce denotes the crystal lattice structure Face-Centered Cubic.
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Figure 4.1: One dimensional semi-infinite lattice model potential (solid line). The
surface state shows the highest localization at the surface and decays
exponentially into the vacuum as well as into the crystal (dashed line).
The figure is taken from Ref. [56].

Basic properties of surface states

The existence of a surface has a great impact on the structure and position of
surface atoms as well as on the electronic properties of the crystal. In the bulk
the Schrodinger equation is solved by three dimensional Bloch functions, which
results in the formation of the bulk electron band structure. Due to the surface the
translation symmetry, which is fundamental for the concept of Bloch functions, is
broken at least in the direction of the surface normal. Even in the case of an ideal
surface, where the atoms are still at bulk-like positions, new electronic effects can
be observed [57|. One of these effects is the so-called surface state.

The development of a surface state and its fundamental properties can be de-
scribed basically by assuming a simple one dimensional model where the electron
is treated as nearly free. Figure 4.1 shows the potential of a one dimensional semi-
infinite crystal or chain with a surface. In addition a wave function is indicated
which shows a typical property of a surface state, i.e. an oscillation according to
the wave vector k and an exponential growth in z-direction. Without the sur-
face this wave function would be forbidden because of the unlimited exponential
growth in one direction. The absence of such wave functions leads to the forma-
tion of a band gap in the bandstructure of the infinite chain. By introducing a
surface a new boundary condition arises: Outside the crystal the wave function
is exponentionally damped if the energy of the electrons is smaller than the work
function V. This allows for the formation of new states with corresponding en-
ergy eigenvalues in the band gap, if these states fulfil the matching conditions
at the surface. Then the corresponding wave functions are located only at the
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Figure 4.2: Left panels (a)-(c): Sketch of dispersion, DOS, and calculated dI/dU
signal for purely quadratic dispersion as indicated. Right panels (d)-
(f): As for the left panels but based on a quadratic dispersion with a
strong linear contribution. (Fy = 0.3eV, a = 5.59eVA2, 8 = 4.56eVA)

surface because they decay exponentially into the bulk as well as into the vacuum
as indicated in Fig. 4.1. These states are called surface states.

In order to describe the impact of a surface to a three dimensional crystal,
one can generalize the results obtained for a semi-infinite one-dimensional chain.
Parallel to the surface where the translation symmetry is still valid the wave
functions can be described by two dimensional Bloch functions with a vector k.

For each k_ﬁ a surface state exists, which is localized in parallel to the normal of
the surface plane. This leads to a two dimensional surface state band. If this
surface state band starts below the Fermi energy, and thus is partly occupied, it
contains a two dimensional electron system (2DES) directly at the interface. In
the case that the electron system in the surface can be described by a nearly free
electron (NEF) model the dispersion of the surface state band is described by

2

. B
E(k)) = By + K

o (4.1)
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where m”* is the effective electron mass which is a measure for the curvature of the
parabola. Typically, m* is given in units of the electron mass m,.. Figure 4.2(a)
schematically shows a branch of the quadratic dispersion. Without taking into
account any contributions of the bulk bands, the local density of states (LDOS)
of the 2DES is given by

LDOS = % = % = constant. (4.2)
Thus, the energy depending LDOS of a 2DES in Fig. 4.2(b) shows a step-like
feature exactly at the energy of the surface state band onset Fj. Assuming a
constant LDOS of the tip and taking into account the energy and k) dependence
of the transmission coefficient (Eqn. 2.19) the numerical dI/dU signal can be
calculated according to Eqn. 2.21. The result is shown in Fig. 4.2(c) and exhibits
a nearly identical shape as the LDOS, but with a decrease for higher energies due
to the increasing k).

Furthermore the presence of a surface causes not only the formation of surface
states but can also cause a spin-orbit-induced spin splitting due to the broken
inversion symmetry in comparison to the bulk. This effect is in close analogy to
the Rashba effect in 2DES of semiconductor heterostructures and can be described
by an additional Hamiltonian

F o

where s and p are the spin and the momentum operator, respectively. VV is

the gradient of the potential at the surface. Adding this Hamiltonian to the
Schrédinger equation of the 2DES the resulting energy eigenvalues are like in
Eqn. 4.1 but complemented by a linear term, the so-called Rashba term. They
are given by

h2
E(ky) = Ey+ o —kif £ 150k (4.4)

In a free electron approach the parameter vgo is only related to the surface po-
tential gradient vV. Following a tight-binding approach, Petersen and Hedegard
pointed out in Ref. [54], that g0 depends on the atomic spin-orbit parameter,
which itself is proportional to the nuclear charge, as well as on the surface po-
tential gradient. Due to a non-zero ygo there are now two parabolae, which are
shifted horizontally by a constant Ak with respect to each other, representing
each the dispersion of one spin direction.

As visible in Eqn. 4.1 the spin-orbit induced spin-splitting results not only in

a splitting, but also in a linear contribution to the quadratic dispersion. Another
reason for a linear contribution can originate from a coupling of the surface state to
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| noble metal | B (eV) | Ey (eV) | m*/m. |
Cu(11l) | -0.82eV |-0.39¢V | 0.58
Ag(111) | -0.30eV | -0.12¢V | 0.28
Au(111) | -0.90eV | -0.41eV | 0.34

Table 4.1: Values of sp-like surface state of Cu(111), Ag(111), and Au(111). The
differences Eg — Fj reveal that the surface states of the noble metals are
located well inside the projected bulk band gap. All values are taken
from Ref. [59].

bulk states as will be shown in Sec. 4.4. The impact of a strong linear contribution
to the dispersion is shown in Fig. 4.2(d)—(f). As in the left panels of Fig. 4.2, the
right panels show the same graphs but now for a dispersion exhibiting a strong
linear contribution. A comparison to the corresponding graphs of the left panels
reveals that the linear contribution in Fig. 4.2(a) leads to a different appearance of
the DOS as well as of the dI/dU signal. The DOS in Fig. 4.2(e) leads consequently
to a rising edge in the dI/dU signal in Fig. 4.2(e), which starts at Ey, instead of
a sharp onset as in (c). Especially these differences in the measured dI/dU signal
for the two dispersions play a role in the following sections.

(111) surface states of noble metals

For (111) surfaces of the noble metals Cu, Ag, and Au it is well known that a partly
occupied crystal-induced surface state resides far inside the projected bulk sp-band
gap at the center of the Brillouin-zone. This sp-like surface state is usually referred
to as Shockley surface state. Thereby sp denotes the origin of the bulk states
which surround the band gap. Figure 4.3(a) shows a part of the measured surface
Brillouin zone (SBZ) for Cu(111) |58|. A parabola which starts at k) = 0 and Eg =
—0.9eV marks the border between the occupied projected bulk bands and the band
gap. Inside the energy gap of the SBZ the surface state band is found. It starts
at k| = 0 and Ey ~ —0.4eV and is therefore well separated from the bulk states.
Table 4.1 shows the corresponding values for Cu(111), Au(111), and Ag(111)
as well as the effective electron masses. In Fig. 4.3(b) a measured dI/dU on
Cu(111) is shown [51]. The sharp onset of the noble metal surface states at Ey ~
—0.4¢€V is clearly visible. Using high angular resolved photoemission experiments
it was possible to measure the spin-degenerated dispersion for Au(111) [53,55].
Figure 4.3(c) shows both spin degenerated (except at k) = 0) parabolic dispersions
along one high symmetry direction. The splitting of the two branches amounts
to Ak = 0.025A". For a given wave vector the spin of one curve is antiparallel
oriented with respect to the other curve at the same wave vector. Taking into
account also other directions, Fig. 4.3(d) resolves the spectral intensity at Ep.
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Figure 4.3: (a) Experimental dispersion of Cu(111) surface state from Ref. [58].
Hatched area indicates projection of the bulk bands. The surface state
band is located in the projected bulk band gap. (b) dI/dU spectrum
measured on Cu(111) (taken from Ref. [51]). The sharp onset of the
surface state is visible. (¢) Measured dispersion for spin-orbit-induced
splitted surface state band of Au(111). (d) Spectral intensity at E for
different wave vectors. Figures (b) and (c) are taken from Ref. [55].

The two rings originate from the shifted parabolae. The figure reflects, that the
electron spin is oriented perpendicular to kj and lies in the surface plane. So
far the spin-orbit-induced spin degeneration is only observed for Au(111) and not
for Cu(111) and Ag(111) due to a smaller spin-orbit coupling. According to the
work of Petersen and Hedegard [54] the splitting of the sp-like surface state is not
observable in the surface LDOS as probed with STM.
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(111) surface states of late transition metals

While the description of surface states of the (111) surfaces of noble metals is
quite uniform, the situation is more complex for the late-transition fcc metals Ni,
Pt, and Pd.

Ni(111) has a spin-split surface state just at the bottom of the band gap which
is caused by exchange splitting. In contrast to the spin-orbit-effect the exchange
splitting leads to a vertical shift of the dispersion in energy as shown by the NEF
model [60]. In the case of Ni(111) this results in an unoccupied minority spin
state whereas the majority spin state is partly occupied [61-63]. In contrast, the
corresponding surface state on Pd(111) is unoccupied and far above the Fermi
energy Er [64,65]. The effective mass in both cases is 0.2 m, to 0.3m, and thus
comparable to the noble-metal case.

For Pt(111) the situation is controversial. In an early photoemission study of
Roos et al. [66,67] a feature below Er was attributed to a surface state in the
projected bulk band structure which was thus claimed to be occupied but it would
have a surprisingly large effective mass of 1.3 m,.. In contrast inverse photoemis-
sion data shows indications for an unoccupied surface state that is located approx-
imately 0.5eV above Ey |68]. Later, this was confirmed theoretically and substan-
tiated by comparison to lifetime measurements of image potential states [69,70].
Up to now, there is no direct photoemission measurement of the dispersion of
an unoccupied surface state, nor is it visible in previous STS studies [71|. This
means that there are no experimental data so far to clarify the situation. This
is even more surprising since the Pt(111) surface is one of the most studied sur-
faces due to its importance as catalyst for surface chemistry. Many experiments
have been performed in order to obtain insights into the fundamental properties
of sub-monolayer homoepitaxial growth, surface diffusion, molecular physics and
adsorption as well as catalytic processes |72-76].

The following section will show that an unoccupied surface state on Pt(111)
can be directly observed by STS in form of scattering states at step edges or point
defects. By comparison of the measured dispersion relation to first-principles
electronic-structure calculations it is assigned to an sp-derived surface state which
is located just at the lower edge of the projected bulk band-gap.

4.2 Preparation of the Pt(111) surface

Following the preparation procedures reported in the literature, the present single
crystal Pt(111) was prepared by repeated cycles of room temperature sputtering
(5-10 AL) with 600eV Ar-ions, flashing to 1000 K, annealing in an oxygen atmo-
sphere of 2 - 107% mbar at 1000 K for half an hour and a final flash at 1200 K.
This preparation procedure results in a clean Pt(111) surface exhibiting tens of
a nm wide terraces as shown in Fig. 4.4(a). Figure 4.4(b) shows a section along
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Figure 4.4: (a) Topographic image of the bare Pt(111) surface (U = 1.0V,
I = 0.2nA). (b) Section along the box indicated in (a). (¢) Topo-
graphic image of two terraces on Pt(111). Six different kinds of remain-
ing adsorbates and defects are observable (U = 0.6V, I = 0.4nA). (a)
and (c) are partially differentiated and obtained at 0.315K. (d) To-
pographic image of the atomically resolved Pt(111) surface at 4.2K
(U = —25mV, I = 6.22nA).

the box indicated in Fig. 4.4(a). The terraces are separated by monoatomic steps
with a height of 2.27 A. Even though no indications of remaining adsorbates were
observed in Auger spectra, a closer inspection of the terraces reveal adsorbates as
shown in Fig. 4.4(c). Six different kinds of point defects having heights of up to
20 pm (except #6) are visible and distinguishable on both terraces. While type
#1 appears as a small protrusion which is surrounded by a ring of depression, #2
appears as a ringlike protrusion. #3 also appears as a ring-like protrusion but
shows a threefold symmetry. #4 shows a small protrusion. #5 appears as de-
pression with a comparatively large width of about 20-30A. Finally, #6 exhibits
a height of about 1 A and originates from the tip. Although the exact chemical
composition of the adsorbates is unknown they are probably due to a remaining
contamination of carbon and oxygen. Typically the coverage of remaining adsor-
bates and point defects is about 0.15% with respect to the total number of fcc
and hep adsorption sites. Figure 4.4(d) shows an image of the surface with atomic
resolution. The hexagonal atomic lattice of the Pt(111) surface with an in-plane
lattice constant of 2.77 A is clearly visible.
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4.3 Experimental results

All experiments presented in this section were performed in the low tempera-
ture ultra-high vacuum STM-system operating at a temperature of 7'= 0.3 K as
described in Chap. 3. Figure 4.5(a) shows a topographic image of the Pt(111)
surface. The two terraces are separated by a monoatomic step apparent at the
front. Figures 4.5(b)—(f) show dI/dU-maps with decreasing bias voltages as indi-
cated. Most apparent in Fig. 4.5(b), a spatially oscillating dI/dU signal is visible
near the step edge and in the surroundings of point defects. The wavelength A
of this oscillation is the same for all kinds of defects even though the intensity is
changing for different defects. It is clearly visible that a decreased bias voltage U
leads to a larger A in Figs. 4.5(c) and (d). While the oscillating dI/dU signal is
still faintly apparent in Fig. 4.5(e) it vanished in Fig. 4.5(f). Thus, the oscillation
in dI/dU starts between 0.2 eV and 0.5 eV.

A close inspection of Fig. 4.5(f) reveals another, very weak oscillation with a
much smaller wavelength. It is already apparent at higher voltages and marked in
Figs. 4.5(c) and (d) by arrows. Since these oscillations are centered at locations
without any topographic signature at the surface, they are most probably due to
scattering of bulk states.

In order to obtain further information the dI/dU signal is plotted as a function
of the distance from a step and from a point defect in Fig. 4.6 (a) and (b),
respectively. In the case of the step edge the averaging is performed for a width of
5nm perpendicular to the propagation direction of the scattering. For the point
defect the dI/dU signal is averaged on segments of circles with increasing radius
as a function of the distance from the center of the defect. By this averaging
procedure overlapping of oscillations originating from other different point defects
is avoided. Without loss of generality, the analysis is restricted to the point defects
showing the strongest scattering, which appear as depressions with a width of
20 — 30 A in Fig. 4.4(c) (see defect #5) and 4.5(a) (see arrows). According to
Chap. 2 and Ref. [77] care has to be taken to interpret the oscillations in dI/dU
directly as oscillations in the LDOS if the tip-sample separation is not constant. A
line section of the topography at the top of Fig. 4.6 (a) reveals that the variation in
the tip-height on the top terrace is less than 3 pm and not related to the oscillation
in dI/dU. These height differences are close to the resolution of our experiment.
Simulations analogous to Ref. [77] have shown that the error in A is less than £5%
if the extracted dI/dU signal is used without normalization. In order to rule out
effects of a changing tip height in case of the point defects, only the dI/dU signal
farther than 15 A from the center of the defect is considered.

