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Abstract

Spin-polarized scanning tunneling spectroscopy is well suited to study the
correlation between structural, electronic and magnetic properties with
high spatial and energy resolution. This thesis reports on the first observa-
tion of magnetization curves of individual atoms by spin-polarized scan-
ning tunneling spectroscopy (single-atom magnetization curves), which is
used to investigate Co atoms adsorbed on Pt(1 1 1) and Fe atoms adsorbed
on Cu(111).

A systematic study of different Co nanostructures on Pt(111) reveals
an inversion of the spin polarization in the vacuum above individual Co
atoms with respect to larger Co nanostructures, as e.g., dimers and layers,
which is attributed to the enhanced rotation symmetry of single atoms.
This effect is believed to be general for single magnetic atoms adsorbed on
surfaces.

The magnetization of the isolated Co atoms is found to be switching at
0.3 K, which is as yet too rapid to observe, and hence they behave param-
agnetically. Fitting to a quasiclassical paramagnetic model, the magnetic
moment is deduced to have a mean value of 3.5 ug with a wide spreading.

Co atoms located close to Co nanowires are proven to be stabilized
due to the Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling with the
nanowires which is probably mediated by a surface resonance of Pt(111).
As revealed by the investigation of Co pairs the RKKY coupling depends
strongly on the distance and especially on the relative direction with respect
to the substrate on the atomic scale, which is attributed to the non-spherical
Fermi surface of the substrate. The measured pairwise RKKY coupling
map is demonstrated to reliably predict the magnetism of more complex
nanostructures built from a larger number of atoms. The same indirect
exchange interaction between distant individual Co atoms forms a spatially
inhomogeneous mean field, giving rise to the spreading in the magnetic
moments.

A spin polarization above the Pt(11 1) surface in the vicinity of the Co
nanowires is detected and found to be exponentially decaying in lateral
distance from the interface with a long decay length of 1 nm.

The investigation of Fe atoms on Cu(111) also reveals paramagnetism
with an out-of-plane easy axis and an RKKY mean field with a comparable
strength as for Co adatoms on Pt(111).
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Zusammenfassung

Spinpolarisierte Rastertunnelspektroskopie ist bestens geeignet zur Un-
tersuchung der Korrelationen zwischen strukturellen, elektronischen und
magnetischen Eigenschaften mit hoher Orts- und Energieauflosung. In
dieser Arbeit werden die ersten Messungen von Magnetisierungskur-
ven einzelner Atome mit Hilfe von spinpolarisierter Rastertunnelspek-
troskopie (Einzelatom-Magnetisierungskurven) vorgestellt, welche ver-
wendet werden um Co Atome auf Pt(111) und Fe Atome auf Cu(111) zu
untersuchen.

Eine systematische Untersuchung verschiedener Co Nanostrukturen
auf Pt(111) zeigt eine Inversion der Spinpolarisierung im Vakuum {tiber
einzelnen Co Atomen gegentiber grofieren Co Nanostrukturen, wie z.B.
Dimeren und diinnen Schichten, was auf die hohere Rotationssymmetrie
der Einzelatome zuriickgefiihrt wird. Bei diesem Effekt handelt es sich
vermutlich um eine allgemeine Eigenschaft einzelner auf Oberflachen ad-
sorbierter magnetischer Atome.

Die Magnetisierungsrichtung einzelner Co Atome schaltet selbst bei
0.3 K mit einer Frequenz die Zeitauflosung des Experiments tibersteigt.
Daher wird ein paramagnetisches Verhalten der Atome beobachtet. Durch
anfitten eines quasi-klassischen paramagnetischen Modells wird auf ein
mittleres magnetisches Moment von 3.5 up geschlossen, mit einer breiten
Streuung der Messwerte um den Mittelwert.

Co Atome in der Ndhe von Co Nanodrihten zeigen eine Stabilisierung
ihrer Magnetisierungsrichtung durch die die Rudermann-Kittel-Kasuya-
Yosida (RKKY)-Wechselwirkung mit den Nanodrihten, welche vermut-
lich tiber eine Oberflachenresonanz von Pt(111) vermittelt wird. Die Un-
tersuchung von Co Paaren zeigt, dass die RKKY-Kopplung stark vom
Abstand und insbesondere von der relativen Richtung, bezogen auf die
atomare Oberfldchenstruktur des Substrats, abhéngt. Dieser Effekt wird
der nichtsphédrischen Fermi-Fldche des Substrats zugeschrieben. Es wird
gezeigt, dass die gemessenen paarweisen RKKY-Kopplungsstirken zu-
verldssige Vorhersagen tiber die magnetischen Eigenschaften komplexerer
Nanostrukturen welche aus einer grofieren Anzahl von Atomen beste-
hen, erlauben. Eben diese indirekte Austauschwechselwirkung zwischen
weit voneinander entfernten einzelnen Co Atomen erzeugt ein raumlich
inhomogenes effektives Magnetfeld, welches fiir die breite Streuung der
gemessenen magnetischen Momente verantwortlich ist.

Uber der Pt(111) Oberfliche wurde in der Nihe von Co Nanodrihten
eine Spinpolarisierung gemessen, welche lateral exponentiell mit einer
grofien Abklingbreite von 1 nm mit dem Abstand vom Nanodraht abn-
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immt.

Die Untersuchung von Fe Atomen auf Cu(111) ergibt ebenfalls ein
paramagnetisches Verhalten, mit der leichten Magnetisierungsrichtung
senkrecht zur Oberfldche und einem effektiven RKKY Magnetfeld welches
mit dem fiir Co Atome auf Pt(111) vergleichbar ist.
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Chapter 1

Introduction

Being economical while living in the information age, there is ever grow-
ing interest over the recent decades in decreasing the size of magnetic
data storage and spintronic devices. Currently, magnetic atoms adsorbed
on non-magnetic substrates are of great interest and exploited as ideal
model systems for the ultimate thinkable bit [1]. The magnetism of a
single atom adsorbed on the surface of a crystal (adatom) is well-defined
and controllable, and hence can be compared straight forwardly to density
functional calculations. The fundamental understanding of adatom mag-
netism is a prerequisite towards the design of more complex and larger
magnetic nanostructures built by ensembles of adatoms. The trend of
miniaturization towards the limit of single atoms calls for appropriate
tools to characterize their magnetic properties. A magnetization curve,
i.e.,, the measurement of the magnetization in response to an external
static magnetic field, is the most direct experimental approach to study
magnetic materials. It has been used since the early days of modern re-
search in magnetism to deduce their basic properties. Various techniques,
as e.g., micro/nano superconducting quantum interference device (micro-
/nano-SQUID) measurements [2, 3] and X-ray magnetic circular dichroism
(XMCD) measurements [4], are able to measure magnetization curves of
magnetic nanostructures, albeit limited to nanoparticles or large ensem-
bles of adatoms. In this thesis, a new method to record the magnetization
curve of one individual atom with a magnetic moment in the order of a Bohr
magneton (ug) has been developed. The technique used is spin-polarized
scanning tunneling spectroscopy (SP-STS). It can reveal the correlation be-
tween structural, electronic and magnetic properties in real space at the
atomic level [5, 6]. Therefore, not only the role of the very local environ-
ment can be studied but also the electronic origin which determines the
magnetic properties.



The figure of merit for the study of atomic magnetism using STS is
usB/ksT where B is an external magnetic field, kg is the Boltzmann constant
and T is the temperature. In order to be sensitive enough to resolve the
Zeeman splitting, the figure of merit has to be much larger than 1. Since
furthermore interactions on the scale of tens of eV are often dominating in
atomic magnetism, the temperature needs to be smaller than 1K. Therefore,
all the experiments are carried out in a scanning tunneling microscope
(STM) operating at 0.3K and in a magnetic field up to 12 T, leading to a
tigure of merit of about 30. In order to obtain intrinsic properties of single
magnetic adatoms, all the experiments are performed in ultra high vacuum
(UHV) on atomically clean single crystal surfaces.

Two basic properties have to be considered while developing new mag-
netic materials for data storage: the magnetic moment and the magnetic
anisotropy which forces the magnetic moment into a certain direction [1].
While a large magnetic moment can supply strong signal, the combination
with a sufficiently large magnetic anisotropy can beat the superparam-
agnetic limit, making the magnetization stable and thus usable as a non-
volatile bit. This work is mainly performed on Co adatoms on the Pt(111)
surface. This is a prototypical system where 3d magnetic atoms are ad-
sorbed on a 54 nonmagnetic metallic substrate. Such a combination of
different transition metals is of fundamental interest considering the fol-
lowing properties. 3d metals like Cr, Mn, Fe, Co and Ni are strong magnets
and therefore can supply quite high magnetic moments. Transition metal
substrates have a larger conduction electron density as compared to sp-
metals like alkali metals, and, more importantly, their d states are partly
occupied and cross the Fermi level (Eg). These electronic properties heav-
ily affect their magnetic properties, as e.g., the susceptibility. Moreover, d
orbitals exhibit a strong anisotropy, and therefore the hybridization of 3d
with 5d states may lead to unequal filling of the orbitals of distinct symme-
try. This can result in a strong anisotropy of the orbital magnetization [7].
In addition Pt has a large Stoner enhancement factor and is highly polariz-
able (“nearly ferromagnetic”), and thus forms “giant moments” in contact
to 3d impurities. Finally the typical Kondo temperature (Tx) for Co diluted
in Pt bulk is 1 K [8]. Therefore Ty for Co on Pt(111) is at least < 0.1 K due
to the reduced coordination [9, 10, 11, 12], that is the magnetic moment of
Co adatoms is not screened by the Pt conduction electrons and it retains a
magnetization. SP-STM is therefore applicable.