In order to extract the wavelength A and consequently the wave vector k of
the LDOS oscillations Bessel functions have been fitted to the dI/dU signal. As
outlined in Ref. [46] different fit functions for scattering at step edges and point
defects have to be used. For the step edge the LDOS at a certain energy E is
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Figure 4.5: (a) Topographic image of the Pt(111) surface showing a step and dif-
ferent point defects on the terrace (I = 1.0 nA, U = 1.1 V). (b)-
(d) dI/dU-maps of the same sample area as in (a) recorded at dif-
ferent sample voltages as indicated (I = 1.5 nA, Upeq = 50 mV).
(e),(f) dI /dU-maps at indicated voltages taken at another sample area
(I = 2 nA, Unoa = 50 mV). The contrast in (e) and (f) covers the
same dI/dU range. The arrows in (¢) and (d) mark scattering due to
bulk states.
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(a) Circles with thin lines: spatial dependence of the dI/dU signal
measured as a function of the distance from a step edge at different
sample voltages as indicated (I = 1.5 nA, Uyoq = 50 mV). Curves
at 1.3 V and at 1.5 V have been shifted by 0.035 nS and 0.075 nS,
respectively. Thick lines: fit to the experimental data (see text). A line
section of the step is shown at the top (I =2 nA, U =1V). (b) Same
as (a) but for a point defect. The dI/dU signal is averaged on segments
of circles with increasing radius as a function of the distance from the

center of the defect.
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described by
LDOS(E, z) = (1 — e~ 4.Jy(2kx, dy)) * A + B, (4.5)

where x is the distance from the step edge. Jo(2kx,d) is the zero-order Bessel
function. The parameters used to fit the experimentally obtained curves are the
background LDOS B, the amplitude of the oscillations A and a damping factor
d. The cylindrically LDOS around a point defect is given by

LDOS(E, p) = (cosz(k:p - % + 6) — cos?(kp — %)) xe ix A+ B, (4.6)

where p is the distance from the point defect. The resulting fit curves are shown
in Fig. 4.6(a) and (b) as thick lines. The agreement between the fitted LDOS
curves and the measured dI/dU oscillations for step edges as well as for point
defects is quite good. Only very close to the defects larger discrepancies occur,
which is expected because of the very simple LDOS-model which was used and
due to the presence of topographic effects.

Additional information regarding the electronic structure of the surface is ob-
tained by measuring full dI/dU-spectra. Three typical spectra taken on the bare
Pt(111) surface are shown in Fig. 4.7(a). For each of them a different STM tip
was used. All spectra show a broad peak close to Er and a step-like feature that
starts with a rising edge at +0.3 £ 0.1 eV, followed by a kink at +0.4 £ 0.1eV
where the slope becomes nearly flat. These features have been observed using
many different tips and are thus attributed to the sample electronic structure. A
comparison of the dI/dU maps in Fig. 4.5 to Fig. 4.7(a) reveals that the position
of the rising edge corresponds reasonably well to the onset of the oscillations. As
shown in Fig. 4.3(b) for the case of noble metals, a step-like feature occurring
together with oscillations around point defects and at step edges was explained
in terms of a two dimensional surface state [46,51,77|. As explained in Sec. 4.1
the step is located energetically just at the bottom of the surface state band. One
can thus tentatively conclude that the oscillations observed on Pt(111) are due
to a surface state with the band onset at &~ 0.3eV. In other words, Pt(111) has a
surface state above Ef.

To examine the surface state in detail, the k values (k = m/\) versus energy
extracted from scattering are plotted in Fig. 4.8. The error in k is due to the
evaluation of several defects. The onset of the surface state resulting from the
position of the rising edge in dI/dU spectra is included at & = 0. In order to
determine the character of the surface state, different curves are fitted to the
experimental dispersion. A parabolic fit which is expected to work for a typical
two-dimensional free-electron like state is shown by a dashed line in Fig. 4.8.
Obviously, the curvature of the experimental data is not reproduced. A linear
contribution has to be added to the quadratic term. A polynomial fit E(k) =
Ey + ak + $k? with the prefactors a = (4.1 £0.9) eVA and § = (7.1 £3) eVA?
results in the best fit and is shown by a solid line.
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Figure 4.7: (a) Typical dI/dU spectra measured on the bare Pt(111) surface. Dif-
ferent tips were used for each spectrum. Top and middle spectra are
shifted by 0.4 nS and 0.2 nS, respectively (Isap = 0.5 nA, Ugar = 1.0V,
1: Vinoa = 1.5mV, 2: Vg =20 mV, 3: Viog = 2mV). (b) Calculated
vacuum LDOS at a distance of about 4A from the surface. Vertical
lines at Fy, Fr and Ep mark the onset of the surface state band, the
Fermi energy, and the onset of a bulk band with 10% localization in
the surface layer, respectively.
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4.4 Theoretical results

In order to find the origin of the observed scattering states the surface elec-
tronic structure bas been calculated using density functional theory in the gen-
eralized gradient approximation.? Spin-orbit coupling was implemented in the
full-potential linearized augmented plane wave method as outlined in Ref. [70].
Compared to these previous results a thicker film with 23 layers was used. The
interplanar-distance relaxation at the surface is on the order of 1% |[78|.

The calculated projected bulk bands and surface states are shown in Fig. 4.9(a).
The blue filled dots mark states with an LDOS fraction of 10% at the surface
atoms and 5% in the vacuum, which are characteristic values for the surface
states. Indicated by the color code a nearly symmetric surface state centered at
I is located very close to the bottom of the projected bulk sp-band gap at about
+0.35eV. In order to obtain further information concerning the symmetry of the
surface state a contour plot of this state at T’ is shown in Fig. 4.9(b), revealing
that it is very similar to the Au(111) sp-type surface state. As visible at ' the
surface state is located mainly at the topmost three layers of the surface.

Below Er an upwards dispersing, occupied bulk band with a 10% localization

2The calculations were performed by G. Bihlmayer and S. Bliigel from the Forschungszentrum
Jilich and by P. Ferriani and S. Heinze from the Spin Theory Group in Hamburg.
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Figure 4.9: (a) Overview of the projected bulk band structure. Surface states are
marked by blue dots. A bulk state at I" with strong localization in the
surface is marked by green dots. (b) Contour plot of the charge density
of the surface state at . Contours start from 6.75 - 10® electrons/nm?®
and increase by a factor of v/10. (c) Magnified view of the calculated
band structure, projected onto the positive k-halfspace shown as dots.

in the surface layer is visible, which is marked by green triangles in Fig. 4.9(a).
This band starts at —0.4eV and has a mass of about 1.5m,.

A close-up view of the surface state region is shown in Fig. 4.9(c). Interestingly
the calculation yields two branches for the state which are split by about 100 meV
except near I', where the splitting goes to zero. The reason is a spin-orbit coupling
induced spin splitting as already discussed in Sec. 4.1. Therefore each branch
represents one spin state: spin 1 and spin 2, respectively. In the present case, Ak
is about 0.02 A~ at energies below 0.8 V. This value is comparable to the case of
Au(111) which one would expect due to a similar nuclear charge (see Sec. 4.1) [53].
Furthermore, the analysis of the presented calculations show, that the shift in &
is not the only difference between both branches: The lower Rashba-split surface
state (spin 2) gently merges into the bulk continuum and therefore loses weight in
the vacuum. As visible in Fig. 4.9(c) the surface state criterion is no longer fulfilled
at about 0.8eV where the spin 2 surface-state changes to a surface resonance.

In order to reveal the origin of the features in the measured dI/dU-spectra the
vacuum LDOS at a distance of about 4 A has been calculated and is shown in
Fig. 4.7(b). In total three features are observable: A broad peak at Fp, a rising
edge at about 0.3eV followed by a slope reduction at higher energy as well as
a faint peak at around —0.4eV. Concerning the peak at Ep, the bandstructure
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calculations show that a couple of bulk states have a significant contribution to
the calculated surface LDOS at this energy. Therefore the peak at Ey in the
calculated LDOS can be attributed to the rather flat d.,, d,.-like bulk bands at
' with a localization of about 10% in the surface layer. A further comparison
to the band-structure shows that the rising edge at +0.3eV originates from the
onset of the surface-state band. Finally, the peak around —0.4 eV originates from
the upwards dispersing, occupied bulk band with an effective mass of 1.5m, and
a 10% localization in the surface layer, indicated in Fig. 4.9(a). This bulk state
is probably the one which was previously found by photoemission experiments
exhibiting an effective mass of 1.3 m. and has been assigned to an occupied surface
state [66,67]. As obtained from the calculations, it has d.,d.,-like symmetry.
This symmetry together with the weak dispersion could explain the sensitivity
to oxygen which lead to the wrong assignment to a surface state as found in a
photoemission experiment [66,67).

4.5 Discussion

A comparison of the experimental data and the calculated band-structure in
Fig. 4.10 reveals a striking agreement of the measured dispersion and the cal-
culated surface state within the error bars. Interestingly, the data obtained from
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Figure 4.11: (a) Dispersion of a spin-split surface state with a large linear con-
tribution for each spin branch. (E; = 0.3eV, a = 5.59 eVA2?,
Boustr = 4.216VA, St = 4.71 eVA), (b) Corresponding numerical
dI/dU signal for each branch as well as for the weighted and un-
weighted sum. D denotes the weighting function which lowers the
contribution of dI/dUgust2 to the sum for higher energies.

step edge scattering seemingly fits to the spin 1 branch, while the point defect
data fits to the spin 2 branch. The reason for this small but systematic deviation
is unknown so far. Anyhow, one can conclude that the imaged scattering states
are due to this sp-derived surface state. On the other hand, theoretical predictions
indicate, that the influence of the spin splitting on the scattering states cannot
be observed by STS and only the mean value of the two branches enters into the
measured dispersion [54].

Concerning the electronic structure, the broad peak at Er and the rising edge at
about 0.3 eV, followed by a slope reduction are well reproduced by the calculation
as shown in Fig. 4.7. In contrast, the upwards dispersing, occupied bulk band
starting at —0.4 eV is not always found in the measurements with different tips.
Only two of the three spectra shown in Fig. 4.7(a) reveal a broad peak near
—0.4eV. A reason for these differences might be the influence of the tip LDOS,
which could hide the peak originating from this bulk band.

The shape of the feature, which indicates the onset of the Pt surface state,
is very different from the noble metal case. As described in Sec. 4.1 a sharp
step-like rise with a width of only a few tens of a meV marks the onset of the
surface-state band in the noble metal case [79]. The reason for this sharp step
is the nearly parabolic dispersion, which indicates that the two-dimensional free-
electron gas is a good approximation for the (111) surface of noble metals. This
is obviously different for the present case. For the Pt(111) surface the spin-orbit
splitting and the interaction of the surface state with nearby bulk states results
in a strong linear contribution to the dispersion which induces a nearly linear rise
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in dI/dU spectra at the onset of the surface-state band (see Sec. 4.1). This is
visible in the measured as well as calculated LDOS in Fig. 4.7(a) and (b). In
order to show that the loss of vacuum DOS for the lower spin branch leads to the
slope reduction at about 0.4 eV, a simulation has been performed. Figure 4.11(a)
shows the dispersion of a surface state with a strong linear contribution which
is additionally spin-split similar to the experimental case. In Fig. 4.11(b) the
corresponding numerical dI/dU signals are shown which have been obtained as
described in Sec. 4.1. If both spin branches contribute equally to the total dI/dU
signal, the dashed line in Fig. 4.11(b) would give the resulting dI/dU signal. A
damping function D = 1/(1+exp((E — Er — E¢)/0)) describes the loss of vacuum
DOS for higher energies for sust2 which is lower in energy and therefore closer to
the bulk states. The resulting dI/dU signal (solid line) shows the rising edge as
well as the slope reduction and is therefore in a good qualitative agreement to the
experimental as well as theoretical results.

In other words, the appearance of the onset of the surface state in dI /dU spectra
as a step with a width of about 100 meV is resulting from two facts. First, from
the linear dispersion and second from the merging of one band of the spin-split
surface state into the bulk continuum. Therefore the appearance as a broad
step is intrinsic due to the electronic properties of Pt(111) and not due to other
broadening effects as life time effects or due to measurement parameters.

4.6 Summary

In summary, the dispersion of an unoccupied surface state starting at 0.3eV
above the Fermi energy was determined on Pt(111). The measured dispersion
has a strong linear contribution. Comparison to density functional theory calcu-
lations shows that the sp derived surface state is located just at the bottom of
the projected bulk band-gap and exhibits a strong spin-orbit coupling induced
spin splitting. The calculations yield no surface state below Fg. Concerning the
surface band structure, Pt(111) is thus quite similar to Pd(111).



Co nanostructures on Pt(111) 55

5 Co nanostructures on Pt(111)

This chapter reports on spin-resolved scanning tunneling spectroscopy measure-
ments of Co nanostructures on Pt(111) at low temperatures. On Co monolayer
islands and wires the spin-resolved electronic structure changes on the scale of
a few atoms due to the changing local stacking of the Co-atoms. First-principle
calculations for pseudomorphic fcc and hcp stacked Co monolayers assign the
dominant feature in the occupied density of states to a d-like surface resonance of
minority-spin character which shifts in energy because of a different coupling to
the Pt substrate.! Also for the Co double-layer islands we observe shifts in energy
of the peaks in the electronic structure below the Fermi energy depending on the
local stacking of the islands. Despite the heterogeneous electronic structure of the
Co monolayer, the out-of-plane magnetized domains are clearly observed. While
the domain wall width measured on wires is less than 4 nm there is no indication
for a change in the magnetization direction for islands with a base length up to
fifteen times the domain wall width. Furthermore, the magnetic hysteresis in an
ensemble of out-of-plane magnetized Co monolayer as well as double-layer nano-
structures was observed. While the coercivity for the monolayer nanostructures
is about 0.25 T, double-layer islands show surprisingly large coercivities of more
than 2T.

This chapter is organized as follows: After an introduction, Sec. 5.2 gives a
brief description of the experimental setup as well as tip and sample preparation.
In Sec. 5.3 the spatially resolved electronic structure of oppositely magnetized
Co monolayer islands and wires and its correlation to the local stacking is shown.
These measurements are compared to first-principle calculations of extended pseu-
domorphic hep and fee Co monolayer films on Pt(111). In Sec. 5.4 the spatially
resolved electronic structure of oppositely magnetized Co double-layer islands is
presented. Finally, in Sec. 5.5 we discuss the response of Co monolayer and
double-layer nanostructures to an external magnetic field.

5.1 Introduction

Cobalt nanostructures on noble metal substrates provide interesting model sys-
tems to study magnetic properties in reduced dimensions [4,7,8,80-83]. In par-

Mfee and hep denote the crystal lattice structures Face-Centered Cubic and Hezagonal Close-
Packed, respectively.
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ticular the system Co/Pt(111) has received great attention due to its potential
application in magnetic recording media. Recently a number of experimental
reports have demonstrated the significant interest in the exciting magnetic prop-
erties of low-dimensional Co structures on Pt(111): Gambardella et al. showed
how magnetic properties like coercivity and anisotropy can be changed for low
dimensional Co structures like single atoms and wires [4,8|. The experiments on
single Co atoms located on Pt(111) terraces reveal a giant magnetic out-of-plane
anisotropy while the magnetic orientation of ferromagnetic Co wires decorating
Pt step edges is canted with respect to the surface normal [4,8]. Furthermore, an
increase of the width of the Co wires leads to significant changes of the anisotropy
direction and the coercivities [9]. Measurements performed on nano-scale mono-
layer (ML) high Co islands on Pt(111) by Rusponi et al. reveal an out-of-plane
anisotropy of these structures which is stabilized to a large extent by the perime-
ter atoms [7]. These interesting results strikingly demonstrate that the magnetic
properties of structures in the nanometer range cannot be rationalized without
taking into account the dimensionality, size, shape, environment, and interface
structure. While most of the experimental results on Co/Pt(111) samples were
obtained by spatially averaging methods based on the magneto-optical Kerr ef-
fect (MOKE) and X-ray magnetic circular dichroism (XMCD), there is only one
recent spin-sensitive scanning tunneling microscopy (STM) study which was able
to distinguish double-layer islands with opposite out-of-plane magnetization ori-
entations [84].

However, already Co monolayer and double-layers on Pt(111) have proven to
be complicated systems on the atomic scale. A detailed insight into the growth
and the structural properties of ultrathin Co films on Pt(111) has been obtained
by STM experiments at room temperature [85,86]. Lundgren et al. [86] studied
the dislocation network of the Co monolayer on Pt(111), which is formed due to
the lattice mismatch of 9.4 % between Pt and Co. They observed that the Co
atoms preferentially occupy fcc sites while a much smaller number of Co atoms
was found on hcp sites. To relieve the strain structural domain walls are intro-
duced consisting of Co atoms in bridge site positions. From the second to the
sixth atomic layer a Moiré structure is observed [85,86|. These results indicate
a spatially inhomogeneous electronic structure, which has direct impact on the
magnetic properties of both systems.