Co nanostructures grown on Pt(111) have been extensively studied in
experiments [4, 13, 14, 15, 16,17, 18, 19, 20, 21] and theory [22, 23, 24, 25, 26,
27,28, 29, 30]. It was found by XMCD that the system of Co adatoms on
Pt(111) has a spin moment mg of 2.1 Bohr magnetons (ug) and an orbital

2



moment of 1.1 ug for the Co adatoms, while the induced magnetic moment
of the Pt is 1.8 ug [4]. The spin and orbital moments of Co adatoms are
significantly smaller as compared to the free atom due to the hybridization
of the 3d states of Co with the 54 and 6s states of Pt, but substantially
increased as compared to bulk Co due to the decrease in the coordination.
The most striking property of this system is the large uniaxial magnetic
anisotropy perpendicular to the Pt(111) surface (as also found by XMCD),
with a magnetic anisotropy energy (MAE) of 9.3 meV/atom [4]. The origin
for this high anisotropy is three-fold. First, the symmetry of Co adatoms is
broken as compared to the free Co. Second, the coordination of Co adatoms
is reduced leading to the localization of 3d electrons, which increases the
local electronic density of states (LDOS) near Er as well as mg. Finally, there
is an additional contribution to MAE from the strong spin-orbit coupling of
the Pt 5d electrons. These properties makes it a promising system to study
the fundamentals of magnetism of atoms in contact to a metallic substrate.

In this thesis the following basic issues with a view to the science
of nanomagnetism and to the future potential application have been ad-
dressed:

1. The spin-resolved electronic structure is the key for a fundamen-
tal understanding of the magnetic properties of materials. In addition,
the spin polarization of magnetic materials determines the quality of a
magnetic device, as e.g., the magnetoresistance of a magnetic tunneling
junction. With SP-STM, the spin-resolved differential conductance is de-
tectable which can easily be related to the spin-dependent LDOS. Chapter 5
will present the study of the spin-resolved spectroscopic properties of Co
adatoms on Pt(111).

2. The stability of magnetization is crucial for building a nonvolatile
memory. Its characterization is especially important for single magnetic
adatoms where the superparamagnetic limit becomes even more criti-
cal. As demonstrated for more than a hundred year, magnetic stability
and magnetic moments can be immediately revealed from magnetiza-
tion curves. Chapter 6 will present the newly developed methodology
of single-atom magnetization curves.

3. Magnetic interactions are the origin for (anti-)ferromagnetism in
condensed matter. RKKY coupling is one of the three basic magnetic inter-
actions existing in solids besides direct exchange and dipolar interaction.
It describes the indirect exchange interaction between distantly separated
magnetic ions mediated by the conduction electrons, and determines the
magnetic properties in many conducting materials which contain a diluted
amount of magnetic impurities. With the downscaling of the dimension of
magnetic devices towards the atomic size, the separation between each bit
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is also decreasing. Accordingly, their mutual interaction becomes promi-
nent which could be either positive or negative to the performance of
devices: (i) it could be exploited to mediate spin encoded information
from one bit to another, which is the basis of a spin-based logic, or (ii) it
could interfere the stored information. Therefore, a fundamental under-
standing of RKKY coupling at the atomic level is required. Chapter 7 will
present how the surface RKKY interaction can be mapped on the atomic
scale with the new technique. The sign, strength and directionality of the
RKKY interaction between different Co adatom nanostructures is studied,
which has a significant effect on the magnetic switching behavior of the
adatoms.

4. RKKY coupling is mediated by the conduction electrons. Therefore,
information on the electronic origin of RKKY coupling can be gathered
from the investigation of the spin polarization induced by magnetic nano-
structures. This can contribute to a detailed understanding of the substrate
effect on the magnetic properties of adatoms. Moreover, it is also of impor-
tance to the understanding of magnetic properties of multilayers where
the interface is known to play a key role but is not accessible. In Chapter 8
this issues is addressed in detail

5. In order to demonstrate that the new technique is applicable to
different substrates, experiments are also performed on Fe adatoms on a
Cu(111) surface which has a partially filled surface state and therefore is
very different from the Pt(111) surface. The initial results on the prepa-
ration of the sample and the magnetic imaging of the magnetization of Fe
adatoms will be presented in Chapter 9.

Finally, in order to achieve a complete insight into the single-atom mag-
netism, theoretical modeling is important. The first-principles calculations
described in this thesis have been performed by Dr. Samir Lounis from the
group of Prof. Dr. Stefan Bliigel and Prof. Dr. Peter H. Dederichs at the
Forschungszentrum Jiilich, while the Monte-Carlo simulations have been
carried out by Dr. Elena Vedmedenko in the Institute of Applied Physics
of the University of Hamburg.

The thesis starts with an introduction to the basics of SP-STM (chapter 2)
and to the experimental setup (chapter 3). Then, the preparation and spin-
averaged electronic properties of the sample, and the preparation and
calibration of the magnetic probe tip will be presented in Chapter 4.



Chapter 2

Scanning tunneling microscopy
and spectroscopy

This chapter explains the basic principle of scanning tunneling microscopy
(STM) and spectroscopy (STS). First it is briefly described how the STM
works. Then quantum tunneling as the principle of STM is introduced
within a one-dimensional model. In order to interpret the images that
the STM obtains, the Tersoff-Hamann model is described, followed by the
interpretation of the differential conductance. As the main technique the
spin-polarized STM (SP-STM) as well as its spectroscopy mode is then
described. Finally different modes of data acquisition are presented.

2.1 Scanning tunneling microscope

Figure 2.1 shows a schematic overview of the concept of the STM which
basically contains a conductive sample, a conductive tip as the probe,
and a feedback circuit. The sample and tip are separated by a vacuum
gap of several A leading to an overlap of the wave functions of the tip
and sample. During STM operation, a bias voltage V. is applied to the
sample so that a quantum tunneling current I starts to flow. The tunneling
current is recorded by a preamplifier and used as an input to the feedback
loop which regulates the vertical position z of the tip. This way, the tip can
scan in the x-y plane across the sample surface, and z is recorded at each
point (x, y) of the scanning area resulting in a real-space map of the surface
topograph z(x, y).

The vertical and lateral motions of the tip are accomplished by a piezo-
electric element called tube scanner which allows for a tip movement with
an accuracy better than 1 pm. In the constant current mode the detected
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Figure 2.1: Principle of an STM. The tip mounted in a tube scanner and
the sample are separated by a vacuum barrier of several A in width. When
a bias voltage V., is applied to the junction, a quantum tunneling current
I can flow which is amplified by a pre-amplifier and recorded. While the
gap spacing (z) of the two electrodes is kept regulated by a feedback loop
using the tunneling current, the STM can scan line by line across the sample
surface approximately following the topography of the surface.

tunneling current is compared to the setpoint current I, by the feedback
loop, the deviation is amplified to apply a voltage to the z-electrode of the
scanner tube until the difference vanishes. In order to let the tip move
in a line-by-line fashion, a periodic sawtooth voltage and slope voltage is
applied to the x- and y-electrode, respectively. A calibration allows the
translation of the voltage values into real height and lateral displacement.
The STM can work in spectroscopy mode as well, making the study of
electronic structures in real space possible. Since the tunneling current
exponentially depends on the separation as will be shown below, the STM
has an extremely high spatial sensitivity and consequently a very high
lateral resolution.

2.2 Quantum tunneling effect: Principle of STM

The basic mechanism of the STM is the quantum tunneling of electrons,
which describes the motion of electrons through a potential barrier of fi-
nite height and width. In classical mechanics particles with an energy
less than the barrier height are completely reflected from the barrier and
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Figure 2.2: Quantum tunneling of electrons in 1D. (a) In classical me-
chanics an electron with an energy lower than the height of a potential
barrier is forbidden to move across the barrier. (b) In quantum mechanics
the electron has a certain probability to penetrate the barrier and tunnel
through it. (c) In STM the work functions ¢ and ¢s of the tip and sample,
and the bias voltage V determine the effective barrier.

forbidden to move across it (see Figure 2.2(a)); however, within quan-
tum mechanics they can penetrate the barrier with non-zero probability.
This effect can be illustrated with a one-dimensional quantum-mechanical
model. We consider the elastic motion of an electron with an energy of E
less than the height V|, of a rectangular potential barrier with a width of s,
as shown in Figure 2.2(b). This problem can be analytically solved using
the time-independent Schrodinger equation in each region with respect to
the barrier:
n? d?
[ e V<z)] Y = EY), 2.1)

B 2m, dz2

where i is the Plank constant divided by 2m, m, is the free electron mass,
and 1 is the electron wave function. The solution of the wave function in
each region is given by:

V’DI = Alexp(—iklz) + Azexp(iklz) (22)
Yn = Biexp(—«z) + Brexp(kz) (2.3)
HDIII = Cexp(ikzz). (24)

Equation 2.2 describes a plane wave with incident and reflected compo-
nents, Equation 2.3 describes a wave with an exponentially decaying and
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rising component, and Equation 2.4 describes an outgoing plane wave.
Given the conservation of the energy and the boundary condition, we get

2m.E
k=k =k, = = (2.5)

Kk = /W, (2.6)

and the transmission coefficient
e 1
42| 1+ [(k2 + k2)2/4k%2] sinh®(ics)

and

(2.7)

If the barrier is high or wide enough that ks > 1, then the wave function
would be strongly attenuated leading to
16k%x?
T =~ m - exp(—2xks). (2.8)
The most significant finding here is the exponential dependence of the
transmission coefficient on the barrier width. Typically, ¥ ~ 0.1 A~! leading
to the drop of the tunneling current by one order of magnitude as the

distance increases by only 1 A. This guarantees the high spatial sensitivity
of the STM.

2.3 Tersoff~-Hamann model

In order to interpret what an STM measures, Tersoff and Hamann devel-
oped a simplest possible model which connects the measured tunneling
current and differential conductance to fundamental properties of sam-
ples [31, 32].

This model is based on the work by Bardeen [33] who described the
tunnel process from a different point of view as compared to the time-
independent wave matching method. Within this approach a tunneling
junction with two weakly coupled electrodes was studied. Then the tun-
neling of an electron can be viewed as an evolution of the electron from
a state in the first electrode to another state in the second electrode. This
problem can be solved with the time-dependent Schrodinger equation using
time-dependent perturbation theory. Therein the probability of the transi-
tion can be calculated using Fermi’s Golden Rule. As a consequence the
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tunneling current between the sample and the tip separated by a vacuum
barrier is given by

271e

= T LUE[-fE ] - fE+en]1- fED])
wy
o8 - £, 29)

where V is the applied bias voltage with respect to the sample, f(E) is
the Fermi-Dirac distribution function, E3 and EE are the Eigen energies
respectively corresponding to the states ¢/ in the sample and ybfl in the tip,
and M,,, is the tunneling matrix element describing the probability of the
transition of the electron from the state 1S in the sample to the state gbZ
in the tip. The delta function describes the conservation of energy for the
case of elastic tunneling. The tunneling matrix element can be calculated

by

2 - - -

M = i [ a3 (Wit -y 2.10)
where the integral should be carried out over any surface lying entirely
within the vacuum barrier. Obviously the calculation of the matrix element
M, requires the explicit expressions for the wave functions of the tip and
sample, which is hampered by the difficulty in determining the atomic
structure of the tip. Tersoff and Hamann [31, 32] used the simplest model
for the tip as shown in Figure 2.3.

Within this model, the tip apex was assumed to be of a locally spherical
symmetry and electronically only the s-type state with orbital quantum
number [ = 0 was taken into account. Often, most interesting physical
phenomena are related to ground states or low-energy excited states in the
vicinity of the Fermi level Eg. Therefore, Equation 2.9 can be reduced to

2 2
I = 3fvgyMw

for low temperatures and infinitesimally small bias voltages. Then within
the s-wave approximation M,,, can be derived and the tunneling current is
given by

* . S(ES — Ex) - 6(E], - Er) 2.11)

I o V-pr(Eg) - ps(Er, 7o) - exp(2kR), (2.12)

where pr(Eg) is the tip’s density of states at Eg, R is the tip radius, 7 is
the center of the tip curvature, and x = /2m.¢/h is the decay rate with ¢
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Figure 2.3: Geometry of the tunneling junction in the Tersoff-Hamann
model. The tip apex has a spherical curvature of radius R with the center
located at 7 and separated by the vacuum gap of thickness s from the
sample surface.

the effective barrier height which is approximately equal to the average of
the tip and sample surface work functions. ps(Er, 7p) is the local density of
states (LDOS) of the sample surface at Er evaluated at 7y, given by

ps(Er,7) = ) [WSG)] - 8(ES — Er). (2.13)

v

It is now clear that the STM topographs obtained at a low bias voltage in
the constant current mode (see below) represent the surfaces of constant
sample LDOS at Er measured at the center of the tip curvature at low tem-
perature. Since the wave functions decay exponentially into the vacuum,
ie., P3(7o) o exp(—«k(R + s)), the exponential dependence of the tunneling
current on the distance s becomes explicit as

I o exp(—2xks). (2.14)

At finite bias voltages the tunneling current is a weighted convolution
of the tip and sample density of states over a range of energies

eV
I « f pg(EF + €, 176) . pT(EF —eV+ €)d€, (215)
0
where ps(Er + €, 79) is the energy dependent LDOS of the sample evaluated

at7,, and pr(Er—eV +e)is that of the tip atom. Within the Wentzel-Kramers-
Brillouin (WKB) approximation the transmission coefficient of ps(Er +e€, 7)
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Figure 2.4: Electronic states involved in the STM. Filled states below Er
are indicated by shaded regions. The tip is assumed to have a flat density
of states, while the sample exhibits features in the LDOS sketched by the
curves. The tip and sample have different local work functions, resulting
in a non-rectangular vacuum barrier. The application of a bias voltage
shifts the tip and sample Fermi levels relatively. (a) Zero bias voltage. The
tunneling junction is in equilibrium and no net tunneling current flows
across the tunneling gap. (b) Negative bias voltage. Electrons from the
filled states in the sample tunnel into empty states in the tip. (c) Positive
bias voltage. Electrons from the filled states in the tip tunnel into the empty
states in the sample. Figures are taken from [34].

is given by

T (Eg+e€,eV,s)=
exp{—2(s + R) - \/2;;6

¢t (¢Ps) is the tip (sample) local work function. kj is the component of
the electron wave vector parallel to the surface. Obviously, T(Er + €, eV, s)
favors states with vanishing k. Therefore, the main contributions to the
tunneling current originate from the states located in the vicinity of the
center of the surface Brillouin zone I, and the transmission coefficient is
again exponentially dependent on the distance from the surface.

Figure 2.4 illustrates the electronic states involved in the tunneling
with different bias voltages. The sample LDOS is assumed to exhibit
features as indicated by the curves inside the barrier, while the tip has a
flat density of states (DOS) which is a good approximation for a tungsten
tip in the low tunneling bias range. The filled states below Er are sketched
by shaded regions. The arrows indicate the direction of the tunneling
current and their length indicate the different contributions of states at

+ g +eV ks
P+ s +eV (Ep+e— ]
2 2m,

W (2.16)
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different energies due to the transmission coefficient. Without an applied
bias voltage the Fermi levels of the tip and sample are aligned and no net
tunneling current flows, as shown in Figure 2.4(a). The application of a
negative bias voltage to the sample leads to the upward shift of the energy
levels of the sample, resulting in the tunneling of electrons from the filled
sample states in the energy window [Eg, Er + eV] into the empty states of
the tip (Figure 2.4(b)). The current is reversed for a positive bias voltage
and the electrons from the filled states of the tip tunnel into the empty
states of the sample (Figure 2.4(c)).

2.4 Scanning tunneling spectroscopy and
electronic properties

The STM is not only able to image the surface topography, but also to

study the surface electronic structure. In order to gain knowledge about

the electronic properties of the sample, the differential conductance can be
analyzed by differentiating Equation 2.15 with respect to the bias voltage

dI - -
d_V(V’ r0) o ps(Er +eV,7p) - pr(Er)

eV dpr(Eg + € —eV
+f ps(Er + €,70) - prifr + €~ e )de. (2.17)
0

dv

Note that here, the dependence of the dI/dV signal on the tip-sample
separation s is taken implicitly into account in the sample density of states
at 7 (tip location). With the approximation that the tip has a flat DOS pr
around Eg, it can be reduced to

dI - -
d_V(V’ r0) o ps(Eg +eV,1p) - pr(Eg). (2.18)

Therefore the energy-dependent LDOS of the sample at the location of
the tip can be obtained by measuring the differential conductance in the
spectroscopic mode of the STM.

In realistic experiments, the differential conductance is recorded at non-
zero temperature by means of a lock-in technique with a modulation volt-
age Vimoq added to Vi,,. While the former gives rise to thermal broadening
of the density of states, the latter determines the instrumental resolution
limit. The energy resolution of the experiment can be analyzed by us-
ing the Fermi-Dirac distribution function and the deconvolution of the
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Figure 2.5: Spin-dependent tunneling in a magnetic planar junction
within the Stoner-Wohlfarth model for band magnetism (only d-states
are considered). (a) Parallel magnetic configuration. The majority and mi-
nority electrons of FM1 tunnel into the empty majority and minority states
in FM2, respectively. (b) Antiparallel magnetic configuration. The major-
ity and minority electrons of FM1 tunnel into the minority and majority
states in FM1, respectively.

modulation and the LDOS, given by [35, 36]

AE = \/Atherm +AE2 = ABksT) + (2.5eVmoa)2. (2.19)

In order to detect features in the LDOS with a width less than AE, the
temperature and V4 have to be reduced as much as possible, which is

exactly the reason why a low-temperature STM is used in this work (see
Chapter 3).

2.5 Spin-polarized scanning tunneling
microscopy / spectroscopy

In contrary to the previous discussion, where the spin degree of freedom
of the tunneling electrons is not taken into account and all the expressions
are spin-averaged, spin-dependent tunneling of the electrons has to be
considered when the electrodes are both magnetic. In this case the STM is
named as spin-polarized STM (SP-STM).