The previous STM experiments did not include electronic structure measure-
ments, and we are not aware of such a study performed for Co ultrathin films on
Pt(111) at all. Only one recent scanning tunneling spectroscopy (STS) study on
single Co atoms on Pt(111) showed a spectroscopic difference of Co atoms occu-
pying different stacking sites [87]. This is also consistent with our experimental
results on the same sample system as described in Chap. 6. Moreover, we could
conclude that the single Co atoms show a peak in the occupied LDOS which is
shifted downwards for Co atoms on hcp sites relative to those on hep sites. This
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already demonstrates, that stacking is very important for the local electronic prop-
erties of this sample system. Also investigations of Co nanostructures on other
substrates have shown some interesting properties which may be of importance
for the sample system Co/Pt(111) on which this work is focused. For instance,
experiments revealing the electronic structure of Co nanostructures and films were
performed on Co islands on Cu(111) [80, 81, 88|, on Co/Cu/Co sandwiches [89]
and on ultrathin as well as thick Co films on W(110) [90-92| by STS. For Co
islands on Cu(111) and Co films on W(110) it was possible to distinguish islands
and more extended areas of different stacking spectroscopically [81,88,90,92|. In
addition, by performing first-principles electronic structure calculations, Wiebe
et al. [92] showed that this observation can be explained by a different coupling
strength of the Co surface resonance to the bulk states. This surface resonance
showed up as a dominant peak in the dI/dU spectra below the Fermi energy FF at
about —0.3eV [80,81,89,92|. Apart from the correlation between structural and
electronic properties Pietzsch et al. [81] probed the magnetic state of Co islands
by spin-resolved STS. Besides a large energy-dependent spin-polarization they
found a perpendicular magnetization of the Co islands and a coercivity between
1.0-1.5T by measuring in the presence of variable external magnetic fields. To
gain further insight into the interplay between structural, electronic, and magnetic
properties of Co nanostructures on Pt(111) we performed an extensive study on
monolayer Co islands and wires and Co double-layer islands. In addition we stud-
ied the magnetic properties of these nanostructures. We applied the experimental
method of spin-polarized (SP)-STM, which combines a very high lateral resolution
with magnetic sensitivity and gives access to the local electronic structure [93].

5.2 Experimental details

All experiments were performed in a multi-chamber UHV system [94], which is
different from that described in Chap. 3. It contains a home-built scanning tun-
neling microscope operating with tip and sample held at 7' = 13+ 1 K and several
standard devices for preparation and analysis of samples and tips. Using a super-
conducting split-coil magnet a maximum magnetic field B of 2.5 T perpendicular
to the sample surface is available. The base pressure of the system is in the low
10~ mbar range.

For the measurements presented in this Chapter the Pt(111) surface was pre-
pared by cycles of Art-ion sputtering at room temperature and subsequent an-
nealing at 1500 K for 4 min. Occasionally, an additional annealing at 1000 K in
an oxygen atmosphere of 31077 mbar was carried out for 20 min. For monolayer
high nanostructures Co was deposited on the clean Pt(111) surface from a rod
in a water-cooled e-beam evaporator at room temperature. A typical deposition
rate was 0.4 atomic layers (AL) per minute. We define a coverage of one AL



58 Co nanostructures on Pt(111)

as a complete coverage of the Pt substrate with Co atoms. The preparation of
double-layer Co islands on the Pt surface is described in the literature [7]: First
depositing Co on Pt(111) at 130K and then annealing to 340K leads to well-
separated Co double-layer islands while no Co monolayer areas remain. Since the
experimental setup of the present study does not allow for cooling of the substrate
in the deposition position, the Pt crystal is pre-cooled in the microscope to 13K
and then transferred to the metal deposition chamber. The typical transfer time
between the microscope and the Co deposition position amounts to 4 minutes.
Since the growth mode differs significantly from that at room temperature we
conclude that the sample temperature is still well below 300 K. As a result of the
lower surface temperature a higher island density is observed due to the reduced
diffusion length. After Co deposition the sample is slightly annealed [7].

5.3 Structure and spin-resolved electronic
properties of monolayer Co wires and islands

5.3.1 Experimental results

Figure 5.1(a) shows a topographic image of 0.3 AL Co deposited on Pt(111) at
room temperature. On the terrace one atomic layer high Co islands are observed
coexisting with one atomic layer high Co wires at the step edges. The Co is-
lands are triangularly shaped with a base length from 60 nm down to a few nm.
All islands point in the same direction and some larger ones already show the
nucleation of the second atomic layer on top. The faint lines visible on the Pt
substrate which are indicated by the arrows can be identified as Co induced double
row reconstruction lines [85,95]. The inset shows the area marked by the white
rectangle at a closer view and displays the characteristic two parallel bright lines
on the Pt substrate. The existence of this kind of reconstruction is indicative of
the incorporation of Co atoms into the topmost Pt layer [95]. Since it is known
that the double row reconstruction lines run along (112), i.e. perpendicular to
closed-packed rows, we can conclude that all edges of the Co islands as well as
of the Co wires are parallel to the closed-packed rows. Furthermore, it can be
observed that the roughness of the Co wires is smaller when the Pt step edge runs
along a closed-packed row, as seen in the bottom right part of Fig. 5.1(a).
Figure 5.1(b) shows two slightly truncated triangular shaped Co islands. Both
exhibit an almost voltage independent narrow dislocation network on top which
is always found for Co monolayer islands as well as wires. Figure 5.1(c) displays a
magnified view of the area marked by the box in (b) and reveals that the network is
formed by brighter lines with a relative height of about 10 pm. The same network
has been found in a previous STM study on Co monolayer films on Pt(111) [86].
It is due to inhomogeneous stacking of the Co atoms caused by the strain of the



Structure and spin-resolved electronic properties of monolayer Co
wires and islands 59

(c)

(d) [ bridge
fcc site  hcp

Figure 5.1: Co monolayer islands and wires prepared by Co deposition on the
Pt(111) surface at room temperature. Upper panels (a)-(c): Topo-
graphic images. Inset in (a): Magnified view of the Co induced double
row reconstruction lines. (d) Sketch of the different stacking along
the line drawn in (c¢) (inspired by Ref. |86]). Lower panels (e)-(g):
dI/dU maps measured simultaneously to the topographic images of
the upper panel with an out-of-plane sensitive magnetic Fe-coated tip
(I =1.0nA, Upoa = 20mV).

overlayer. This strain is induced by the mismatch of —9.4 % between the Co and
the Pt lattice and relieved by the formation of dislocation lines. According to
Ref. [86] the Co atoms preferentially occupy the fec sites of the Pt lattice. The
dislocation lines appear slightly higher and are formed by Co atoms taking bridge-
sites separating fcc and hep stacked regions. Taking these results into account we
can assign the more extended areas visible in Fig. 5.1(c) to fcc areas while the
brighter lines are formed by Co atoms occupying bridge-sites. Furthermore, the
narrow areas in between the lines consist of Co atoms in hcp positions of the Pt
lattice. Figure 5.1(d) sketches the local stacking of the Co atoms below the line
drawn in (c¢) which connects two fcc regions while passing two bridge-site lines
and one narrow hcp area. The smallest distance between two bridge-site lines is
about 8 = 1 A, which leads to very narrow hep regions of only a couple of atoms
(For the Pt(111) surface the nearest neighbor distance is 2.77 A).

Figure 5.1(e) shows an out-of-plane sensitive magnetic dI/dU map recorded
simultaneously to Fig. 5.1(a). The Pt surface appears homogeneous except above
the Co induced double row reconstruction lines indicated by arrows. Above the
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Co wires and islands a dominating two color contrast in the dI/dU signal is found.
Since all Co wires as well as all islands have an identical spin-averaged electronic
structure we ascribe the origin of this contrast to oppositely magnetized domains of
the Co monolayer. We conclude that the Co monolayer has an easy axis normal to
the surface plane in agreement with former results obtained by spatially averaging
methods for Co on Pt(111) in the submonolayer regime ? [7,9,96]. This will be
proven in Sec. 5.5. The relative magnetization direction of the Co nanostructures
can easily be deduced from the dominant colors of the wires and single domain
islands. In addition to the magnetic contrast the appearance of the dI/dU signal
above the nanostructures appears to be highly heterogeneous. A comparison of
the dI/dU map of two oppositely magnetized single domain islands in (f) to
the simultaneously recorded topographic image (b) reveals that these small scale
variations of the dI/dU signal are directly correlated to the reconstruction due to
the strain relief. In order to investigate this correlation in more detail Fig. 5.1(g)
shows a magnified view of the regions marked in (f). By comparing this dI/dU
map (g) to the corresponding topography in (c) each dI/dU level can directly be
assigned to the local stacking of the atoms: While fcc and hep areas show the same
height in topography, both stackings show different dI/dU intensities and can
easily be distinguished. At the applied bias voltage of —0.6V the highest dI/dU
intensity is obtained for the hcp-lines followed by the signal above the bridge site
lines while the fcc-areas show the lowest intensity. Interestingly, we can identify
a fourth distinct area in dI/dU which has not been seen in the topography. This
fourth distinct area is located at positions where three hcp lines come together
and will be called hcp-dot in the following. By comparing the two oppositely
magnetized islands in Fig. 5.1(f) it becomes obvious that the four stackings are
also observed for the lower island. However, due to the different magnetic state
they show different absolute dI/dU intensities compared to the stackings on the
upper island.

In general we observed the magnetic contrast in dI/dU maps on this sample
system within a wide range of voltages from +1V down to —1V, though the
strength as well as the sign of the magnetic contrast varied. Figure 5.2(a) shows
the topographic image of five Co monolayer wires attached at Pt step edges. The
out-of-plane sensitive magnetic dI/dU maps in Fig. 5.2(b)—(g) clearly reveal that
the wires, which are attached to the second and fifth Pt terraces, exhibit an
opposite magnetic orientation in comparison to the remaining ones. Additionally,
we observe scattering on the Pt terraces in Figs. 5.2(b) and (c) due to the Pt(111)
surface state (see Chap. 4). While differences in the apparent height of oppositely
magnetized wires are difficult to observe in a section from the topography in
(a) as shown in Fig. 5.2(h), this becomes possible in histograms of the height.
Fig. 5.2(i) shows histograms of a selected area for each topographic image recorded

2The easy axis refers to the energetically favorable direction of the magnetization.
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Figure 5.2: Co monolayer wires prepared by Co deposition on the Pt(111) surface
at room temperature. (a) Topographic image (partly differentiated).
(b)—(g) dI/dU maps measured with out-of-plane sensitive Cr-coated
tip at indicated voltages (I = 1.0nA, Upoa = 20mV). (h) Section along
the rectangle indicated in (a). (i) Histograms of the area marked in (a)
for each topographic image recorded simultaneously to dI/dU maps in
(b)-(f). In contrast to the red curves the black curves shows differences
of the height of Co wires due to parallel or antiparallel orientation with
respect to the tip magnetization.

simultaneously to the corresponding dI/dU maps in Fig. 5.2(b)—(g). The highest
peaks in each histogram reflect the Pt terraces, while the smaller satellite peaks
belong to the corresponding attached Co wire. The distance between the Co
satellite peak and the corresponing Pt peak gives the relative height of each Co
monolayer wire for each applied voltage. It can be seen that differences in height
due to parallel or antiparallel orientation with respect to the tip magnetization
are only observed for +0.3V and +0.1V. At these voltages the position of the
Co satellite peak of the second and the fifth Co wire relative to the Pt peak is
significantly different from the others. A closer inspection reveals that these Co
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Figure 5.3: (a) Spin- and stacking-resolved dI /dU spectra on Co monolayer wires.
Open and filled circles mark spectra taken on the upward and down-
ward magnetized wire, respectively. The area of the spectroscopy
measurement is indicated by the white rectangle in (d). For the stack-
ing refer to Fig. 5.1(d). All Co spectra are offset by multiples of
4 nS. (b) Structural asymmetry between spin averaged fcc and hep-
dot spectra. (c) Magnetic asymmetry between upward and down-
ward Co monolayer wires for different stacking. (d) dI/dU map of
alternatingly out-of-plane magnetized Co wires. (e)—(i) Selected spin-
resolved dI/dU slices of the STS field (Istap, = 1.5 nA, Ustap, = +1.0 V,
Umoa = 20mV, Cr-coated tip).

wires have a height which is 15 pm larger than that of the oppositely magnetic
wires. Extraordinary height differences of up to 100 pm as found on Co double-
layer islands by Rusponi et al. [84] were not observed in our experiment.

In order to get access to the spin- and energy-resolved electronic structure of
the different stackings we performed spatially and spin-resolved STS which is
shown in Fig. 5.3. The very high lateral resolution of the spectroscopic field
enables us to assign the spectra taken above the Co monolayer atoms to a certain
stacking sequence. Figure 5.3(d) shows a dI/dU map of alternatingly out-of-
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plane magnetized Co wires. The area where the spin-resolved dI/dU spectra were
taken, is indicated by the white rectangle. Although the absolute orientation
of the magnetization is unknown, we arbitrarily mark the wires by arrows and
refer to upwards and downwards magnetized wires in the following. Figure 5.3(a)
shows the dI/dU spectra obtained above the four different Co stackings on each
wire and the spectrum above the bare Pt substrate (all obtained by averaging
approximately 30 spectra). The Pt spectrum shows no outstanding spectroscopic
features apart from a gently increasing dI /dU signal in the negative voltage range.
The onset of the surface state described in Chap. 4 is only faintly visible on this
scale. All dI/dU spectra of the Co monolayer are also rather featureless in the
positive voltage range. However, in contrast to the Pt spectrum they show a
pronounced feature below Eg, with the peak energy depending on the specific
stacking of the atoms. Independent of their magnetization direction, fcc-stacked
Co atoms of monolayer wires reveal a dominant peak located around 0.28 eV below
Ex. Additionally, a small feature can be observed for the fcc spectrum obtained on
the upward magnetized wire at —0.70eV. In the spectra of the hcp- and bridge-site
lines the dominant peak is shifted to —0.48eV and —0.42eV, respectively, while
the peak of hep-dot is located at —0.40eV. In addition to variations originating
from different stackings we observe spectroscopic differences due to the different
magnetization directions, i.e. between the upward and downward magnetized
wire. While these are generally small in the positive voltage range, we observe
larger deviations close to the characteristic peak and in the energy range towards
more negative bias voltages for all four different stackings.

In order to distinguish the spectroscopic differences due to a different stacking
from those due to different magnetization, we calculate the structural asymmetry
Agtrue and the magnetic asymmetry Apagn0f the spectra. The structural asymme-
try is defined by

dl /dUsc — dI/dUpep

As ruc  — y 5.1
‘ I [dUsec + dI /dUpey (5.1)

with dI /dUs. and dI/dUy, representing the calculated spin-averaged spectra
of fcc and hcp regions, respectively. The magnetic asymmetry is defined by
dI/dU, —dI/dU,

Amogn = , 2
8 dl /dU; + dI /dU, (5:2)

with dI/dU; and dI/dU,| representing the spin-resolved dI/dU spectra of the up-
ward and downward magnetized wire for each stacking, respectively. Figure 5.3(b)
shows exemplarily the structural asymmetry between the fcc and hep-dot regions
which confirms the impression that significant differences in dI/dU are located
below Er while the electronic structure in the positive voltage range is mostly
stacking independent. The highest structural asymmetry values of around 20 %
are observed close to the energetic positions of the dominant peaks of the fcc
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and hcp-dot spectra. The magnetic asymmetries for each stacking are shown in
Fig. 5.3(c). In the negative voltage range the magnetic asymmetries for the Co
monolayer are higher than in the positive voltage range. They show distinct min-
ima at about —0.50 eV and larger maxima around —0.80eV. It appears as if the fcc
asymmetry is compressed towards Ep compared to the other asymmetries. This
leads to a shift of the minimum and the maximum in the fcc magnetic asymmetry
towards Er by about 0.1eV. This shift goes along with the corresponding shift
of the peaks observed in the dI/dU spectra for the fcc areas towards Fr. As a
result the sign of the magnetic asymmetry is reversed for fcc regions compared to
the other stackings below —0.9eV. It is worth to mention that although the spin
polarization of the tip states also influences the measured spin polarization, a dif-
ferent sign of the magnetic asymmetry at the same energy leads to the conclusion
that the sample spin polarization is indeed inverted for fcc stacking relative to
hep stacking at energies below —0.9¢€V.