The SP-STM can be well demonstrated by considering the spin con-
served tunneling between two ferromagnetic planar tunneling junctions
which is essentially the spin valve effect, as shown in Figure 2.5. The
band ferromagnetism of each electrode can be described with the Stoner
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model for a 3d, 4d or 5d magnetic metal. In this model the d-bands are
decomposed into majority and minority subbands. The majority subband
is shifted downwards relative to the minority subband by the amount of
exchange interaction, which typically is in the eV-range. This spin imbal-
ance in the filling number gives rise to a magnetization of the material, and
thereby a spin polarization can be defined as

p'(E) - p*(E)
pI(E) + pH(E)’
where p'(E) and p!(E) are the density of states of the majority and minor-
ity electrons, respectively. Since usually most of the tunneling events are
elastic, a negligible number of spin flips occur during tunneling, and hence
spin-up and spin-down electrons in the first electrode FM1 can exclusively
tunnel into the corresponding empty states in the second electrode FM2.
For an arbitrary angle 0 between the two electrodes, it was found theoret-
ically and experimentally that the tunnel resistance R of free-like electrons
at low bias voltage is given by

1/R = 1/Ro(1 + P1P; cos 0), (2.21)

P(E) = (2.20)

where P; and P, are the spin polarizations, and 0 is the angle between the
magnetization orientations of the electrodes [37, 38]. While the first term
in the bracket is the spin-averaged contribution, the second one describes
the spin-dependence. Figure 2.5 therefore illustrates the two limiting cases
where the two electrodes” magnetizations are parallel (6 = 0) and antipar-
allel (0 = m). In the parallel case the majority (spin-up) and minority
(spin-down) electrons of FM1 respectively tunnel into the empty majority
(spin-up) and minority (spin-down) states in FM2 (Figure 2.5(a)). In the
antiparallel case the majority (spin-up) and minority (spin-down) electrons
of FM1 respectively tunnel into the empty minority (spin-up) and majority
(spin-down) states (Figure 2.5(b)).

In order to interpret spin-polarized tunneling in STM, Wortmann et
al [5, 39, 40] developed a theory starting from the Tersoff and Hamann
model. Similarly, the main assumptions in this spin-polarized description
are: i) the tip apex state is spherical; ii) both the majority and minority
subbands of the tip are of s-wave symmetry with the same decay rate x;
iii) the tip’s majority and minority density of states are both constant in
energy but of different size. It is found that, in analogy to the case for
magnetic planar tunneling junctions, the tunneling current at a low bias
voltage consists of a spin-averaged and a spin-polarized contribution as

I(V,7,0) o prps(V,7) [1+ PrPs(V, ) cos 6], (2.22)
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with

eV
ps(V, 7o) f | PL(Er + €, 70) + pi(Er + €, 70)] de (2.23)
0

and
N eV
Pvit) = [ [ol(Er+ e i) - pEr + ) in] defps(Viit). (220
0

While ps(V, ) describes the energy-integrated spin-averaged density of
states, Ps(V, 7)) describes the energy-integrated local spin polarization of
the sample. Therefore, the information on the sample spin structure rela-
tive to the tip magnetization can be revealed with constant current images,
i.e., within the SP-STM mode, which historically was the first mode intro-
duced [41]. The SP-STM usually works in the vicinity of Eg, so that the
difference in the filling numbers of the majority and minority subbands and
thereby the magnetic contrast can be maximized leading to a strong con-
tribution to the tunneling current. Atomic resolution for the spin structure
was achieved within this mode [42].

It is also feasible to resolve the surface spin structure within the spec-
troscopy mode, i.e., by SP-STS. Wortmann et al [5, 39, 40] derived an
expression for the differential conductance dI/dV at a low bias voltage,
approximately given by

dI - -
d_V(V’ 10,0) o pr(Eg) - ps(Er + eV, 7o)
-[1 + Pr(Er)Ps(Er + eV, 1) cos 0] . (2.25)

Here Ps(V, 1p) is the energy-dependent local spin polarization of the sample,
and Pr(Eg) is the spin-polarization of the tip at Er. Note that this description
neglects the energy dependence of the tip’s spin-polarization and thus
strictly is only valid for small bias voltages around Er. For larger bias
voltages, the energy dependence of Pt has to be taken into account resulting
in an additional term in Equation 2.25 similar to that in Equation 2.17.
Different from the SP-STM mode, an appropriate bias voltage can be chosen
to maximize the magnetic contrast. Usually, a spin-polarized surface state
of the sample is very useful to map the surface spin structure. Since the
difference in the spin structure can give rise to a variation in the height
of the tip above the surface, care has to be taken that this height change
is corrected when a quantitative evaluation of the spectroscopic signal is
needed [43].
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Figure 2.6: Magnetic sensitivity of differently coated tips. (a) Depend-
ing on the coverage of coated Cr, the tip can exhibit in-plane (coverage
> 45 monolayers) or out-of-plane (coverage < 45 monolayers) magnetic
sensitivity. (b) An Fe-coated W tip is usually sensitive to the in-plane
magnetization. Figures are taken from [34].

Experimentally it is crucial for SP-STM measurements to have a mag-
netic tip with appropriate sensitivity to the in-plane or out-of-plane mag-
netization component of the sample and with a strong spin polarization
around Eg. For this purpose, conventional W tips are flashed and then
coated with thin ferromagnetic or antiferromagnetic films (see Chapter 4.2
for details). The flash makes the tip apex sufficiently blunt so that the
coated magnetic film has a magnetic anisotropy either along or perpendic-
ular to the tip axis. In experiments it is usually important to manipulate
the tip and sample magnetizations separately. Therefore, a hard magnetic
material is chosen as one electrode while a soft one is chosen as the second
electrode. Fe is frequently used as a soft tip material, while an antiferro-
magnetic film, e.g., Cr, is used in order to avoid magnetic stray field, which
can heavily affect the magnetic states of the sample (see Chapter 6.6). As
shown in Figure 2.6, for out-of-plane magnetization measurements a thin
film of Cr with a coverage of less than 45 monolayers is deposited, while
for in-plane magnetization measurements a thin film of Cr with a coverage
of more than 45 monolayers, or a thin film of Fe with a coverage of around
10 monolayers is deposited.

16



Figure 2.7: Constant current mode of the STM. In the constant current
mode the tip follows approximately the surface topograph ((a)) and the
height profile of the tip is recorded ((b)). (c) An image recorded in this
mode showing the morphology of Co monolayers (ML) and Co adatoms
on Pt(111). (Tunneling parameters: Vg, = +0.3 V, [gap = 0.8 nA, and T =
0.3K.)

2.6 Measurement modes

In this section different measurement modes in STM/STS experiments re-
lated to this thesis will be described. Basically, they can be divided into
topographic and spectroscopic modes.

2.6.1 Constant current mode

All topographs in this thesis are recorded in the constant current mode. In
this most common mode a bias voltage Vb is applied to the sample and
a current setpoint I, is chosen. Then the tip scans the sample surface line
by line, and the current is kept constant with the feedback loop by using
the exponential dependence of the tunneling current on the tip-sample
distance (Equation 2.14). During scanning, the tip can be retracted from
the sample surface when the tunneling current is higher than the setpoint
and approached to the sample surface when it is below that. The height
of the tip is recorded at every point of the scanning area (see Figure 2.7(a)
and (b)). Therefore, if the sample surface is electronically, chemically and
magnetically homogeneous, the tip follows the contour of the topography
of the sample. Figure 2.7(c) presents exemplarily an image of Co monolayer
(ML) stripes and Co adatoms on Pt(111) recorded in this mode, which
shows the morphology of the sample surface.
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Figure 2.8: Spin-resolved single point spectroscopy taken on a Co ML
stripe on Pt(111) using a magnetic tip. In the single point spectroscopy
mode (a) an I(V) and (b) a dI/dV (V) curve over a point can be recorded in
parallel. Since the tip is magnetic, the signal is spin-resolved resulting in
different spectra for different relative orientation of the magnetizations of
the two electrodes. (Tunneling parameters: Vg, = +0.6 V, Ip = 1.0 nA,
Vinod =10 mV (rms), and T = 0.3 K.)

2.6.2 Single point spectroscopy

All dI/dV curves in this thesis are recorded in the single point spectroscopy
mode. Because the spin-resolved differential conductance is proportional
to the spin-resolved LDOS of the sample at the corresponding energy at
the tip apex according to Equation 2.25, it is a very basic mode to study
the spin-resolved electronic structure of the sample. In this mode, the STM
tip is stabilized over the point of interest on the sample surface with a bias
voltage Vg.p and a tunneling current setpoint I, which determine the
tip-sample distance z during the measurement. Then the feedback loop is
switched off with the tip kept at the stabilization position, and the current
and dI/dV are recorded while the bias voltage is ramped in a given range.
While in principle the dI/dV(V) curve can be obtained from the I(V) curve
by numerical differentiation, in this work it is measured by means of a
lock-in technique in order to improve the signal-to-noise ratio. A small ac
modulation voltage Vo4 is added to the bias voltage and the tunneling
current signal is fed to a lock-in amplifier. Viyoq = 1 mV to 50 mV with
a frequency f ~ 1 kHz to 5 kHz is used. Figure 2.8 shows exemplarily
I(V) and a dI/dV(V) curves recorded with a Cr-coated tip on a Co ML
at opposite external magnetic fields. The magnetic field aligns the Co
ML magnetization parallel and antiparallel to the tip magnetization. This
difference in the relative orientation leads to a small change in the I(V)
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curve which becomes significant in the dI/dV curve.

Since the measured dI/dV signal depends on the stabilization height
above the sample surface as well as the contribution from the tip’s electronic
states, care has to be taken to evaluate dI/dV curves at the same tip-sample
distance recorded with the same micro-tip. As a guideline, the stabilization
voltage should be far away from Er where the topographic contribution is
sufficiently small. In this thesis, the apparent height variation is taken into
account where necessary, and the spectra are normalized with the trans-
mission coefficient using the one-dimensional WKB approximation for a
trapezoidal barrier with the height as the mean value of ¢s and ¢ [43].
Moreover, several micro- and macro-tips are used to identify the sample’s
electronic states.

2.6.3 Spectroscopic fields

If full spectra on each spot of the whole scanning area are of interest, then
the spectroscopic field mode is very useful. In this mode the scanning area is
divided into a grid and a measurement of point spectroscopy is performed
over each point of the grid. Simultaneously, an STM topograph of the
area is recorded. This makes it possible to reveal the correlation of the
electronic structure and the topographic properties on a local scale. The
disadvantage of this mode is, that it is very time-consuming especially
when spin-resolved spectroscopic properties are of interest and therefore
requires a tunneling junction of high stability.

2,64 dI/dV maps

If only the spectroscopic contrast at a certain energy, instead of the full
spectroscopic information, is of interest, then the dI/dV map mode can be
of high efficiency. This is a less time-consuming method, as compared to
the spectroscopic field mode, to get access to the spin-resolved electronic
properties of the whole scanning area. In this mode the dI/dV signal
at a certain bias voltage at every point of the scanning area is recorded
using lock-in technique with a modulation voltage Vo4, simultaneously
to regular constant-current images with closed feedback. Therefore, the
spectroscopic and the topographic data can be recorded with high spatial
resolution in a short time, which allows for a direct correlation of the
spin-resolved electronic and the topographic properties on a local scale.
This is particularly useful for imaging the magnetization with SP-STM
(see below). However, different bias voltages usually stabilize the tip at
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Figure 2.9: dI/dV map taken on Co ML stripes using a magnetic tip.
dI/dV map recorded in parallel to the topograph presented in Figure 2.7(c)
showing contrast from different magnetic domains within the Co MLs.
(left: down pointing; right: up pointing). (Tunneling parameters: V., =
+0.3V, Iiap = 0.8 NA, Vinog =20 mV (rms), and T = 0.3 K.)

distinctly different tip-sample distances making it complicated to compare
dI/dV maps at different energies. Technically, since the feedback loop is
closed when recording the dI/dV signal in this mode, care has to be taken
that the modulation should be much faster as compared to the response
of the feedback loop in order to avoid a crosstalk between topograph and
dI/dV signal. Figure 2.9 shows a dI/dV map recorded with a Cr-coated
tip on an area with two Co ML stripes and a couple of Co adatoms (see
Figure 2.7(c) for topograph). A contrast is visible between the left and right
stripes in the dI/dV map, which is due to the difference in the magnetization
state (left: down pointing; right: up pointing). This demonstrates that
magnetic domain structures can be mapped within the SP-STM mode.
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Chapter 3

Experimental setup

This chapter describes the facility where the experiments presented in
this thesis have been carried out, and is organized as follows. First the
requirements raised by the aims of this work are discussed. Then the
overall concept of the 300 mK UHV STM facility is shown, followed by
the description of the cryostat and the low temperature STM. Finally, the
performance of the facility is presented. Please refer to [34, 36, 44, 45] for
a more detailed description.

3.1 Introduction

Because the principal aim of this thesis is the investigation of surface
magnetism of magnetic nanostructures consisting of only a few atoms
adsorbed on a nonmagnetic metallic substrate, atomically clean samples
are required so that well-defined results can be achieved. Therefore all the
experiments in this thesis had to be performed in an ultrahigh vacuum
(UHV) system and much care has been taken with the preparation of the
sample to significantly reduce contamination.

In order to study the correlation between structural, electronic and
magnetic properties of nanostructures on the atomic scale, it is essential
that the STM can work with sufficiently high spatial resolution. More-
over, the energy scale of many interaction effects related with single-
atom magnetism like the Kondo effect [9, 10, 11, 12, 46], the spin ex-
citations [19, 47, 48, 49, 50, 51, 52, 53] or the RKKY exchange interac-
tion [54, 55, 56] can be in the sub-meV range. Hence a high energy resolu-
tion is required. While, as described in Chapter 2, the working principle,
i.e., the tunneling effect, can guarantee the high spatial resolution of a STM,
the tip and sample have to be kept at low temperature to get a high energy
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resolution. In order to get sub-meV-energy resolution, a cryostat with a
base temperature of T, < 42 = 1 K is necessary. This is achieved with
a°He-based cryostat. Furthermore, a magnet is essential for spin-resolved
measurements in order to manipulate the tip and adatom magnetizations
separately. As a rule of thumb, the magnet needs to be strong enough
to provide a Zeeman splitting of an order of magnitude larger than the
base temperature, i.e., B > T — 2 T. Thus, a superconducting magnet is
KB

required.

The experimental facility used throughout this work is a multi-chamber
UHYV system which was designed and built by J. Wiebe and A. Wachowiak,
and improved by F. Meier [34, 36, 44, 45]. It is equipped with a home-built
low-temperature (LT) STM operated with the sample and tip held at a
base temperature of 315 mK at an external magnetic field up to 12 T (14
T optional) perpendicular to the sample surface (along the STM tip axis).
It can also work at a variable temperature between 315 mK and 100 K,
and hence temperature dependent measurements are possible. Standard
surface preparation and analysis equipment like an ion sputter gun, a
sample and tip annealing stage, several molecular beam epitaxial (MBE)
evaporators, a low energy electron diffraction (LEED) unit, and an Auger
electron spectrometer (AES) are available, so that the preparation and
analysis of the tip and sample can be performed in situ.

3.2 UHV setup

The overview of the facility is illustrated in Figure 3.1. It consists of three
chambers, i.e., a preparation chamber (9), an analysis chamber (8), and a
transfer / STM chamber (7), which are separately pumped by 150 1/s ion
getter pumps including a titanium sublimation unit. The base pressures
are in the range of p < 1x 107" mbar. An even lower pressure can be
reached by operating cold traps inside the ion getter pumps using liquid
nitrogen. A load lock (11) is attached for fast sample entry. The transfer
of the sample between different chambers is done by the linear and rotary
motion drives (10). The whole UHV system is mechanically decoupled
from the building with the air damping system (4) and sand (2, 3, 5) to
reduce external vibrations including acoustic coupling.

The preparation chamber (9) contains an x-y-z manipulator with an
e-beam heater, two sputter guns, three MBE evaporators filled with Fe,
Cr and Co, and a dosage valve for Ar and O,. The cleaning including
sputtering, annealing, and flashing of single crystal substrates, and the
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Figure3.1: Overview of the 300 mK UHV STM facility. (1) Bottom loading
cryostat. (2) Sand-filled outer aluminum barrel. (3) Sand-filled stainless-
steel supports. (4) Air damping system. (5) Sand-filled supporting legs. (6)
Sand-filled stainless-steel frame. (7) Central transfer chamber containing
an MBE evaporator for low-temperature deposition of Co and Fe. (8)
Analysis chamber containing a LEED/AES unit. (9) Preparation chamber
containing an e-beam heater, and MBE evaporators for Fe, Cr and Co. (10)
Magnetic linear and rotary motion drives. (11) Load lock. Figure is taken
from [36].

fabrication including flashing and coating of the STM tip are carried out
in this chamber. The analysis chamber (8) contains a room-temperature
(RT) STM, and a LEED/AES unit. After the initial cleaning of the substrate
in the preparation chamber, the surface quality can be checked quickly by
the RT-STM in this chamber. The transfer chamber (7) contains the LT-
STM and a triple MBE evaporator filled with Co, Fe and Cr. The sample
and tip exchange into the LT-STM can be realized in this chamber. Low-
temperature deposition of magnetic metals can be done with the sample in
the LT-STM in exchange positionat T' < 5 K. The bottom loading cryostat (1)
is connected to this chamber. A superconducting magnet (7 in Figure 3.2)
is mounted at the bottom of the *He bath.
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Figure 3.2: Schematic view of the cryostat. (1) Sand-filled aluminum
barrel. (2) Sand-filled stainless-steel support. (3) Filled sand. (4) Rubber
ring. (5) Liquid nitrogen dewar. (6) Liquid *He dewar. (7) Supercon-
ducting magnet. (8) Radiation shield. (9) Radiation flaps. (10) Isolation
vacuum. (11) *He lines. (12) Traveling nut (aluminum-bronze). (13) ‘He
line. (14) Charcoal sorption pump. (15) 1K pot. (16) *He pot. (17) Threaded
leadscrew. (18) UHYV tube. Figure is taken from [36].
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3.3 Cryostat

Figure 3.2 shows the section view of the cryostat containing the single-shot
*He refrigerator. The cryostat contains a super-insulated liquid nitrogen-
(5) and liquid *He (6) dewar. The superconducting magnet (7) is located at
the bottom of the liquid *He bath and can supply a magnetic field up to 12
T (14 T optional) perpendicular to the sample surface. The homogeneous
region (0.3% over a 10 mm diameter spherical volume) of the magnetic field
is large compared to the sample size of 3 mmx3 mm. The *He refrigerator
(14, 15, 16) placed in a UHV tube comprises a charcoal sorption pump
(14) connected to the *He pot (16) via a pumping line passing through the
1K pot (15). The STM is mounted to the *He pot via an OFHC-copper
rod which is thermally coupled to the pot and to the STM by gold plated
pressed contacts. The *He refrigerator and the STM are further shielded
from the outside by a radiation shield (8) which is thermally connected to
the 1K pot. In order to carry out measurements, the LT-STM is moved up
and located at the core of the magnet, and the radiation flaps (9) are closed.
The vertical movement of the insert is achieved over a 500 mm distance by
a traveling nut (12) on a threaded leadscrew (17) driven by a motor outside
the UHV via a rotary feedthrough at the top.

34 STM

For the spin-resolved measurements at temperatures below 1 Kin the UHV
system, several special criteria should be considered concerning the design
of the STM. First, because the STM has to work at an external magnetic field
up to 12 T, all the materials used for the set up should have a very weak
susceptibility even at temperatures below 1 K so that the force from the
superconducting magnet will not deflect the STM to the radiation shield.
Second, these materials should have very low saturation vapor pressure
so that they are UHV compatible. Third, the STM should be optimized
to be as compact and rigid as possible in order to make it less susceptible
against external vibrations.