In order to visualize the interplay between structural and magnetic asymmetry
we display dI/dU slices at selected energies in Figs. 5.3(e)-(i), the corresponding
voltages are indicated in Fig. 5.3(c). The first slice in Fig. 5.3(e), which is taken
in the positive voltage range at +0.10eV, shows only very weak influence of the
stacking in accordance with the small structural asymmetry (cf. Fig. 5.3(b)). In
contrast, as a consequence of the different magnetic orientation of the wires, the
dI/dU signal shows a difference between the upward and the downward magne-
tized wire. Figs. 5.3(f) and (g) show slices at —0.15eV and at —0.49eV, respec-
tively, where the structural asymmetry is strongest. While at —0.15€eV the fcc
areas exhibit the highest dI/dU intensity, the bridge sites and hcp lines show the
highest intensity at —0.49¢eV. This is in agreement with the inverted structural
asymmetry between —0.20eV and —0.50eV as plotted in (b). The different mag-
netization of the wires is only slightly visible at these energies. Figs. 5.3(h) and
(i) finally display slices at —0.80eV and —0.94 €V, respectively. At —0.80eV the
intensity of each stacking of the upward magnetized wire is higher than that on
the downward magnetized wire. This is not the case at —0.94 eV, where the bridge
site lines exhibit a higher intensity on the upward than on the downward magne-
tized wire, while the fcc areas have a lower intensity on the upward than on the
downward magnetized wire. This peculiar contrast reversal visualizes the already
mentioned inversion of the sample spin polarization for fcc areas with respect to
the other stackings at about —0.90eV.

Up to this point we can conclude that the electronic structure of the Co mono-
layer on Pt(111) changes significantly between the areas of the four different atom
positions on a length scale of only a few atoms. The main change in the electronic
structure is a shift of the dominating peak in the negative voltage range, which
appears at —0.28 eV on the fcc areas and is shifted to lower energies for the other
three stackings. Despite this strong heterogeneous electronic structure it is pos-
sible to deduce the magnetic orientation of the Co monolayer using the magnetic
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asymmetry of the spin-resolved dI/dU spectra.

5.3.2 Theoretical results

In order to understand the origin of the spectroscopic difference between fcc and
hep stacking of the Co monolayer on Pt(111), we have performed first-principles
calculations using the full-potential linearized augmented plane wave (FLAPW)
method in film geometry as implemented in the FLEUR code [97].> The system
has been modeled by a symmetric 13-layer Pt slab with the experimental Pt
in-plane lattice constant of 2.775 A and an additional Co layer on both sides.
We have applied the generalized-gradient approximation of Perdew, Burke, and
Ernzerhof [98]. Self consistency for the charge density has been obtained with
about 100 basis functions per atom and 44 k| points in the irreducible wedge of
the two-dimensional Brillouin zone (I12BZ). 81 k; points in the I12BZ have been
used for the calculation of the density of states (DOS).

The surface relaxation for the pseudomorphic Co layer in both fcc and hep
stacking has been carried out by force minimization. We obtained an equilibrium
Co-Pt interlayer distance of 2.053 A for hep and 2.038 A for fec stacking, corre-
sponding to an inward relaxation of 9.4% and 10.1%, respectively, compared to
the bulk Pt interlayer distance. The fcc stacking of the Co layer is energetically
more favorable by 67.4meV per Co-atom than the hcp stacking. The magnetic
moment of the Co atom was found to be 2.07 pup and 2.10 up for fcc and hcep,
respectively.

We applied the Tersoff-Hamann model to simulate the spectroscopic measure-
ments. The differential conductance dI/dU is then proportional to the sample
DOS in the vacuum at the position of the tip apex [17]. The results for the
majority and minority spin channels as well as the sum of both are presented in
Fig. 5.4(a) for a tip-sample distance of 6.7 A. The vacuum DOS in the energy
range around the Fermi level is dominated by spin-minority states. The main
minority peaks are found at et = —0.175 eV and e, = —0.250€V for the fec
and hcp structure, respectively, corresponding to a shift of Ae = 0.075eV.

Since the analysis of the band structure alone is not sufficient to unambiguously
pin-point the electronic states contributing to the spectroscopic features, we have
decomposed the vacuum DOS n!(e) as a function of the in-plane k-vector kj:
nt(e, k). We focus on the energies corresponding to the main peaks of the vacuum
DOS for the minority spin in the two stackings, i.e. eg. and epep (indicated by the
dash-dotted lines in Fig.5.4(a)). The results are shown in Fig. 5.5, where n'(e, k)
has been plotted only in the vicinity of I, as sketched in the inset, because of the
k-dependent exponential decay of the electronic states in the vacuum. At ey,cp, we
observe in Fig. 5.5(a) and (b) for both fcc and hep that the main contribution to

3The calculations were performed by Paolo Ferriani and Stefan Heinze from the Spin Theory
Group in Hamburg.
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Figure 5.4: (a) Vacuum DOS for fce (black) and hep (green) stacking of 1 ML Co
on Pt(111) at a distance of 6.7 A from the surface. The spin-majority
(thin solid line), spin-minority (thin dashed line) contribution and the
sum of both (thick solid line) are shown. The spin-minority electron
band structure along the I' — M line is plotted for the fcc (b) and hep
(c) stacking near the ' point. States with a localization of more than
5% in the vacuum are marked in red.
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Figure 5.5: Decomposition of the vacuum DOS n'(e, k) in k-space for fcc (a),(d)
and hep (b),(e) stacking of 1 ML Co on Pt(111) at energies of peak po-
sitions and the difference of them (c),(f). A sketch of the BZ and of the
plotted area is depicted in the inset by the black square. 817 k| points
in the full BZ have been used for these plots. A Gaussian broadening
of the levels of 20 meV has been included.
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the DOS comes from a hexagonal distribution of states in the BZ centered around
the ' point. The vacuum DOS n' (e, k) has a similar shape in the two stackings,
suggesting that it originates from the same band. Information about the kj of
the states which are affected by a change in the stacking can be inferred from the
difference of the vacuum DOS for the two structures. As can be seen in Fig. 5.5(c)
these states are located along the I' — M high-symmetry lines. Let us now focus on
the fcc case only and analyze the vacuum DOS at different energies. A comparison
of nl(ghcp,k”) in (a) to nl(efcc,ku) in (d) reveals that for this stacking the k|
distribution of the vacuum DOS depends only weakly on energy. The width of the
hexagonal distribution gets smaller as the energy increases, implying a negative
effective mass for the involved band. For the hcp case a different trend is found.
Interestingly, the DOS peaks for this stacking are located along the I' — K lines at
€t (€), i.e. the hexagonal distribution appears rotated by 30° compared to what
was found for ey, (b). Nevertheless, the difference in the vacuum DOS for fce and
hep at eg. (Fig. 5.5(f)) reveals that the spectroscopic contrast originates mainly

from states along the I' — M direction, similarly to what was found for ejp.

The presented analysis of n'(g,k) tells us that further information can be
extracted from the band structure along the I' — M direction, shown in Figs. 5.4(b)
and (c). The states which are marked in red are those with a high localization
in the vacuum, thus giving the strongest contribution to the vacuum DOS. Based
on the strong resemblance to the Co(0001) electronic structure, where a very
similar band stretches from —0.3eV to +0.1eV, [92] we can assert that these
states describe a Co surface resonance. Our analysis of the charge distribution
reveals that the character of this band changes from the band maximum at T,
where it is predominantly of p character, to the band minimum, where it is of d
character with a small contribution of s and p states. In contrast to Co(0001),
in the case of 1ML Co/Pt(111) the surface resonance hybridizes with delocalized
sp states which show a parabolic-like dispersion. As a result, gaps open in the
surface resonance, which splits into several parts. Between —0.50eV and +0.2¢V,
the sp bands are slightly different for fcc and hep stacking, due to the different
coupling of the Co layer to the bulk Pt. This is clearly seen in the band structure,
where the highly dispersive bands are located at different energies (e.g. compare
the band energy at the I' point). This results in a different interaction between the
surface resonance and the substrate for fcc and hep stackings. As a consequence,
the energy at which the hybridization gaps open as well as the gap size and the
surface resonance dispersion are different for the two cases. The influence of the
stacking fault on the band energy can be seen also in the flat bands which can be
attributed to Co d states from charge distribution analysis.

It is worth noticing that the modification in the electronic structure due to
the stacking fault is not simply a rigid energy shift but is state-dependent and
cannot be merely ascribed to a single state. The spectroscopic shift of 0.075eV
is an overall effect due to many states and this is also reflected by the large peak
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width. The peak of the vacuum DOS is located at the energy corresponding to
the highest band density for each stacking. If we focus on an energy interval, e.g.
0.10eV, centered at the position of the main peak of the hep spectrum (epep), we
can observe that in the hcp case there are three bands contributing to the vacuum
DOS, in contrast to the fcc case, where only one band is present. On the other
hand, around &g, we find more bands contributing to the fcc vacuum DOS than
to the hcp one.

In summary, the spectroscopic shift of 0.075¢eV is due to the different coupling
of the Co layer to the Pt substrate for the fcc and hcp stacking, resulting in
different hybridization of the Co surface resonance with Co-Pt sp states. The
widespread assumption that the main peaks in scanning tunneling spectra are
related to states at the [ point, due to their weak decay in the vacuum, is not
valid here. As demonstrated for the Co/Pt(111) system the electronic structure
in the close vicinity of I, but not exactly at ', can be crucial for the spectral
shape, depending on the character, dispersion and energy of the states. Only the
analysis of n'(e, k|) together with the band structure as described above allows us
to unambiguously correlate specific spectroscopic features and electronic states.

5.3.3 Discussion

A comparison of the experimental and theoretical results reveals a good qualitative
agreement. Both show a dominant feature in the negative bias regime with a
comparable negative energy shift from fcc to hep. The calculated peak positions
are slightly closer to Er. We ascribe this discrepancy to the reconstruction due
to strain relief of the Co monolayer which is not included in the pseudomorphic
slab assumed in the calculation. Thus, we can assign the dominant peak to a
minority spin surface resonance below Ep. The calculations made it obvious that
the different hybridization of this resonance with Co-Pt sp states is responsible
for the observed differences in dI/dU at negative bias voltages. Such a stacking-
dependent electronic contrast has been found for other Co systems like islands on
Cu(111) and films on W(110) [81,88,91,92]. In contrast to our study these previous
results were obtained on extended areas of different stacking in comparison to
another extended area showing a different stacking. This is obviously different
for the Co monolayer on Pt(111) where fcc-, bridge-, and hep-sites alternate on a
lateral scale of only a few atoms. Nevertheless, the electronic structure of these
a few atoms wide areas is already well described by the infinite layer of the same
stacking as shown by the calculations. This indicates that the position with
respect to the underlying substrate, i.e. the stacking, is more important than the
position of the neighboring Co atoms.
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5.4 Structural and spin-resolved electronic
properties of double-layer Co islands

Figure 5.6(a) shows the topography of 0.6 AL of Co deposited on the cold Pt(111)
with subsequent annealing for 20 minutes. Compact free standing double-layer
islands are observed together with double-layer wires attached to the Pt step
edges. A comparison to the samples of Ref. [7] leads to the conclusion that the
annealing temperature for both samples is similar, i.e. close to 340 K. The Co
double-layer islands marked by the rectangle in (a) are shown at a closer view
in Fig.5.6(b). They exhibit a hexagonal superstructure, which is similar to the
well-known Moiré pattern typical for the Co double-layer on Pt(111) [85,86]. It
is caused by the large lattice mismatch of Co films on Pt(111) leading to strain
relief via reconstruction. The bright spots labeled A in the inset can be identified
as on-top positions. They are connected by fine bright lines forming a network
of triangles. Two other distinct points B and C can be identified as centers of
the two types of triangles pointing in opposite directions. A closer look to the
superstructure reveals that the Moiré-like pattern is partly disturbed and actually
more similar to a misfit structure observed before on annealed Co double-layer
films [99]. According to Ref. [99] the Moiré pattern is indicative of an abrupt
change of the lattice constants, i.e. a sharp interface, while the misfit structure is
caused by a gradual change of the lattice constant due to intermixing of Co and
Pt at the interface. Just as the Moiré pattern it is formed by hexagonal shaped
areas showing different stacking. Since the size of a unit cell of such a misfit
structure formed by completely alloyed films is larger than the original Moiré unit
cell, the ratio of the sizes of the unit cells is a measure of the Co concentration
in the upper layers. The inset of Fig. 5.6(b) reveals that the indicated unit cell
size of the misfit structure is in good agreement with that of the Moiré pattern,
i.e. 2.9+ 0.1 nm. Therefore we can conclude that the present Co islands show
some intermixing at the interface while the topmost layer consists mainly of Co.
Intermixing and alloying processes are known to take place at temperatures above
340 K [100].

When increasing the annealing temperature after Co deposition the shape of the
islands is changed significantly: Fig. 5.6(c) shows a sample of 0.5 AL Co deposited
on the cold Pt(111) with subsequent annealing to a temperature which is approx-
imately 50 K higher than for the sample shown in Fig. 5.6(a), i.e. approximately
390 K. The resulting Co double-layer islands show a similar size and density. The
two islands marked by the white rectangle in Fig. 5.6(c) are shown at a closer
view in Fig.5.6(d). In comparison to Fig.5.6(b), where the Co double-layer is-
lands show mainly a step from the top-layer directly onto the Pt(111) surface,
the Co islands shown in Fig. 5.6(d) are surrounded by a dendritic monolayer rim.
Considering the shape and the growth direction the rim reminds one of the Co
induced dendrites on Pt(111) obtained by depositing Co at 400K [95]. It was
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Figure 5.6: Co double-layer islands prepared by Co deposition onto the pre-cooled
Pt(111) surface with subsequent annealing. Upper panels: Topo-
graphic images of compact (a), (b) and fringy (c), (d) islands; Insets:
Magnified view of island reconstruction with unit cell. Lower panels:
dI/dU maps measured simultaneously to the topographic images of the

upper panels with out-of-plane sensitive magnetic tips (Upoqa = 20mV,
(e), (f): Cr-coated, I =2.0nA; (g), (h): Fe-coated, I = 1.0nA).

found that these dendrites consist mainly of Pt. Even though the perimeter of
the islands is very different the interior of the Co double-layer shown in (a) and
(c) is comparable. Both the compact islands (a), (b) and the fringy ones (c), (d)
exhibit the same hexagonal superstructure with the characteristic points A, B and
C as indicated in the magnified views.

In order to reveal the magnetic state of the compact Co double-layer islands of
Fig. 5.6(a) the simultaneously acquired out-of-plane sensitive magnetic d/ /dU map
is shown in Fig.5.6(e). Again we observe a relatively homogeneous electronic
structure for the Pt(111) surface and a two-stage contrast for the Co double-layer
islands. This shows that the compact Co islands are ferromagnetic with an out-
of-plane anisotropy and thus are magnetized either up or down with respect to the
surface plane, in accordance with the observations reported in the literature |7,84].
In contrast to the work of Rusponi et al. [84|, no significant variation in height
due to the spin-valve-effect of the tunnel junction was observed. The dI/dU map
in Fig.5.6(f) shows that the two compact islands of (b) are magnetized in op-
posite directions. In addition to the magnetic signal they show variations of the
electronic structure which correlate to the topographic reconstruction. The fea-
tures in the dI/dU signal of the Pt(111) surface reflect standing electron waves,
induced by scattering of the surface state, which are observed on Pt(111) above
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Figure 5.7: (a) Spin-resolved dI/dU slice of STS field. (b) dI/dU spectra on char-
acteristic points of the superstructure pattern (see inset) on the left
(filled dots) and the right (open dots) Co double-layer island obtained
from the spin-resolved ST'S field. The Co spectra are shifted by multi-
ples of 3 nS. (¢) dI/dU map: the rims of the two islands show different
signal intensity. (d) dI/dU spectra on the rim of the left (filled dots)
and the right (open dots) Co island and their magnetic asymmetry.
The rim spectra are shifted by 2 nS with respect to the Pt spectrum.
(Fe-coated tip, Isap = 1.5 nA, Ugap = +1.5 V, Upoa = 20mV.)