Figure 3.3 shows a photo of the home-built STM head equipped in
this facility which measures 26 mm in diameter and 85 mm in length.
The compactness is achieved mainly by integrating the tube scanner (5)
into the coarse-approach motor which is of the Walker design (”"Pan-
design”) [36, 57], as seen in Figure 3.3. The gold plated STM body is
made of phosphorous bronze, which is a hard, nonmagnetic and UHV
compatible copper alloy, and contains the coarse-approach motor and the
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Figure 3.3: Photograph and schematic view of the LT-STM. (a) Photo-
graph of the STM head. (b) Horizontal (top) and vertical (bottom) cross
section views. (1) Sample stage, (2) sample, (3) tip, (4) tip holder (molyb-
denum), (5) tube scanner, (6) sapphire prism, (7) tube scanner holder,
(8) shear-piezo stacks, (9) leaf spring (molybdenum), (10) titanium ball,
(11) gold plated STM body (phosphorous bronze), (12) temperature sensor
(Cernox), and (13) electrical plug (OFHC copper). Figure is taken from [36].

tube scanner.

The coarse-approach motor includes a sapphire prism (6) clamped be-
tween six ALLOj; plates glued on the top of shear-piezo stacks (8). The
clamping is realized by a Mo leaf-spring (9) pressing the two shear-piezo
stacks onto the sapphire prism. During operation, the motor is driven in
a stick-slip mode by applying a saw-tooth high voltage to the shear-piezo
stacks and walks a step of about 25 nm per 300 V at the base temperature.
This way, a macroscopic separation of the tip and sample can be achieved,
so that a safe exchange of them can be realized. During measurement, the
vertical motion of the tip is accomplished by the tube scanner which in
principle can move by several hundred nanometers.
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3.5 Performance

The cooling procedure of the *He pot as well as of the thermally coupled
STM is standardized as follows: After adsorbing all *He gas by the charcoal
sorption pump by cooling it below 20 K, the sorption pump is heated up to
44 K so that the increasing pressure closes the thermal switch between the
1K pot and the *He pot. This results in cooling down of the *He pot to the
1K pot temperature. When it is below 2 K the *He gas starts to condense
and fills the *He pot. After all the *He gas has condensed into liquid in
the pot, the heater is switched off and the sorption pump is cooled to 7
K. Now the sorption pump starts to work and reduces the vapor pressure
above the liquid *He surface, and hence opens the thermal switch. Thus,
the temperature of the *He and the STM drops to the base temperature.
Normally, this procedure takes about 1 hour. With an amount of 5 cm?
of liquid *He the STM can stay at the base temperature of 315+5 mK for
about 32 hours, until all the *He gas has been stored in the sorption pump.
Then it starts to warm up to 4.2 K. Variable temperatures are accessible
by regulating the sorption pump temperature (below 4.2 K) or using the
resistive heater on the *He pot (above 4.2 K).

The vertical z-noise level of the tunneling junction at base temperature
is determined as 2-5 pm with (or without) an external magnetic field up
to 8 T, and with (or without) a closed feedback loop over a time period
of 400 s, which is long enough for a typical high energy-resolution point
spectroscopic measurement. This stability is good enough to perform
atomically resolved measurements. A lateral scan range of 1 pm X 1 um
and a vertical range of 200 nm at the base temperature can be reached,
which are sufficiently large for the measurements intended.

The energy resolution of the STM is limited by the thermal energy
and the modulation voltage V4 used for spectroscopic measurements,
as given by Equation 2.19. It is found to be in the order of 100 peV with
Vmod = 20 uV. This indicates that the electronic temperature of the sample
and the tip is only slightly higher than that read from the temperature
sensor on the STM head, and hence low-energy interaction effects can be
investigated.

The spin sensitivity of the STM to the in-plane and out-of-plane mag-
netizations has been demonstrated on monolayers and double layers of Fe
on the W(110) surface (see Chapter 4.2). Therefore, this machine is ideally
suited to carry out SP-STM experiments to study the magnetism on the
single-atom level.
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Chapter 4

General properties of sample and
tip

This chapter describes the preparation and basic properties of the sample,
and the preparation and calibration of the spin-polarized tips used for
this study. The preparation procedure, the morphology, and the electronic
properties of the sample are presented. Finally, the fabrication of the spin-
polarized tips is described followed by the calibration of the tip’s spin
polarization.

Part of the results presented in this chapter have been published in:
E. Meier, L. Zhou, J. Wiebe and R. Wiesendanger, "Revealing magnetic
interactions from single-atom magnetization curves”, Science 320, 82-86
(2008).

4.1 Sample

4.1.1 Sample fabrication

The study of single adatoms requires an atomically clean substrate, the
preparation of which is quite elaborate. The single crystal Pt(111) is
cleaned by repeated cycles of (i) Ar* ion sputtering at room temperature
(15ML) and annealing at 1400 K for 30 min, (ii) sputtering at room temper-
ature (12 ML) and annealing at 1100 K for 18 min, and a final flash to 1300
K. (i) is performed to get a depletion layer where typical impurities, as
e.g., carbon are completely etched, while (ii) is performed to get rid of the
contamination on the surface produced during the first step. Occasionally,
annealing at 1000 K in an oxygen atmosphere of 2x107® mbar for 60 min
is needed to remove carbon from the bulk. The Pt(111) crystal prepared
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Figure 4.1: Atomically clean Pt(111) surface. STM topograph of an atom-
ically clean Pt(111) surface after several cycles of sputtering and annealing
as described in the text. It contains several large straight terraces. (Tunnel-
ing parameters: Vsap = +1.0V, Ijap = 0.5 nA, and T =40 K.)

in this way is terminated with an atomically clean surface with sufficiently
large straight terraces, as seen in Figure 4.1. A density of defects on the
order of one per 100 nm? is counted. Note that in order to reduce the
contamination taking place during sputtering a sputter-gun with a Wien
mass-filter and a differential pumping stage is used to obtain Ar* ions of
high purity.

Sub-monolayers of Co are first deposited onto the Pt(111) surface at
room temperature with an e-beam evaporator at a rate of 0.05 ML/min.
The temperature is high enough for the Co to grow in the step-flow mode,
which leads to the formation of one atomic layer high Co stripes (some-
times also called “nanowire” in this thesis) with several-nanometer width
decorating the Pt step edges [17]. The sample is then cooled down to below
30 K in the cryogenic STM, and individual Co atoms are deposited with
a rate of about 0.05 ML/min for a couple of seconds. The temperature is
low enough that the diffusion of Co atoms is avoided. As a result, sin-
gle Co adatoms, pairs and triplets on the bare Pt terraces and on the Co
ML stripes can be found as shown in Figure 4.2. The sample prepared in
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Figure 4.2: Sample overview. 3D view of an STM topograph of the sample
with single Co adatoms (A), Co pairs (B), Co triples (C) and presumable Co-
H complexes (D) on Pt(111), and single Co adatoms (E) on Co ML stripes
decorating the Pt step edges. Electronic scattering patterns (F) originating
from subsurface defects are also visible. The line profile (top left) shows
the section across a single Co adatom (green straight line). (Tunneling
parameters: Vg, = +0.3 V, [ = 0.8 nA, and T = 0.3 K.)

this way makes it possible to investigate various Co nanostructures in one
experiment and subsequently do a well-defined comparison.

4.1.2 Sample morphology and electronic properties

Figure 4.2 shows an overview of the sample, which is a 3D view of an
STM topograph. Various Co adatom nanostructures can be found. Co
ML stripes attach to the Pt(111) step edges with a dislocation network
due to the coexistence of fcc and hep stacked Co areas [17]. While on the
Pt(111) terraces most adsorbates are single Co adatoms (A) with a height
of 1.3 A (see line profile in Figure 4.2), Co pairs (B) and Co triplets (C) with
different separations are also seen. A few atomic defects (D) can be found
which are presumable Co-H complexes (see below). Some Co adatoms (E)
are sitting on Co ML stripes. Electronic scattering states (F) are visible as
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Figure 4.3: Bimodal spectroscopic signature of Co adatoms. (a) STM
topograph of an area with four Co adatoms with the line profile shown
in (b). (c) dI/dV map recorded without magnetic field shows electronic
contrast between adatoms. (d) 3D view of the STM topograph (a) colored
with the dI/dV signal (b). (Tunneling parameters: Vg, = -0.1'V, I, = 0.3
NnA, Viod =20 mV (rms), and T=0.3 K.)

corrugation of three-fold symmetry on the Pt(111) terraces (see below).

Spectroscopic signature of fcc and hcp Co adatoms

First I focus on the spectroscopic signature of Co adatoms. Figure 4.3(a)
shows the STM topograph of an area containing four Co adatoms. The line
profile demonstrates that all the adatoms have an identical height of 1.3
A as seen in Figure 4.3(b). However, the simultaneously recorded dI/dV
map at -0.1 V exhibits a spectroscopic contrast between adatoms as visible
in Figure 4.3(c). Obviously, there are two types of Co adatoms on Pt(111)
with identical height but distinct electronic signature at the energy of -0.1
eV in the vicinity of Er. Using atomic manipulation by the STM tip, it was
proven that the adsorption of Co adatoms on the two different binding
sites, i.e., fcc or hcp, gives rise to this bimodal electronic signature [34, 58].
However, it was not yet shown which spectroscopic signature belongs
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Figure 4.4: Identification of adsorption sites using steps. (a) Atomi-
cally resolved STM topograph of two adjacent Pt(111) terraces with two
Co adatoms on the upper (right) terrace. The contrast is maximized for
the two terraces independently. The measured atomic corrugation of the
Pt(111) terrace is 2 pm. Contour lines are used to indicate the height at the
monoatomic step, on the Co ML stripe and on the adatoms. (Tunneling
parameters: Vgap =-0.05V, Iip = 0.6 nA, and T = 0.3 K). (b) dI/dV map of
the same sample area showing the electronic contrast between the adatom
on the hep lattice site and on the fcc lattice site. (Tunneling parameters:
Vstab = -0.1V, Iiap = 0.3 nA, Vinog =20 mV (rms), and T = 0.3 K.)

to which binding site. The stacking can be distinguished without any
ambiguity by investigating the differential conductance at a low negative
bias voltage and atom-resolved STM topographs simultaneously, as will
be shown in the following.