+0.5eV as outlined in Chap.4. An out-of-plane sensitive magnetic dI/dU map
of the fringy Co islands of Fig.5.6(c) is shown in Fig.5.6(g). Also these fringy
Co double-layer islands show a two-stage contrast and we therefore conclude that
the magnetic structure is equivalent to that of the well-studied compact double-
layer islands shown in (e), i.e. they are ferromagnetic with an uniaxial anisotropy
normal to the surface. Again, no significant effect of the magnetization direction
of the islands on the topographic signal was observed. Figure 5.6(h) shows the
dI/dU map measured simultaneously to the topography of (d) and reveals the
magnetic orientation.

To investigate the energy-dependent spin-polarization of the double-layer Co
islands in more detail a spin-resolved STS field was measured for the two oppo-
sitely magnetized islands in the center of Fig.5.6(g). Fig.5.7(a) shows a slice of
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the STS field at —0.68 eV with magnetic contrast and reveals the influence of
the reconstruction on the spin-resolved electronic structure. The dI/dU spectra
obtained on characteristic points of the Co double-layer are plotted in Fig.5.7(b).
The topography in the inset indicates the non-equivalent points A, B and C of the
misfit structure which are observed both on the compact and the fringy double-
layer islands. The spectra with the filled and the open data points are measured
on the left and the right island of Fig. 5.7(a), respectively, which are magnetized
in opposite directions. All spectra in Fig.5.7(b) are rather featureless in the pos-
itive bias regime but show a two peak structure below Er. While for the same
characteristic point of the misfit structure the peak energies of the left and the
right island are the same, the intensity varies slightly as a result of the different
magnetic state of the island. For the different points A, B and C the energies
of the two peaks are shifted with respect to each other. Overall the structure
of the Co-double layer is too complicated to assign the peaks to specific atom
arrangements or even electronic states. On the basis of our measurement of the
spin- and energy-resolved electronic structure we cannot identify a state that may
explain the astonishing difference in the apparent height of Co islands of opposite
magnetization as observed in the case reported in the work of Rusponi et al. [84].

Interestingly, an analysis of the fringy Co double-layer islands reveals a magne-
tization direction dependent dI/dU signal also for the monolayer rim surrounding
the Co double-layer islands which can be seen in the spin-resolved dI/dU map
of Fig. 5.7(c). It is observed that the spin-polarization of the rim is of the same
sign as that of the corresponding double-layer island which leads to the conclusion
that there is a ferromagnetic coupling. The energy-dependent dI/dU signal at the
rims of the two oppositely magnetized islands as well as on the bare Pt is shown
in Fig. 5.7(d). The dendritic shape of the rim and its spectroscopic similarity to
the bare Pt suggests that the rim consists mainly of Pt. Due to the observation
of an overall magnetic moment of the rim in contrast to the bare Pt we conclude
that the spin-polarization originates from Co incorporated in or underneath the
rim. The magnetic asymmetry between the rim of the left and the right island
is also plotted in Fig. 5.7(d). It shows the largest values in the negative voltage
regime, just as for the other Co related features. The spin-polarization of the rims
is either due to the direct vicinity of the rim to the ferromagnetic Co double-layer
island or by the formation of a ferromagnetic CoPt-alloy.

5.5 Magnetism of Co nanostructures

In order to study the magnetic properties of the Co monolayer as well as the
Co double-layer nanostructures and to verify the magnetic origin of the observed
contrasts in dI /dU maps we probed the Co structures in variable magnetic fields,
which were applied along the surface normal.
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Figure 5.8: (a)—(d) Selection of dI/dU maps of Co monolayer wires and islands
in the presence of an external magnetic field applied perpendicular to
the surface plane measured with an out-of-plane sensitive magnetic
Cr-coated tip. The bright or dark appearance of the Co corresponds
to a parallel or antiparallel alignment of the tip and sample magne-
tization. (e) Hysteresis loop obtained by plotting the percentage of
bright domains at certain magnetic fields. The open squares belong to
the initial magnetization curve and the red color indicates the dI/dU
maps shown. The dashed line is a guide to the eye. (I = 0.7nA,
Umod =20 rnV)

5.56.1 Co monolayer nanostructures

Figures 5.8(a)—(d) show selected out-of-plane sensitive magnetic dI /dU maps with
an applied external magnetic field B as indicated. The sample preparation, which
has been described in Sec. 5.2, results in some free standing Co islands and Co
wires which are attached to the Pt step edges. While the Pt substrate has a
uniform dI/dU signal with low intensity, a two stage magnetic contrast of the
oppositely out-of-plane magnetized Co is clearly visible for the islands as well as
the wires. Figure 5.8(a) displays the magnetic virgin state of the sample at 0T
and the amount of both opposite magnetization directions of the Co structures is
approximately equal. After increasing the magnetic field to +0.3T (b), some Co
areas which are marked in the d//dU map changed their magnetic orientation.
From this contrast reversal we can directly conclude, that these bright areas are
now aligned with the direction of the external field. For the left marked wire
in (b), it can be observed that the field-induced reorientation process does not
change the magnetization of the wire completely but a domain wall is trapped at
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Figure 5.9: (a) dI/dU map of a Co monolayer wire with three domains measured
with an out-of-plane sensitive magnetic Cr-coated tip. (b) Domain
wall profile (open circles) along the line marked in (a). The solid line
gives a fit to the red data points. (I = 1.5nA, Upeq = 20mV)

a constriction. At a magnetic field of +0.8 T all Co structures appear bright except
one comparably large Co island marked in Fig. 5.8(c). Figure 5.8(d) displays the
magnetic state at remanence. A direct comparison to the previous dI/dU map in
(c) shows that all wires and islands remain in their magnetic state.

Analyzing the magnetic state of the Co nanostructures and plotting the percent-
age of the bright Co areas at several applied magnetic fields leads to a hysteresis
curve, which is displayed in Fig. 5.8(e). Since the external magnetic field is applied
along the easy anisotropy axis, the hysteresis curve shows a typical ferromagnetic
shape with a very high remaining magnetization after field removal. The extracted
coercivity of this area of the monolayer Co sample is pgH. = 0.25 & 0.05T. This
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value is comparable to the coercivity observed for spatially averaging experiments
on few atom wide Co wires on Pt(111) at low temperatures [9]. As visible in (e)
the obtained hysteresis curve does not show a simple square loop shape but is
slightly canted. This can be understood by taking into account that the magnetic
reorientation process occurs not at the same magnetic field for each Co structure,
but progresses successively [101]. In general we observe that larger islands as well
as wider wires seem to switch abruptly from one saturated state to the opposite
one at higher applied magnetic fields than smaller Co structures. Furthermore, the
reorientation process itself is different for wires and islands. While the Co islands
are always in a single domain state, wires with a sufficient width are reoriented
by domain wall movement.

The existence of domain walls in wires allows the critical examination of recent
results obtained on nanoscale Co monolayer islands. Namely, Rusponi et al. [7] in-
terpreted their MOKE and STM measurements in terms of strongly coordination-
dependent magnetic anisotropies: while—according to Ref. [7|—Co atoms at the
island perimeter exhibit a very high out-of-plane anisotropy of 0.9 £ 0.1 meV per
atom a weak in-plane anisotropy (Ex = —0.03 £ 0.01 meV per atom) is found for
surface atoms within the islands. Such magnetic properties have two significant
consequences on the nanoscale domain structure of sufficiently large islands and
wires: first, the easy axis shall rotate from out-of-plane to in-plane if the lat-
eral dimensions exceed the magnetic correlation or exchange length. Second, the
strongly enhanced anisotropy at Co step edges should lead to very narrow do-
main walls. While we cannot scrutinize the latter hypothesis due to the complex
structural and electronic properties of the Co monolayer dislocation network on
Pt(111) (cf. Fig.5.1), we were able to investigate whether the easy axis of mag-
netization changes with increasing distance from the Co step edge by analyzing
domain walls in Co nanowires. As shown in Fig. 5.8 domain walls are preferentially
located at constrictions which are a few nanometers wide only, if the terraces are
particularly narrow. Therefore, we have studied Co nanowires which were grown
on much wider Pt(111) terraces and exhibit a width of 15-25nm as shown in the
dI/dU map of Fig. 5.9(a). In the central part of the image a dark domain can
be recognized which is surrounded by two bright domains. Both domain walls
separating the three domains are located in constrictions and are about 20 nm
long. Since these data were measured with an out-of-plane sensitive probe tip
we can conclude that the Co nanowire is perpendicularly magnetized even 20 nm
away from the Co step edge. But in which way is this distance related to the
magnetic exchange length? This can be analyzed by a closer inspection of the
domain wall profile. For this purpose we have taken a profile of the dI/dU signal
along the white line in Fig. 5.9(a). The result is plotted in Fig. 5.9(b). In order
to minimize the influence of the inhomogeneous spin-averaged electronic structure
due to different stacking (see Sec. 5.3) we have not taken the line section perpen-
dicular to the domain wall but under an angle of 60°. Thereby, mostly fcc sites
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are crossed and hcp sites are avoided as far as possible. The line section shows
two levels of dI/dU signal strength on the left and the right side which represent
the oppositely magnetized domains and the transition area in between. While the
data points on each domain still scatter due to the remaining stacking influence,
the signal becomes much smoother when neglecting the data points originating
from the hcp lines which are given in black color. The remaining red data points
are fitted with a standard domain wall function [26]

Y = Yo + Ysp tanh (M) (5.3)

w

which is based on continuum micro-magnetic theory [102]. yo and ys, are the spin-
averaged and the spin-polarized part of the dI/dU signal, z, is the position of the
domain wall center, and w represents the domain wall width, which is determined
by the exchange stiffness A and the effective anisotropy constant K.z by

A
Keff ‘

As shown by a solid line in Fig. 5.9(b) the best fit is obtained for a domain wall
width of approximately 4 nm, i.e., much narrower than the structural width of the
Co nanowire. This observation indicates that the intrinsic anisotropy of surface
coordinated Co atoms on Pt(111) is not in-plane as proposed by Rusponi et al. [7]
but out-of-plane instead. This conclusion is also consistent with our observation
that the magnetization of triangular Co monolayer islands is homogeneous across
the islands’ surfaces even though the base length of some islands is about thirty
times larger than the exchange length L = w/2 extracted from Fig. 5.9(b). In
order to obtain an appropriate value of the exchange stiffness of the ML Ay,
has been calculated in two ways. Together with the information that 0.8 ML
Co/Pt(111) is still ferromagnetic above RT (Ref. [96]) and the assumption T¢ o
A we obtain Ay, = 7.0 - 1072 J/m with Tcpux = 1400 K and Apx = 3.0 -
107 J/m. A second way to obtain Ay, is using n. oc A where n, is the number
of coordination of an atom. Since n. is reduced from twelve for bulk atoms to six
for a monolayer atom, Ay, is given by 1.5 - 107 J/m. Since the correct values
for Ay is unknown, both roughly estimated values might be the lower and the
upper limit for a reasonable value range. Using these reasonable value for A, the
anisotropy constant results in +0.08 meV /atom < Ko < 40.17 meV /atom.

w =2

(5.4)

5.56.2 Co double-layer nanostructures

Figures 5.10(a)—(f) display out-of-plane sensitive magnetic dI/dU maps of com-
pact Co double-layer islands measured at different magnetic fields.

Figure 5.10(a) reveals the magnetic virgin state of the compact islands and
both magnetic orientations are distributed equally. The application of a magnetic
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Figure 5.10: (a)—(f) Selection of dI/dU maps of compact Co double-layer islands
as shown in Fig. 5.6(a) in the presence of an external magnetic field
applied along the surface normal. Between (a) and (b) a field-induced
change of the tip magnetization occurs. (I = 2.0nA, Upog = 20mV)

field of +0.8 T (Fig. 5.10(b)) causes a complete inversion of the magnetic contrast,
which can be explained by an alignment of the tip magnetization with the external
magnetic field. Although we used a Cr-coated tip for this specific measurement
it is possible that small Co/Pt clusters are attached to the tip due to pulsing
in order to sharpen the tip. This has also been observed for Fe clusters on a
W tip (see Chap. 3). These clusters might cause a residual magnetic moment,
which can be aligned in an external magnetic field. A response of the sample
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Figure 5.11: (a)—(d) Selection of out-of-plane sensitive magnetic dI/dU maps of
fringy Co double-layer islands as shown in Fig. 5.6(e) in the presence
of an external magnetic field applied along the surface normal. Be-
tween (a) and (b) a field-induced change of the tip magnetization oc-
curs which causes an inversion of the magnetic contrast. (I = 1.0nA,

Unod = 20mV)

magnetization to the external field is not observed. A further increase to +2.0T
in (c) does still not reveal any switching of the Co double-layer magnetization.
At an applied field of +2.25T in (d) the magnetization of some structures is
rotated as indicated. The switched structures are directly attached to the Pt
step edge. At a field of +2.5T in (e) a few free standing Co islands switched
which are marked by circles. This is the maximum available external field which
surprisingly is not sufficient to align the magnetization of all islands. While every
island shows a uniform magnetization, i.e. in a single domain state, on top of one
island marked in (e) both opposite magnetization directions are visible. This is
caused by a magnetization reversal in between two subsequent lines of the image
due to a residual stray field of the tip. After the removal of the external field (f), a
comparison to (e) reveals that all Co islands remained in their previous magnetic
state. Therefore also the compact Co double-layer islands on Pt(111) show 100%
remanence. Since the first influence of the external magnetic field on the sample
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was detected between +2.0'T and +2.25'T we can conclude that puoH. > 2.0T.

Figures 5.11(a)-(d) show a selection of out-of-plane sensitive magnetic dI/dU
maps of the fringy Co double-layer islands measured in the presence of an external
magnetic field. Figure 5.11(a) shows the virgin state of the sample. When applying
—1.4T in (b) the magnetization direction of the tip is inverted but no change in
the island magnetization is observed. In contrast to the dI/dU maps shown in
Figure 5.10 this behavior has been expected since an Fe-coated tip has been used.
At a field of —1.8T shown in (c) nearly all fringy double-layer islands switched
except the indicated ones. Changing the field now to +0.4 T in (d) shows that this
field is sufficient to align the tip magnetization again but is too small to rotate the
magnetization of any monodomain Co double-layer island. This shows again the
complete remanence. According to these observations we can conclude a value of
1.4T< poH, <1.8T for the coercivity of the fringy islands.

The results obtained for the different kinds of Co double-layer islands suggest
a high out-of-plane anisotropy of these nanostructures. The surprisingly high
coercivities of pgH, >2.0T for the compact islands are to our knowledge higher
than all previously reported coercivities for Co structures on Pt(111). While it is
already known that Co double-layers islands on Cu(111) [81] exhibit a very high
coercivity between 1.0 T-1.5T, the values of the compact Co double-layer islands
studied in this work are even higher. This again emphasizes the important role
the substrate plays for the magnetic properties of nanoscale structures.

Interestingly, the fringy islands show a much lower coercivity. It is hard to
answer which of the following hypotheses explain this observation. In Sec. 5.4
it has already been pointed out that the higher preparation temperature of the
fringy islands not only causes the formation of the surrounding rim but probably
also leads to a higher amount of Pt incorporated into the islands. In Ref. |7]
the extraordinary importance of the perimeter atoms of Co islands for the total
anisotropy due to their reduced coordination was shown. Since the number of the
perimeter Co atoms for the fringy islands is reduced (surrounded by Pt in the rim)
in comparison to the more compact islands, this might also cause a decrease of
the strength of the anisotropy and a smaller coercivity. Finally, the magnetization
reversal process might also start at the rim because the nucleation of the opposite
domain might be much easier there.