Figure 4.4(a) shows the STM topograph with atomic resolution taken
on an area with two adjacent Pt(11 1) terraces separated by a monoatomic
step to which a very narrow Co ML stripe is attached. The two possible
adsorption sites for Co adatoms are the three-fold hollows which are cen-
tered in the upwards or in the downwards pointing triangles formed by
the Pt lattice [58]. The hexagonal Pt atom lattice visible on the lower (left)
terrace can be used to assign the two adsorption sites on the upper (right)
terrace to hcp and fec (see red lines and circles). Consequently, the upwards
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Figure 4.5: Identification of adsorption sites of Co adatoms using double-
row reconstruction. (a) Stacking sequences in different areas. (b) Atom-
ically resolved STM topograph of a Pt(111) terrace with an hcp area sep-
arated by a double-line reconstruction from fcc areas. Two Co adatoms
are sitting on the fcc area. Contour lines are used to indicate the center of
adatoms. The white line is drawn on top of the atoms in the separated fcc
surface areas. The atoms in the hcp area are slightly shifted to a position
above these lines. Consequently, the upwards pointing (blue) triangles
correspond to fcc adatoms (A) while the downwards pointing (red) trian-
gles correspond to hcp adatoms (B). (Tunneling parameters: Vg, =-0.01V,
Isap = 1.5nA, and T = 0.3 K.) (c) dI/dV map of the same area exhibiting the
electronic contrast between the adatom on the hcp lattice site and on the fcc
lattice site. (Tunneling parameters: Vgp = -0.1'V, Iap = 0.3 A, Vipeq = 20
mV (rms), and T = 0.3 K.)
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pointing triangles correspond to the hcp sites (red lines and circles), while
the downwards pointing triangles correspond to the fcc sites (blue lines).
The two adatoms on the upper terrace are thus positioned on an fcc site
(left atom) and on an hcp site (right atom). As visible in Figure 4.4(b) the
hcp adatom has a higher dI/dV intensity at -0.1 V (yellow) while the fcc
adatom has a lower intensity (blue).

This conclusion is further confirmed by atomically resolved STM to-
pographs taken on a Pt terrace with a Co induced double row reconstruc-
tion line. When Co is deposited on the Pt(111) surface at room temper-
ature, a number of Co atoms can replace the surface Pt atoms and are
embedded into the surface layer, which causes double row reconstruction

lines running along the [112] direction perpendicular to the close-packed
rows, as visible in Figure 4.5(b) [59, 60, 61, 62]. The double row reconstruc-
tion line separates an hcp area from the surrounding fcc area [59, 60, 61, 62].
In this hcp area the surface Pt atoms laterally displace to the fault position
with respect to the underlying fcc substrate. The surface-terminating atoms
at the fcc area are sitting on position C and those at the hcp area sitting on
position A, as illustrated in Figure 4.5(a). Consequently, it is immediately
clear that the adatom sitting on position A has the stacking sequence of fcc
and the adatom sitting on position B has the stacking sequence of hcp. By
comparing the stacking sites of the adatoms with the terminating atoms at
the hcp area, the upwards pointing triangles on the fcc area are assigned
to the fcc sites (blue lines), while the downwards pointing triangles are
assigned to the hcp sites (red lines), as indicated in Figure 4.5(b). This
leads to the same conclusion on the assignment of the electronic contrast
(Figure 4.5(c)).

With the exact knowledge of the binding sites, the bimodal electronic
signatures can be studied in more detail. dI/dV curves are recorded on fcc
and hcp adatoms and shown in Figure 4.6. A peak is observed at about
-0.05 V below Eg. This peak is not due to the Kondo resonance as often
observed on magnetic adatoms on noble metal surfaces [9, 10, 11, 12],
because of the following reasons: (i) the peak is too strongly shifted away
from Er and too broad; (ii) as will be shown in Chapter 5 and Chapter 6,
this peak is not split in an external magnetic field; and (iii) the typical
Kondo temperature (Tx) for Co diluted in Pt bulk is about 1 K [8, 63],
and usually Tx for adatoms on the surface is reduced by an order of
magnitude due to the reduced coordination making it unobservable at
0.3 K. Furthermore, it has been checked in spectra with increased energy
resolution that there are no indications for a Kondo effect on Co adatoms
on Pt(111) [34]. Instead the peak is believed to be due to a characteristic
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Figure 4.6: Spectroscopy of Co adatoms on different binding sites. dI/dV
curves recorded on an fcc (blue) and an hep (red) Co adatom. A relative
shift of the characteristic peaks right below Ep is observed, which leads
to the spectroscopic contrast in the dI/dV map recorded at -0.1 V (see
Figure 4.4(b)). (Tunneling parameters: Vg, = +0.6 V, [gap = 1.0NA, Vg =
10 mV,and T = 0.3 K.)

state of the Co adatoms on Pt(1 1 1) which is sharpened on the energy scale
by electron-electron correlation effects [64]. At about 0.1 V above Eg there
is another peak. Starting from 0.2 V the signal increases steeply, which
can be attributed to the contribution of the unoccupied surface state of the
underlying Pt(111) substrate [65]. Comparing the curves for the fcc and
the hcp adatoms, a slight shift of the pronounced peak at -0.05 eV is visible.
The bimodal electronic contrast in dI/dV maps (Figure 4.3, 4.4 and 4.5) can
be traced back to this relative shift of the characteristic state in the LDOS
in the vacuum. A similar stacking-induced spectroscopic signature was
also observed by STM measurements on Co surfaces grown on different
substrates [17, 66, 67, 68, 69]. However, therein the characteristic states are
located at -0.3 V below Er.

The electronic signature at-0.05 eV is used to identify the lattice binding
sites of the adatoms throughout this work. Together with an exact calibra-
tion of the STM scanner piezo and the knowledge of the orientation of the
close packed rows of the Pt(111) surface from the orientation of the Co
step edges, the exact relative position in Co-pairs can also be determined
(see Chapter 7.3).

It was shown by calculations that the fcc Co adatom’s binding energy is
25 meV lower than that of the hcp adatoms separated by a diffusion barrier
of ~ 200 meV [70, 71]. This barrier is two orders of magnitude larger than
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Figure 4.7: Electron scattering states. (a) STM topograph of an area with
several Co adatoms. An electronic state scattered at a subsurface defect is
marked by a red arrow. (Tunneling parameters: Vp = +0.3 V, Ijp = 0.8
nA, and T = 0.3 K\) (b), (¢) dI/dV maps recorded simultaneously with (a)
showing that the maximum modulation of the amplitude of the scattering

occurs in [112] directions. (Tunneling parameters: Vi, = +0.3 V, Lgap = 0.8
nA, Vimoda =20mV,and T = 0.3 K.). (d) Atomically resolved STM topograph
confirming the orientation of scattering patterns. (Tunneling parameters:
Vistab = -0.05V, Itap = 0.6 nA, and T = 0.3 K))
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the temperature at which the Co atoms are deposited (I’ < 30K ~ 2.6 meV).
Therefore, an equal distribution of fcc and hcp adatoms is expected. In fact
in all the experiments 423 adatoms were counted and 200 were found
sitting on hcp and 223 sitting on fcc sites. This result indicates that the low
temperature efficiently blocks the diffusion of Co adatoms, in contradiction
to one assumption of [19].

Scattering states

I now turn to the description of the electron-scattering states which are
visible on STM topographs of Pt(111) terraces (F in Figure 4.2). Figure 4.7
shows an STM topograph of an area with several scattering patterns. These
patterns are getting more obvious in the corresponding dI/dV map (Fig-
ure 4.7(b)). Such scattering states are due to the interference of the forward
electron wave with the backward wave when scattered at sub-surface de-
fects in the substrate [65, 72]. As shown in Figure 4.7(c) the scattering states
appear with a strong three-fold symmetry. The maximum modulation of

the scattering amplitude is found along the [112] directions as confirmed
by atomically resolved topographs shown in Figure 4.7(d). The scattering
states have different diameters, because they originate from defects in a
different depth below the surface.