5.6 Summary

We have presented a detailed study of the structural, electronic, and magnetic
properties of monolayer and double-layer Co islands and wires on Pt(111). Al-
though the Co monolayer is electronically highly heterogeneous due to a lattice
mismatch induced dislocation network, it is possible to observe the out-of-plane
magnetized domains by spin-resolved STS. Independent of the magnetization di-
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rection the spin-resolved spectra exhibit a dominant peak at about —0.28 eV for
fce, which is shifted downwards by more than 0.12eV for hep- and bridge-site
stacked regions, which are only several atoms wide. Accordingly the peaks in the
magnetic asymmetry in this energy range are also shifted downwards on the hcp-
and bridge-site regions relative to the fcc regions.

In order to understand the spectroscopic stacking dependency, first-principles cal-
culations for pseudomorphic Co monolayers on Pt(111) in fcc- and hep-stacking
were performed. A detailed analysis revealed that the dominant peak originates
from a d-like Co surface resonance of minority-spin character which is similar to
the state found for thicker Co(0001) films on different substrates [92]. The spectro-
scopic shift between differently stacked areas results from different hybridization
of the Co surface resonance with Co-Pt sp states. Even though the calculation
was done for infinite areas of a given stacking it reproduces the experimental ob-
servations fairly well although the same stacking is only present for a few atoms.

Two types of Co double-layer islands are observed depending on the prepara-
tion: compact islands for a lower annealing temperature and fringy islands with a
monolayer high rim for higher annealing temperature. Both of them show an out-
of-plane anisotropy and exhibit a misfit structure. The reconstruction indicates
intermixing between Co and Pt at the interface. Spin-resolved spectroscopy re-
veals that the non-equivalent stackings of the misfit structure exhibit also distinct
energy-dependent differences due to shifting peaks below the Fermi energy. In
addition it was found that the monolayer high rim, which surrounds the fringy is-
lands consists of Co as well as Pt atoms, shows a spin-polarization in the negative
voltage range and couples ferromagnetically to the corresponding island.

We find an out-of-plane magnetization of all probed Co nanostructures. By
measuring the domain wall width on monolayer wires, the magnetic exchange
length is determined to be less than 2nm. According to Ref. [7] the magnetic
anisotropy of the surface atoms within the islands is weakly in-plane and only the
perimeter atoms exhibit a large out-of-plane anisotropy. We have no experimental
indications to support this: islands with a base length as large as thirty times the
exchange length still show a homogeneous out-of-plane magnetization. In order to
reproduce the measured domain wall width we propose an out-of-plane anisotropy
of 4+0.08 meV /atom < Keg < +0.17meV /atom for atoms within the island.

Finally, our measurements in the presence of an external magnetic field show
that the coercivity of Co nanostructures is highly increased by a change of sam-
ple morphology. While a Co monolayer system exhibited a coercivity of pugH. =
0.25£0.05T, for the compact Co double-layer nanostructures we observed a sur-
prisingly high coercivity of poH. >2.0T. The fringy Co double-layer islands ex-
hibit a coercivity between 1.4 T-1.8T.
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6 Single Co atoms on Pt(111)

The following chapter reports on the scanning tunneling microscopy and spec-
troscopy measurements on single Co atoms on Pt(111). It will be shown that the
electronic properties of the Co atoms depend on the adsorption site similar to
what was found for the Co monolayer islands and wires in Chap. 5.

This chapter is organized as follows: Sec. 6.1 gives an overview of previous
STS-results concerning the properties of single atoms on various surfaces. The
magnetic properties of single Co atoms on Pt(111) obtained by spatially averag-
ing techniques and the consequences for STS measurements on single Co atoms
are also discussed. After describing the sample preparation in Sec. 6.2 the spectro-
scopic properties of the single Co atoms are shown in Sec. 6.3. The Secs. 6.4 and
6.5 show how Co atoms are manipulated laterally and describe the observation of
height changes of atoms, probably due to the formation of Co-H complexes. The
last Sec. 6.6 summarizes the results.

All measurements were performed in the low temperature UHV system de-
scribed in Chap. 3 at temperatures around 0.3 K and 4.2 K.

6.1 Introduction

The technical progress regarding miniaturization of magnetic storage units re-
quires a detailed and comprehensive knowledge of the physical properties of struc-
tures on the nanoscale. In order to obtain this knowledge one way starts with the
attempt to understand the smallest magnetic units, which consist of a few atoms
or even a single atom and are bounded to the surface of a non-magnetic substrate.
A perfect tool to probe these structures is the low temperature STM.

Up to now there are basically three approaches which have been applied to
study the magnetic properties of single magnetic atoms or magnetic multimers
on nonmagnetic surfaces by STS. The first approach uses the spin-flip scatter-
ing of substrate electrons on the uncompensated spins of the magnetic adatoms
on or inside a nonmagnetic metal crystal, namely the Kondo-effect [103]. The
Kondo-effect becomes visible in STS experiments because of the formation of a
many electron state. This leads to the so-called Kondo resonance, a sharp zero bias
voltage spectroscopic feature, which is localized on top of the adatoms. The width
of the resonance scales with kgTx where Tk is the so-called Kondo temperature.
The first observation of the Kondo resonance succeeded on Ce and Co adatoms
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on Ag(111) and Au(111) surfaces, respectively [104,105]|. So far the Kondo-effect
has been studied for several adatoms on nonmagnetic substrates like Ti and Co
on Au(100) |106,107|, Co on Au(111), Cu(111), and Ag(111) [108-110] and Ti
and Ni on Au(111) [111]. The Kondo temperature for all these systems is several
tens of a K. For other material combinations like Fe on Pt(111) [71] or V, Cr,
Mn, and Fe on Au(111) [111] STS experiments showed no indications for a Kondo
resonance, probably because Tk is much lower than the experimental tempera-
ture of about 6 K. Another possible reason might be a larger magnetocrystalline
anisotropy energy E4 which should destroy the Kondo-effect, if £y > kgTk. The
appearance or absence of a Kondo resonance on dimers or trimers has been used
to provide information about their internal magnetic coupling [112]. This is some-
what hampered by the fact, that the ferromagnetic coupling of two adatoms can
also decrease the Kondo temperature due to a decrease of the exchange interaction
between the substrate conduction electrons and the dimer [108|.

Therefore, a second approach uses the interpretation of spin-split, unoccupied
single-electron resonances of magnetic dimers on a NiAl(110) surface. Together
with DFT calculations new insights into the ferromagnetic or anti-ferromagnetic
coupling of the dimers were obtained [113].

A third and more recent approach to learn more about the magnetic properties
of single atoms and multimers uses the method of inelastic electron tunneling
spectroscopy (IETS) [114] to excite the internal spin-degrees of freedom. This
method has been applied so far on single Mn adatoms [115] and engineered atomic
structures [116] deposited on a thin insulating wetting layer. It was possible to
show basic magnetic excitations like spin flip processes and to measure the total
spin of the chains as well as the exchange coupling as a function of size.

All these previous approaches have been performed using non-magnetic tips and
thus did not detect the spin of the involved electrons directly. By applying spin
resolved STM it could be possible to measure directly the spin-polarization of the
electronic states of the adsorbates as well as their influence on the surrounding
substrate. So far this method has shown its great abilities not only by probing
oppositely magnetized, nanoscale stripes, films, or islands but also by revealing
antiferromagnetic and frustrated coupling with atomic resolution on antiferro-
magnetic films [26,41,117-119]. Regarding single adsorbates, the differences in
spin-polarized electron scattering at single oxygen adsorbates on oppositely mag-
netized Fe films were found by spin resolved STM [120]. But up to now, there are
no results on single magnetic adsorbates on non-magnetic surfaces.

Since spin-resolved ST'S measurements require a magnetic moment of the adatoms
which is stable within a reasonable time scale, all Kondo systems are disqualified
due to their low magnetocrystalline anisotropy. A promising system for exper-
iments on magnetic atoms with a stable magnetic moment deposited on non-
magnetic substrates is the Co/Pt(111) system as will be shown in the following.
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Magnetic properties of single Co atoms on Pt(111)

Gambardella et al. [8] showed by the spatially averaging XMCD technique that
Co chains attached to Pt step edges evolve a long-range ferromagnetic state be-
low 15K and an increased anisotropy energy of 2.0meV per atom compared to
the Co bulk systems with 0.04 meV per atom.! For single Co atoms on Pt(111)
their experiments revealed a giant uniaxial magnetic anisotropy energy of Ey =
9meV /atom where the easy axis points perpendicular to the surface plane [4].
This value is obtained by the extracted magnetization from XMCD spectra with
respect to the external magnetic field for an ensemble of single Co atoms. The
magnetization curves show a paramagnetic shape at a measurement temperature
of 5.0 £ 0.5K. This fact has to be related to the total recording time of the mag-
netization curve of about 1000s.> According to Gambardella et al. [4] the large
magnetic anisotropy energy of the single Co atoms is mainly established by (1)
the 3d-electron localization, which is induced by the reduced coordination, and
(2) by the strong spin-orbit coupling of the Pt 5d-states. The first increases the
spin-orbit energy due to an increase in the LDOS at the Fermi energy, while the
latter results in additional magnetic anisotropy energy of the induced magnetiza-
tion. In addition the experiment revealed that the anisotropy energy per atom
decreases for Co particles with an increasing number of atoms (up to five) while
the magnetic orientation prefers to be orientated perpendicular to the substrate.

The anisotropy energy Ea allows to calculate the total magnetic energy E of
a single Co atom as a function of 6 where 6 denotes the angle between the easy
axis and the magnetic moment. In the presence of a magnetic field B, which is
applied in the easy axis, the magnetic energy is given by

E(0,B) = E, -sin”f — uBcosf. (6.1)

where 11 denotes the total magnetic moment of the single Co atom. E is a sum of
the anisotropy energy and the Zeeman energy, which depends on B. Figure 6.1(a)
displays F for three different magnetic fields. At zero magnetic field two equivalent
minima at # =0 and at § = 7 can be found representing magnetic up and down
states. Both states are separated by the energy barrier of Ex. When a magnetic
field is applied the energy of the magnetic up and down states differs by AF and
therefore the magnetic state parallel to B is preferred.

The required temperatures, which allow the measurements of stable magnetic
moments of the single atoms, can be estimated in a first approximation by the
so-called Neél-Brown model [121,122]. In this model a single domain particle is
either in one of the magnetic up or down state as shown in Fig. 6.1(a). The energy
barrier can only be overcome by thermal activation. In the absence of a magnetic

IXMCD is an acronym for X-Ray Magnetic Circular Dichroism
2Jan Honolka, private communication.
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Figure 6.1: (a) Magnetic energy of the single Co atom with respect to 6 which
denotes the angle between the easy axis and the magnetic moment
of the atom. At zero magnetic field two equivalent minima at 6 =0
and at # = 7 represent magnetic up and down states. If a magnetic
field B is applied parallel to the easy axis, both energy minima are
not equivalent anymore due to the Zeeman energy shift AE. (b) Tem-
perature dependence of the switching rate according to Eqn. 6.2 with
E,=9meV in the absence of B. (c¢) Calculated magnetization curve
of an ensemble of Co atoms at 0.3 K and at 6.0 K with respect to B.

field the relaxation time of the single atom magnetization, which is equal to the

inverse switching rate, is expressed by

EA

T =1Tg X e*BT

(6.2)

with the attempt frequency 1/7, the energy barrier F 4, and the temperature 7T'.
Even though 7y depends on several parameters, for simplicity it is often supposed
to be constant [123]. Assuming a range of reasonable values for 7y, Fig. 6.1(b)
shows the temperature dependence of 7 for 75 = 1078s and 75 = 107'%s. A mean
value of 79 = 107%s is often used to describe thermally activated processes [93,
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123]. We observe that the relaxation time becomes very large for the two given
values, comparable to the life time of the universe, when the temperature is low
enough. The inset of Fig. 6.1(b) displays a magnified view to the temperature
dependence below 10 K. In order to perform detailed spatially- and spin-resolved
STS studies on several Co atoms and their surrounding at least 3h are required
within the magnetic moment of the Co atoms should be stable. Consequently, the
required temperature for Co/Pt(111) system is well below 4 K. This reveals that
STM facilities operating below 1K are particular suitable and needed for these
experiments.

This conclusion is valid only if the relaxation process is purely thermally ac-
tivated and no other processes contribute to the magnetization reversal. One
process, which might play an important role, is the so-called quantum tunneling
process of the magnetization (QTM). In analogy to the case of electron tunneling
shown in Chap. 2, the spin tunnels from one spin state to another (Fig. 6.1(a)).
QTM is observed for the so-called high spin molecules (see e.g. [124]). In this case,
temperature depending measurements of the switching times of the single atoms
could reveal the tunneling rates when the thermally activated processes are frozen
out. A second effect, which has to be taken into account, is the width of the Co
states, which carry the magnetic moment. Hybridization of the Co d states with
the Pt bands produces broad resonances with a width of the order of 1eV. It is
an open question, whether this effect could increase the switching rate compared
to the simple Neél-Brown model.

Anyhow, if one of both effects, QTM or hybridization, increases the switching
rate above the critical 10 Hz, there is still the possibility to stabilize the magnetic
moments of the Co atoms by applying an external magnetic field. In this case one
has to assume a superparamagnetic behavior.

Figure 6.1(c) shows the calculated magnetization M of an ensemble of Co atoms
as a function of an applied magnetic field at 0.3 K and at 6.0 K. If one assumes a
continuum description as in Ref. [4], the magnetization M is given by

[ d6sin 0 cos 0 exp(—E(9, B)/(ksT))
Mo

71' (6.3)
Ofdﬁ sinfexp(—E(0, B)/(kgT))

with E(0, B) from Eqn. 6.1. According to Ref. [4], this describes the field de-
pendent magnetization of Co atoms on Pt(111) at 5.5 K very well. Obviously a
magnetic field of only +0.5T is sufficient to stabilize the magnetic moments in
both directions at 0.3 K. This allows for magnetic field dependent measurements
on a single Co atom using an out-of-plane sensitive Cr-coated W tip having a
stable spin structure up to 2.5T at least [81].

The above discussion suggests, that single Co atoms on Pt(111) are an inter-
esting system to be studied with respect to the magnetic properties on a local
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Figure 6.2: Topographic image (20 nm x
20nm) of single Co atoms
on the Pt(111) surface. The
higher adsorbate in the up-
per right is probably a mul-
timer or another kind of Co
complex. (T'=0.315K, U =
1.0V, I =0.2nA)

scale. The first two steps in this direction are made and will be described in the

following: Spin averaged spectroscopy on single atoms and their manipulation on
the Pt(111) surface.

6.2 Preparation

In order to obtain single adatoms, Co has been directly evaporated onto the cold
surface of the Pt(111) crystal. The preparation of the Pt(111) substrate was
already discussed in Sec. 4.2. The evaporation onto the cold surface is essential
to minimize the diffusion length of the atoms and therefore to avoid clustering,
island and step flow growth.

A typical Co evaporation procedure is as follows: The STM with the clean
Pt crystal is pre-cooled to about 4K in the experimental position (see Fig.3.1).
The Co evaporator, which is mounted to the main chamber, is set to a constant
flux but the shutter of the evaporator is still closed. The STM is moved down
while pumping the 1K-line in order to cool the radiation shield. After reaching
the tip/sample exchange position the window of the radiation shield is opened.
When the shutter of the evaporator is also opened for typically 2-3 seconds the
Co atoms have a direct access to the sample and are deposited onto the Pt surface
at a pressure below 2 x 1071 mbar. After closing the shutter and the radiation
shield the STM is moved up to the experimental position where it is cooled down
to base temperature. Between opening and closing the radiation shield the sample
is directly exposed to the incoming heat radiation from the chamber walls. By
keeping this time as short as possible (approx. 30 seconds) the temperature of
the STM after reaching the experimental position is below 25 K. Fig. 6.2 shows a
topographic image of the Pt(111) surface after deposition of 0.3% Co as described
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above. Each protrusion corresponds to a single Co atom exhibiting an apparent
height of about 0.11 nm.? Generally the atoms appear very homogeneous not only
in height but also in width and shape. The higher adsorbate in the upper right is
probably a multimer or another kind of Co complex (see Sec. 6.5).

6.3 Electronic properties

Figure 6.3(a) shows the same area as displayed in Fig. 6.2. Figure 6.3(b) shows
two line profiles along the section lines drawn in (a). Both sections reveal the
typical apparent height of 0.11 nm. Figures 6.3(c)—(f) display dI/dU maps of the
same area as shown in (a) at different bias voltages as indicated. In all images the
Pt surface does not appear homogeneous but shows extended scattering patterns.
According to the results obtained in Chap. 4 these features can be attributed to
scattering from bulk states. All single Co atoms in Fig. 6.3(c) can be clearly
distinguished from the Pt(111) surface due to a higher dI/dU intensity. Since the
color scale in (c) is inverted, the dI/dU signal above the Co atoms is lower than on
the Pt substrate. In contrast to the topography where all atoms appear equally the
atoms can be distinguished in dI/dU maps due to weak but significant differences
in the dI/dU intensity. Thus we can classify the atoms into two species showing
two spectroscopic signatures, type A and type B. The atoms of type B are marked
in Figs. 6.3(a)—(f) by circles. Also in Fig. 6.3(d) both species can be observed, but
in contrast to the previous image type B appears brighter while the type A appears
darker than the substrate. This is conserved in (e) where a strong contrast between
both species is obtained by applying a slightly higher voltage of —0.05V. At a
small positive bias voltage the Co atoms are not visible in Fig. 6.3(f). Generally
the two atom species type A and type B can be distinguished spectroscopically in
a bias voltage range —0.2V to —0.05V on many different samples using different
tips. In the following we will show that this is related to a different electronic
structure of single Co atoms which occupy different surface lattice sites. Other
possible contrast mechanisms as different magnetic states or differences due to
changed chemical composition can be ruled out.

Figure 6.4(a) shows the topography of five single Co atoms while in (b) the
simultaneously recorded dI/dU map is shown. The two species of Co atoms can
be clearly distinguished due to their spectroscopic signature and are marked by
circles as in Figs. 6.3(a)—(f). Figure 6.4(c) shows the same Co atoms as in (a)
but obviously the lateral position of some atoms has been changed. The atoms
#1, #2, and #5 changed their positions when the tip passed them. This can be
concluded since one part of the atoms is imaged at one position, while the other
part is imaged at a different position. Therefore the above atoms changed their
position in between two scan lines. Atom #3 shows no discontinuity, but also

3Depending on the electronic states of the tip apex the apparent height may vary by £0.1 A.
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(a) Topographic image of single Co atoms on the Pt(111) surface.
(b) Sections along indicated lines in (a). (c¢)—(f) dI/dU maps of area
shown in (a) at indicated voltages. In (c¢)—(e) the Co atoms are dis-
tinguishable by two spectroscopic signatures, type A and type B. The
position of type B atoms is marked by circles in (a)—(f). The color
scale in (c) has been inverted in order to increase the contrast. In
(f) no spectroscopic signal of the Co atoms is visible. (7" = 0.315K,
I =1.0nA, Upoa =5mV, (a): U=-02V)
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U=-0.05V

Figure 6.4: (a) Topographic image of five single Co atoms on Pt(111). The white
arrow indicates the direction of the slow scan axis. (b) Simultane-
ously recorded dI/dU map to (a). Two different spectroscopic signa-
tures are observed. (c¢) Topographic image of the same five single Co
atoms on Pt(111). Atoms #1-3 and #5 changed their lateral position
compared to (a) during scanning. For tip induced atom movement
see text. (d) Simultaneously recorded dI/dU map to (c). (e) Topo-
graphic image of a single Co atom, which changed twice its lateral
position during scanning. (f) Simultaneously recorded dI/dU map
to (e). (g),(h) Superposition of contour plots of (a) and (c¢). The
black arrows in (h) indicate the movement of the center of the atoms.
(T'=0.315K, I = 0.5nA, Uyoqa = 5mV)

moved its position, which becomes obvious by comparing Fig. 6.3(a) with (b).
The only atom which did not change its position is atom #4.

The change of the position of the atom has been achieved as follows: Each line
of the images in Fig. 6.4 has been scanned twice before scanning the next line,
from the left to the right (forward) and from the right to the left (backwards).
While for the forward channel the indicated bias voltage of —0.05V was applied,
for the backward channel the bias voltage was set to +0.1V. This bias voltage
was found for this tip to cause a tip induced atom movement when passing the
atoms. All images shown in Fig. 6.4 are recorded in the forward channel. The
manipulation of Co atoms will be discussed in Sec. 6.4. A comparison of the
simultaneously recorded dI/dU map in (b) with (d) reveals that two Co atoms
(#1 and #5) changed their spectroscopic signature. The remaining three atoms
did not change spectroscopically even though two of them have been moved (#2
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and #3). In Figure 6.4(e) a single Co atom is shown, which changed its lateral
position twice during scanning. It jumped to the right but stayed there only for
a few scan lines before jumping back to its former position. The corresponding
dI/dU map in (f) clearly reveals the spectroscopic change going in hand with the
jump by showing different colors for these scan lines. All in all we can conclude
that the Co atoms can change their spectroscopic type from A to B and vice versa
by changing their lateral position on the Pt substrate.

In order to meaure the position change with high resolution, Fig. 6.4(g) shows a
superposition of the contour plots of the images (a) and (¢). The perfect matching
of the dirt adsorbates on the Pt substrate excludes any drift effects. This allows
to confirm that all Co atoms have been moved except for #4. Due to the high
lateral resolution of the topographic images (500 pts x500 pts) it is possible to
determine the length of the lateral position change with an accuracy of 14 pm.
This accuracy is much better than the distance of neighboring adsorption sites of
0.16 nm. The arrows in (h) give the length as well as the direction of the jumps.
It turns out that the type conserving movements of the atoms #2 and #3 are
0.292 4+ 0.020nm and 0.294 £ 0.020 nm long, respectively. The movements of the
atoms #1 and #5 which exhibit a spectroscopic signature change are significantly
shorter with 0.172 £ 0.020nm and 0.171 £ 0.020 nm, respectively.

Several experiments of the kind described above have been evaluated. Fig-
ure 6.5(a) shows the lateral displacement coded with different symbols depending
on a change or conservation of the spectroscopic signature for each evaluated posi-
tion change. Obviously there is a clear relation between the displacement distance
and the corresponding symbol. All jumps which go in hand with a spectroscopic
signature change have an average lateral displacement of 0.174 & 0.015nm while
movements without a change are of an average length of 0.286 + 0.012nm. In
addition to the displacement the relative angles of the jumps have been analyzed.
Figure 6.5(b) shows the relative angle ® of the different jumps in respect to the
movement #2. While jumps which change the spectroscopic signature exhibit
angles of & = n - 60° 4+ 30° with n € {0,1,2}, the jumps which do not show a
spectroscopic change exhibit ® = n - 60° with n € {1,2}. Therefore the results
summarized in Fig. 6.5(a) and (b) lead to the conclusion that the movements which
show a change in the spectroscopic signature are jumps to the nearest neighbor
adsorption site, i.e. from fcc to hcp and vice versa. In order to illustrate this
relation Fig. 6.5(c) shows a hard sphere model of the Pt(111) surface with two Co
atoms on top. Due to the fce stacking of the Pt crystal the (111) surface offers two
non-equal binding sites to the adatoms. The position are referred to be of type
A and B. In order to change the position the indicated Co atoms can either jump
0.16 nm to the nearest neighbor site, which would result in a stacking change, or
they keep their stacking by jumping a distance of 0.277nm to the second nearest
neighbor site.

In summary we can conclude that different spectroscopic signatures of the Co
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Figure 6.5: (a) Lateral displacement for each position change of some Co atoms.
Squares and circles indicate jumps which show a conserved or changed
spectroscopic signature, respectively. Solid and dotted lines mark dis-
tances from fec(hep) to fee(hep). (b) Relative angle of the jumps with
respect to position change #2 (marked in (a)). (c¢) Hard sphere model
of the Pt(111) surface with two different indicated adsorption sites.
Dashed and solid arrows mark jumps to next nearest neighbor and
nearest neighbor sites, respectively. (d) Sketch of type conserving and
type changing movements with according movement length.

atoms are observed in dI/dU maps in the negative voltage range. This is due
to different adsorption sites on the Pt substrate. Up to now, we cannot assign
the spectroscopic signature to a corresponding stacking. It is known, that the
fce site is by 25meV more stable than the hcp site, but the diffusion barrier is
275 meV high and thus much higher than the temperature at which the atoms are
deposited (T' < 25K) [125]. We thus expect an equal distribution of fcc and hep
stacked atoms. In fact in some of our experiments we saw a predominance of one
spectroscopic type while in others the other type is predominant.
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Figure 6.6: (a) Topographic image of single Co atoms on Pt(111) (partly differ-
entiated). (b) dI/dU map measured simultaneously to (a). (¢) dI/dU
spectra obtained above single Co atoms indicated in (a) and (b), re-
spectively. (d) Magnified view of dI/dU spectra around Ep. (T =
0.315 K, Istab = 0.510A, Ustap, = —2.0V, Upoa = 50mV)

In order to reveal the origin of the differences in the electronic structure, dI /dU
spectra have been measured above Co atoms, which appear to be equal in topog-
raphy (see Fig. 6.6(a)) but different in simultaneously recorded dI/dU maps (see
Fig. 6.6(b)). The Co spectra as well as the spectra above the bare Pt surface
are displayed in Fig. 6.6(c). From —1.0V to —0.35V the three spectra appear
quite equal with a nearly linear decrease in conductivity interrupted by a peak
at —0.65€V. For energies above —0.35eV the Pt shows generally a lower intensity
than the Co spectra. Again a broad feature around the Fermi energy and an in-
creasing dI /dU signal starting at +0.3 V due to the surface state can be observed
for the Pt spectra (e.g. Fig. 4.7). While both Co spectra appear nearly identical
in the whole energy range small differences are visible near the Fermi energy. The
energy range from —0.35eV to +0.2eV is shown in Fig. 6.6(d). Both Co spectra
exhibit a peak slightly below Er which is much stronger than that one on the Pt
substrate. The peak of the type B atom is shifted energetically downwards by
about 50 meV. This spectroscopic difference is the reason for the different spectro-
scopic signatures observed for both types of atoms in the dI/dU maps. While the
general conclusion about the spectroscopic difference between fcc and hep stacked
Co atoms is consistent with a recent publication [87] the advanced assignment of
the spectra to a specific stacking by comparison to first principles calculations has
to be postponed to the future. Anyhow, this shift in the electronic structure due
to different stacking is also consistent with our results on Co monolayer structures
presented in Chap. 5.

In order to clarify the question about the existence of the Kondo-effect for
single Co atoms on Pt(111) we performed dI/dU spectroscopy with a high lateral
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and energy resolution at 0.315K. Figure 6.7(a) shows the topography of the Co
atom. dI/dU spectra above the Co atom and the Pt substrate as indicated in (a)
are shown in Fig. 6.7(b). Both spectra exhibit an increased conductance in the
negative energy range with a higher intensity for the Co as it has been observed
in Fig. 6.6(c). This decrease is also visible on the Pt(111) substrate but much less
pronounced. When passing the Fermi energy an abrupt decrease in the dI/dU
signal becomes visible. As outlined in Sec. 6.1 the Kondo-effect of single magnetic
impurities on non-magnetic substrates has been found by observing the Kondo
resonance close to Er in STS spectra. The shape of the Kondo resonance depends
on the relative coupling ¢ of the tip to the localized atomic orbitals and to the
delocalized states in the substrate. According to Refs. [104,105] it is given by a
so-called Fano line shape:

(q+¢€)?

dl/d .
/AU 1+ ¢

(6.4)

e = (eU —exk) /T is the normalized energy and ex is the position of the resonance of
width I relative to Er. According to Ref. [107] ex varies from -3 meV to +3 meV
for Co atoms on various substrates. In order to reveal whether the observed sharp
crossover in Fig. 6.7(b) from a high dI/dU signal in the negative energy range to
a lower one for positive energy could originate from the Kondo-effect, Fig. 6.7(c)
shows several Fano line shapes which have been calculated for different line shape
characterizing parameters q. The shape of the line ranges from a dip to a peak
depending on q. For g equal to 1 a step-like feature is observed. But in contrast
to Fig. 6.7(b) the step has a positive slope around ex. Thus, the measured feature
cannot be fitted by a Fano line shape.

We can summarize that no hints for a Kondo effect for Co on Pt(111) are ob-
served by STS. Generally this can be caused by three reasons: First, the Kondo-
effect related feature could be hidden by the characteristic dI/dU intensity change
of Co on Pt(111) close to Fr. This is rather unlikely since the Kondo resonances
typically cause intensity changes of up to 20% which are comparable with the
dI/dU change observed on the present sample. Second, Tk could be too low.
According to Eqn. 2.22 the energy resolution of this experiment is 0.75 meV. As-
suming that a Fano lineshape with a width of I' = 2AFE is still observable, this
would result in Tx ~ 9K with I' = 2kgTx [126]. Basically this cannot be ruled
out but seems to be unlikely too, since Tk >55 K was found for Co atoms on sev-
eral substrates [107]. The third and most likely reason why no Fano line shape is
observed could be the strong magnetocrystalline anisotropy s which is sufficient
to destroy the Kondo-effect due to F4 > kpTk.
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Figure 6.7: (a) Topographic image of a single Co atom on Pt(111). (b) dI/dU
spectra obtained above a single Co atoms and Pt substrate as indicated
in (a). (T'=0.315K, Lsap = 1.0nA, Ugap = +40mV, Upoq = 0.3mV).
(c) Calculated Fano line shapes according to Eqn. 6.4.

6.4 Manipulation

This section shows first experiences regarding the manipulation of single Co atoms
on Pt(111). The manipulation has already been used to reveal the position-
dependent electronic structure of single Co atoms on Pt(111) as described in the
previous section.

Manipulation modes

For modifying a surface and changing an arrangement of adsorbates by an STM
tip three different parameters play an important role as described in the litera-
ture [127]: First, the electrical field between the surface and the tip can decrease
the migration barrier at the surface and therefore can induce the diffusion of ad-
sorbates. Second, a sufficient high tunneling current can induce the movement
of atoms and molecules due to vibrational excitations. The third and most im-
portant parameter, especially for manipulation on metal surfaces, is the strength
of the effective force between the tip and the adsorbate at the surface. This ef-
fective force is a superposition of several forces, namely the van-der-Waals force,
the electro-static force, and the force due to chemical bonds between tip and ad-
sorbate, which is created for very small distances less than 3 A. Compared to the
electrical field and current effects the effective force is localized [127]. In addition,
this force can be very easily tuned by increasing or decreasing the tip-sample
distance due to changed tunneling parameters.

Two different ways of manipulating single atoms can be distinguished: the ver-
tical [128,129] and the lateral mode [130-132]. In the vertical mode the tunneling
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Figure 6.8: Images of an ensemble of nine Co atoms on Pt(111). (a),(d), and
(f) Topographic images of the same sample area. (b), (c), and (e) Ma-
nipulation images. The bar marks scan lines where a small bias voltage
bas been applied. White arrows indicate the direction of the slow scan
axis. ((a)-(f) T'= 0.315K). (g) Section along the line indicated in
(a). (h) Topographic image before manipulating the marked atom in

a controlled manner. (i) Topographic image after the manipulation.
(T = 4.2K)

parameters create a tip-adsorbate interaction which is stronger than the substrate-
adsorbate interaction. This results in a picking up of the adsorbate by the tip. By
changing the tunneling parameters the adsorbate can afterwards be transferred
to the substrate at a different position. In the lateral mode the adsorbate never
looses the contact during manipulation. The lateral manipulation of Co atoms
on Pt(111) has been achieved by using sufficiently low bias voltages in the range
of 20mV and high tunneling currents of about 10nA as will be described in the
following section.
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Manipulated Co atoms

Figure 6.8(a) shows six topographic images of an ensemble of nine single Co atoms
on the Pt substrate. The white arrow marks the up or down direction of the slow
scan axis. All nine atoms appear with the same height. Due to a small double
tip they show a shoulder on the upper right side. Even though the tunneling
current is quite high (10nA), the bias voltage of —0.6 V is obviously not sufficient
to induce any movement. While recording the topographic image Fig. 6.8(b) the
bias voltage was set to —0.02V where indicated by the bar on the left. For these
scan lines the substrate appears differently and all atoms except #2 and #3 are
imaged as stripes. Obviously due to changing the bias voltage to a low value,
the tip-adsorbate interaction is tuned in a way, that the Co atoms are following
the slow scan direction of the tip movement. Therefore we call the image (b) a
manipulation image. As visible in this manipulation image the movement of the
atoms #1 and #4-7 stops and only the movement of #8,9 continues until the
bias voltage is reset to —0.6 V. It seems that #8 and #9, which were already close
together in (a) are now bound to form a dimer. This is supported by the fact that
the tracks of this adsorbate appear higher than the tracks of other adsorbates with
the same Pt background. Figure 6.8(c) shows a manipulation image for scanning
from the bottom to the top of the probed area. Now the dimer formed by #38,9
is moving upwards. Figure 6.8(d) displays the situation after the manipulation.
A comparison to (a) reveals a position change of the atoms #1 and #5-7 and
a compact Co dimer formed by the two closely located atoms # 8 and #9 in
Fig. 6.8(a). In this topographic image the dimer appears a little more elongated
and significantly higher than the round single Co atoms as visible in the section
(Fig. 6.8(g)) along the line indicated in Fig. 6.8(d). From other STM experiments
it is known that individual atoms in the compact shaped dimers cannot be resolved
when the inter-atom distance is less than 5 A [112]. An additional manipulation
image in Fig. 6.8(e) reveals that only the dimer has been moved while the other
single Co atoms remain on their former positions. A closer look to the topography
after the manipulation in (f) shows that the dimer has been located close to a dirt
adsorbate before manipulation.

Figures 6.8(h) and (i) show a controlled manipulation of one single Co atom.
After recording Fig. 6.8(h) the tip has been placed directly above the selected
atom which is marked by a circle. Then the tunneling parameters for manipulation
(+0.02V, 10.0nA) were applied followed by a lateral tip movement over a distance
of 2nm without scanning. At the new position the parameters were reset to the
indicated scanning values. The situation after the manipulation is displayed in
Fig. 6.8(i). It is visible that all other adsorbates exhibit their former position
except for the marked atom. It has been moved by the chosen length and direction.

These experiments provided us with first experiences regarding the manipula-
tion of single Co atoms on Pt(111) at 0.315K and 4.2 K.
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6.5 Height switching

In the previous sections it has been shown that all single Co atoms appear with
equal height in topography while Co dimers show an increased height and width in
comparison to the single atoms. For some of our samples it has been observed that
some Co atoms appear with a different height in topography and can change their
height under certain scanning conditions. This will be called height switching.

Figures 6.9(a) and (b) show two topographic images of single Co atoms on
Pt(111), recorded consecutively with a bias voltage of 1 V and a tunneling current
of 100 pA. A comparison of both images reveals that the apparent height of the
two Co adsorbates marked by circles is changed. The height profiles along the lines
in Fig. 6.9(a) and (b) are displayed in (c¢). In both profiles three different height
levels are distinguishable. Taking all Co adsorbates into account, which are visible
in (a) and (b), nearly two third exhibit the usual height of 0.14nm and a nearly
perfect spherical shape with a FWHM?* of 0.75nm. The remaining adsorbates
show a different height of 0.16 nm or 0.20nm. A comparison of both line profiles
along the lines in (a) and (b) reveals that the marked Co adsorbates A and B
switch to different height levels. The Co adsorbate A switches from 0.14nm to
0.16 nm while B switches from 0.14nm to 0.20nm. Such a switching of the height
has been observed for some of our samples while scanning with bias voltages in
the range of 1V and above. We also observe the reversed switching from 0.2 nm
to 0.14nm and 0.16 nm to 0.14nm. In order to exclude that the height switching
is related to the individual position of the Co adsorbates described in Sec. 6.3
we probed the spectroscopic signature of the switched adsorbates. Figures 6.9(d)
and (e) show topographic images and the simultaneously recorded dI/dU maps
which reveal the different positions of the single Co atoms. In Fig. 6.9(d) three
atoms have been marked by circles, two of them are of type A and one is of type B
according to the results of Sec. 6.3. After scanning at +1.5V, Fig. 6.9(e) shows the
same area. As shown in Fig. 6.9(f) the three marked Co atoms changed in height
from 0.12nm to 0.16 nm. In addition, a tip change took place which leads to an
elongated appearance of all adsorbates. In the simultaneously recorded dI/dU
maps all height switched atoms appear equally but significantly different from the
atoms of type A or B. Their spectroscopic signature is a black spot with a small
white satellite spot at the left.

So far the reason for the height switching of the Co atoms is unknown. The
previous observations rule out that the height change is related to the position with
respect to the Pt substrate. Also magnetic effects are not likely, since the height
switching was also observed with nonmagnetic tips. Even though the switched Co
adsorbates appear with a similar height as Co dimers, we exclude a tip induced
dimer formation, i.e. no Co atoms are transferred from the tip to a single atom
on the substrate. Furthermore, no relation of the switching to the site of the

‘FWHM is an acronym for Full Width at Half Maximum



Height switching 99

(a)

(c) r I Section A

Ul RIS

O

W
\JL |

lateral distance (nm)

1
'

>
w

height (A)
N

N I (f)
- F SectionA ]

ITETE

I

F SectionB 7

2 4 6 810
. 1 ; | lateral
i "',Qi e distance (nm)

Figure 6.9: (a),(b) Topographic images of Co adsorbates on Pt(111) (U = 1V,
I = 100pA). Two marked adsorbates exhibit a height change in (b)
with respect to (a). (c¢) Sections along indicated line in (a) and corre-
sponding positions in (b). (d),(e) Topographic images and simultane-
ously recorded dI/dU maps. (f) Sections along indicated lines in (d)
and (e), respectively.

modified adsorbate concerning the vicinity to one of the remaining dirt adsorbate
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Figure 6.10: (a) Topographic image of single Co atoms on the Pt(111) surface.
(b) Topographic image of the same sample area using a lower bias
voltage. In contrast to (a) at this bias voltage a hexagonal pattern on
the Pt(111) surface becomes visible. This pattern might be caused
by adsorbed hydrogen atoms. (7' = 0.315K, I = 6.0nA)

was revealed. Thus, there are no experimental hints that such a height change is
a tip induced change of the chemical composition of the Co adsorbates by forming
a complex with one of the visible dirt adsorbates. The only mechanism we cannot
exclude is the formation of a complex of a Co atom with an atom or molecule
from the gas phase or with another adsorbate that is not imaged at the scanning
parameters. The latter explanation is favored due to the following result:

On some of our samples where we observed the height switching an adsorbate
induced hexagonal pattern has been observed using very low bias voltages. Fig-
ure 6.10(a) shows a topographic image of several Co atoms on the Pt(111) surface.
Except for the known dirt adsorbates only a small modulation in z of 2pm due
to vibrational noise is visible on the substrate. Figure 6.10(b) shows the same
area but now imaged using a lower bias voltage. A hexagonal pattern with a
nearest-neighbor distance of about 0.9nm and a modulation in z of up to 5pm is
observed. These patterns can be observed only for low bias voltages |U| <25mV.
For larger bias voltages the pattern disappears as in Fig. 6.10(a). Furthermore,
the pattern can be changed by scanning with a higher bias voltage. It is related
to a regular arrangement of an absorbate. Since the occurrence is only observed
on some samples, it is probably not related to an intrinsic property but somehow
related to the preparation process. Our favored explanation is the deposition of
hydrogen from the gas phase since hydrogen represents the largest fraction of the
UHV background pressure gases. From STM experiments on Cu(111) at 5K it
is known that the closed ML of Hy forms a hexagonal pattern (nearest-neighbor
distance of about 0.4 nm) similar to our observations [133]. The influence of hy-
drogen to single metal adsorbates has been studied by room temperature STM
experiments on Pt adatoms on Pt(110)-(1x2). It was revealed that hydrogen
atoms form Pt-H complexes, which appear 0.4 A higher than pure Pt adatoms in
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STM images [134].

These results suggest, that the height switching is related to the formation of
complexes from Co atoms and one or several H atoms, which are manipulated
from the substrate on the atom by the tip. This hypothesis could be proven by a
controlled dosing of H onto the Co/Pt(111) sample.

6.6 Summary

In conclusion a detailed study of the site dependent and spin-averaged electronic
structure of single Co atoms on Pt(111) has been presented.

Although Co atoms appear uniformly in topographic images, it is possible to
distinguish two different species in dI/dU maps and dI/dU spectra. It has been
shown that the specific spectroscopic signature can be related to the adsorption of
the single atoms at fcc or hep positions with respect to the Pt(111) substrate. The
spectroscopic difference between the differently adsorbed atoms is a small shift in
the electronic structure similar to the results on Co monolayer and double-layer
nanostructures presented in Chap. 5. But in contrast to the extended layers the
spectroscopic differences showed up in a narrow energy range close to the Fermi
energy. These results are in excellent agreement with a recent publication by
Yayon et al. [87]. No indications for a Kondo-effect around the Fermi energy
were found using an energy resolution of less than 1 meV. Thus, either the Kondo
temperature is far below or the magnetocrystalline anisotropy is large enough to
stabilize the magnetic moments of the Co atoms.

First experiments showing the successful manipulation of Co atoms were per-
formed. We can conclude, that even with a software and hardware system, which
is not optimized for manipulation procedures, it is feasible to manipulate Co atoms
on Pt(111) in a well controlled manner. After an improvement of the technical
conditions it should be possible to construct Co chains of different length and
shape and investigate their magnetic properties by SP-STM.

Even though a final prove for the mechanism which causes the height switchings
is missing, the presented results favor the explanation, that complexes are formed
from Co atoms and one or more H atoms. These appear several tens of a pm
higher in topography and can be identified by their spectroscopic signature in
dI/dU maps. Such Co-H complexes provide an interesting model system to study
their electronic and magnetic properties.

The results presented in this Chapter make a contribution to the understanding
of the spin-averaged electronic properties of single Co atoms on Pt(111), which is
the basis for future studies of the magnetic properties using spin-resolved STM.
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7 Conclusions and outlook

In this thesis the electronic properties of the bare Pt(111) surface, the structural,
electronic, and magnetic properties of monolayer and double-layer high Co nano-
structures on Pt(111) as well as the spin-averaged electronic structure of single
Co atoms on Pt(111) were studied.

Most of the scanning tunneling microscopy and spectroscopy experiments have
been performed in an STM facility operating at temperatures of down to 0.3 K
and magnetic fields of up to 14T under ultra-high vacuum conditions. Within
the time period of this thesis the facility has been taken into operation. The
performed characterization measurements revealed a very high stability of the
tunneling junction and an energy resolution of about 100 peV.

The (111)-surface of a Pt single crystal has been investigated at 0.3 K by scan-
ning tunneling spectroscopy. By imaging scattering states on the Pt(111) surface
and by measuring the local density of states the dispersion of an unoccupied sur-
face state on Pt(111) was measured experimentally for the first time. Due to
a comparison of the measured dispersion to the band structure, which has been
obtained by density functional theory calculations, the surface state was assigned
to a sp derivated surface state. It is located close to the bottom of the projected
bulk band gap and exhibits a strong spin-orbit induced spin-splitting. The close
vicinity to the bulk bands leads to a strong linear contribution to the dispersion
and thus to a deviant appearance in the density of states in comparison to the
surface states of the (111) surfaces of noble metals.

Monolayer and double-layer high Co nanostructures on the Pt(111) surface re-
veal an interrelation of their structural, electronic, and magnetic properties as
investigated by spin-resolved scanning tunneling microscopy and spectroscopy at
13 K. An inhomogeneous stacking of the Co atoms within both kinds of nano-
structures due to the large lattice mismatch between Co and Pt is found. This
causes an inhomogeneous electronic structure of the nanostructures especially be-
low the Fermi energy which also changes the energy resolved spin-polarization on
the scale of only a few A. In the case of the monolayer high Co nanostructures
insights into the stacking-dependent energy shifts of dominant peaks in the local
density of states are given by density functional theory calculations for pseudo-
morphic Co layers on Pt(111) in different stacking. These calculations show that
the dominant features in the local density of states of Co originate from a d like
Co surface resonance, which hybridizes stacking dependent with sp CoPt states.

The magnetic state of all probed Co nanostructures was found to be out-of-
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Figure 7.1: left: dI/dU map of Co monolayer wires and islands on the Ir(111)
surface. An out-of-plane sensitive magnetic Fe-coated tip was used.
The Ir(111) substrate appears white. The two different colors of Co
wires and islands indicate opposite magnetic states. right: By applying
a magnetic field of +2.0T only one single marked Co island switched
its magnetic state. (I = 1.5nA, U =—-04V, T = 12.7K)

plane. By studying the domain wall width on Co monolayer wires the exchange
length was determinated. In contrast to Ref. [7] no indications for a change of
the anisotropy from the in-plane direction for the atoms within the islands to
an out-of-plane direction for the rim atoms were found. Instead, a uniform out-
of-plane anisotropy of +0.08 meV /atom < K.z < +0.17meV/atom was found
for atoms of the monolayer. Measurements in the presence of a magnetic field
gave insights into the influence of the sample morphology on the coercivity of the
probed nanostructures. The coercivity of Co double-layer nanostructures is found
to be surprisingly high with poH. >2.0T.

Single Co atoms on Pt(111) show a spectroscopic signature dependence on dif-
ferent adsorption sites on the substrate as observed for the Co atoms within the
Co monolayer nanostructures. In contrast to the monolayer the spectroscopic dif-
ference was found in an energy range close to the Fermi energy. No hints for a
feature related to the Kondo-effect was observed. This leads to the conclusion,
that either the Kondo temperature of Co/Pt(111) is far below 10K, or the mag-
netic anisotropy of 9meV per Co atom found by Ref. [8] is indeed large enough
to stabilize the magnetic moment of a single Co atom at 0.3 K. Besides first ex-
periments on the manipulation of the Co atoms, indications for H-Co complexes
were found on the Pt(111) surface. The formation of these complexes influences
the topographic as well as the spectroscopic appearance of the Co adsorbates in
comparison to pure Co atoms.
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The main future goal is probing the magnetic state of a single atom on a non-
magnetic substrate. Based on the results of this thesis a lot of premises for promis-
ing spin-resolved experiments are fulfilled. Concerning the technical requirements
the 3He STM facility operates with a very high lateral and energy resolution even
in the presence of high magnetic fields. From the experimental point of view wide
knowledge and experience about the preparation and the spin-averaged electronic
structure of the single Co atoms have been obtained. Taking into account the
results concerning the magnetic properties of the Co nanostructures a promising
experiment is given by the common preparation of Co double-layer nanostructures
and single atoms. The high coercivity of the nanostructures would allow to probe
the magnetic state of an out-of-plane sensitive Cr-tip even in the presence of an
applied magnetic field. Therefore, a fully characterized tip can be used to study
the magnetism of the single atoms on the same sample area.

A preliminary result of a similar magnetic Co system is shown in Fig. 7.1.
Co monolayer islands and wires were deposited on Ir(111) at room temperature.
In contrast to Co on Pt(111) the nanostructures grow in a pseudomorphic mode.
Concerning the electronic structure and the direction of the magnetic anisotropy it
behaves quite similar to the Co on Pt(111) system. Measurements in the presence
of an applied external magnetic field reveal that 2T are obviously not sufficient
to switch the magnetic states of the islands. This might indicate a high substrate
driven magnetocrystalline anisotropy, which could be even higher than for the
Co/Pt(111) system. Thus, Co atoms on Ir(111) are also a promising system to
study the magnetization of single atoms and chains by SP-STS.
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