In order to check whether the scattering states are temperature- or
energy-dependent, Figure 4.8 shows the scattering states recorded at dif-
ferent bias voltages at the temperature of 0.3 K (left) and 4.2 K (right)
for comparison. The STM topograph (Figure 4.8(a) and (b)) demonstrates
that the adatom distribution configuration remains unchanged. The dI/dV
maps recorded at +0.3 V (Figure 4.8(c) and (d)) and at -0.1 V (Figure 4.8(e)
and (f)) show a considerable change with the bias voltage indicating a weak
dispersion of the corresponding state. No change in the amplitude and
the wavelength of the scattering state with the temperature is visible. The
scattering states are most probably due to scattering of a bulk d-state with
a 10% localization in the surface, which starts at -0.4 eV, and is upwards
dispersing, crossing Er at 1.6 nm with an effective mass of 1.5 m. [65].
This state is most probably responsible for an RKKY interaction between
Co adatom nanostructures described in Chapter 7. The strong three-fold
symmetry is most probably induced by the electron focusing effect, which
directly reflects the symmetry of the Fermi surface [72]. The depth of the
subsurface defect in Figure 4.7(c) is estimated as 0.59 nm, i.e., 2~3 layers
below the surface.
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Figure 4.8: Electron scattering states at 0.3 K (left) and at 4.2 K (right).
(@), (b) STM topograph of an area with several Co adatoms. (Tunneling
parameters: Vg, = +0.3 'V, and Isp = 0.8 nA.) (¢), (d) dI/dV maps recorded
at +0.3 V of the same area simultaneously with (a) and (b), respectively.
(Tunneling parameters: Vi, = +0.3V, Iiap = 0.8 nA, and Vipog =20mV.) (e),
(f) dI/dV maps recorded at -0.1 V of the same area simultaneously with (a)
and (b), respectively. (Tunneling parameters: Vg.p =-0.1V, Igp = 0.3 nA,
and V04 = 20 mV.) An electronic scattering state is marked by red arrows
in (c)-(f). Image size: 23 nmx13.8 nm (left), 25 nmx15 nm (right); note
that the image size has been adjusted in order to correct for the different
calibration of the scanner piezo at 0.3 K and 4.2 K.
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Figure 4.9: STM topographs of a presumable Co-H complex. (a) STM
topograph of an area containing a presumable Co-H complex. (Tunneling
parameters: Vg, =-1.0V, [ip = 1nA, and T = 0.3 K.) (b) Line profile along
the white arrow in (a) demonstrates that the complex appears higher than
single Co adatoms. (c) STM topograph showing a three-fold symmetry on
the complex. (Tunneling parameters: Vg, =-0.6V, Iitp = 10nA, T =03 K,
and B = 0 T.) (d) Differentiated image of (c). (e) STM topograph recorded
at a smaller tip-sample distance indicates that the complex is unstable.
(Tunneling parameters: Vg, =-0.1V, Ijp = 1.0nA, and T = 0.3 K.)

Presumable Co-H complexes

In rare cases, Co-H complexes are observed on the surface, as will be
described in the following. Figure 4.9(a) shows an STM topograph of an
area with an atomic scale defect that appears higher than single Co adatoms
with a height of 1.5 A at -1.0 V (Figure 4.9(b)). It appears with a three-fold
symmetry in the STM topograph at -0.6 V (Figure 4.9(c)) which is getting
more obvious when the image is laterally differentiated (Figure 4.9(d)).
When the tip is quite close to the defect, the tunneling electrons seem
to manipulate the shape of the defect (Figure 4.9(e)) indicating that the
defect is unstable. Figure 4.10 shows three STM topographs of an area
with two Co adatoms and one of the unknown defects imaged in series.
In Figure 4.10(a) it is observed that while the tip is scanning from bottom
to top over the bottom right most unknown defect, its height is changed
to the normal Co adatom height. A few scanlines further, suddenly the
middle Co adatom switches its height and becomes the unknown defect.
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Figure 4.10: Hopping of presumable H atom. (a) The jumping of a pre-
sumable H atom from the bottom Co adatom to the middle one during
scanning. This image has been taken with the fast scan direction being
horizontal, and the slow scan direction from bottom to top. (Tunneling
parameters: Vap =-1.0V, Ijap = 1.0 nA, and T = 0.3 K.) (b) A presumable
Co-H complex is formed after the jumping. (c) The presumable H atom
has jumped from the middle Co adatom to the top one, and consequently
a Co-H is formed there. (Tunneling parameters: Vp = -0.6 V, Lga, = 1.0
nA,and T =0.3K))

This height switching can again be observed between the middle Co and
the left Co in Figure 4.10(c). Consequently, the unknown defect is due to
an atom or molecule, which is only weakly bound to a Co adatom, i.e., a
Co-complex.

In the spectroscopy of the complex (Figure 4.11) the characteristic state
for Co adatoms on Pt(111) right below Ef also appears although its inten-
sity is strongly reduced as compared to Co adatoms. The peak right above
Er becomes stronger as compared to single Co adatoms (Figure 4.11).

It is believed that the unknown defect is a Co-H complex due to the
following reasons: (i) hydrogen is a common adsorbate species especially
in cryogenic STM experiments on single adatoms [73]; (ii) it is known to
weakly bound to the tip and can be scanned across the surface [74, 75]; and
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Figure 4.11: Spectroscopy of a presumable Co-H complex. The compari-
son of the spectra on the complex with those on single Co adatoms reveals
a strong correlation between them. Similar features right below and above
Er are observed as on single Co adatoms. Inset shows the area where the
spectra are recorded. (Tunneling parameters: Vi, = +0.8 V, [, = 1.0 nA,
Vinod =40 mV (rms), and T = 0.3 K.)

(iii) the defects are quite frequently observed, if the Co evaporator is not
thoroughly out-gassed. However, the final proof for the Co-H complex
by intentional adsorption of H is so far lacking. It might be interesting to
study the magnetism of the Co-H complex in the future.

4.2 Tip

4.2.1 Tip preparation

In order to investigate the surface magnetism of nanostructures with
atomic resolution, great care has to be taken in the fabrication of the spin-
polarized tips. All the tips used for the STM results presented in this thesis
are made from Cr coated polycrystalline W wire. They are very suitable for
STM measurements, because stable sharp tips can be achieved by following
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Figure 4.12: Calibration of the Cr evaporation rate for the tip coating. (a)
STM topograph of the W(110) surface partially covered with Cr. (b) Zoom
shows one atomic layer high Cr islands indicated with arrows. (Tunneling
parameters: Vg, = +1.0V, [, = 0.1 nA, and T =40 K))

a standardized preparation procedure as described in the following.

First the tips are electrochemically etched from W wire in a 8% NaOH
solution by using the so-called reverse electrochemical etching [76, 77] and
cleaned with distilled water. The etched tips are then clamped into a tip
holder made of molybdenum and transferred into the UHV chamber with a
tip shuttle, and flashed to about 1900 K by electron beam bombardment for
a couple of seconds. The flash is useful to remove the contamination and
oxide film from the tip surface and to make the apex blunt which is of ad-
vantage both for stable spectroscopic measurements and for a well-defined
magnetization after the deposition of magnetic films onto the tip [78].

The nonmagnetic tips prepared in this way allow only for spin-averaged
measurements. In order to characterize magnetic properties of surfaces, a
chromium (Cr) film with a thickness of 45+20 atomic layers is deposited
onto the tip end with a growth rate of ~1.4 ML/min followed by a soft
annealing at 500 K for a couple of minutes [17, 36, 79, 78]. This usually
yields a magnetization of the tip perpendicular to the sample surface after
removing some of the Cr material by a tip-treatment like voltage pulsing.
Since the tip material Cr is antiferromagnetic, it has a negligible stray
field acting on the sample making it very suitable to study soft magnetic
materials. Note that here a coverage of one atomic layer is defined as a
complete cover of a W(110) surface with Cr atoms. In order to calibrate
the growth rate of Cr, a W(110) crystal is cleaned by repeated cycles of
annealing in oxygen atmosphere (2 X 107 mbar) for one hour and flashing
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Figure 4.13: Initial characterization of a Cr-coated W tip on Fe/W(110).
(@) (Top) STM topograph of 1.5 ML Fe/W(11 0) recorded with a Cr coated
W tip. (Bottom) 3D view of the STM topograph with the ML and DL stripes
as indicated. (Tunneling parameters: Vsap = +1.0V, I, = 0.3 nA, and T =
0.3 K.) (b) STM topograph zoom recorded with the same Cr coated W tip
at a different bias voltage. (Tunneling parameters: Vp = +0.7 V, Liap = 0.3
nA, and T = 0.3 K\) (¢) Spin-resolved dI/dV map recorded simultaneously
with (b) showing the out-of-plane magnetic domain contrast on the double
layer with domain walls perpendicular to the dislocation lines. (Tunneling
parameters: Vgap = +0.7 V, Igap = 0.3 NA, Vinog = 20 mV (rms), and T =
0.3 K.) (d) Spin-resolved dI/dV map recorded with the same tip but at a
different bias voltage. The DL also exhibits out-of-plane magnetic domain
contrast at this energy. (Tunneling parameters: Vg =-0.3 V, [ = 0.3 nA,
Vimod =20mV (rms), and T = 0.3 K.)
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twice to 2200 K for a couple of seconds [80]. Then after waiting for 10
minutes Cr is deposited for 20 seconds and a soft annealing is performed for
15 minutes. The STM topograph of the resulting W(1 1 0) surface partially
covered by Cr is shown in Figure 4.12. It is seen that the growth is quite
smooth. While a part of Cr decorates the step edges of W(110), atomic
layer high islands are also visible on the terraces. From the image, a
coverage of 0.45 ML is deduced, being the basis of the calibration of the
growth rate for the tip coating.

The out-of-plane spin sensitivity of the Cr coated W tip is demonstrated
on the double-layer Fe films on W(110) at low temperature, the magnetic
properties of which have been well studied by SP-STM [43, 79, 81, 82, 83]. It
was shown that Fe ML stripes on the W(1 1 0) have in-plane domains while
double layer (DL) stripes have out-of-plane domains separated by Néel-
type domain walls [84]. The W(110) substrate is cleaned as described
before. After the final flash and a time delay of 90 sec, 1.5 ML Fe are
deposited onto the hot surface resulting in a smooth film. Figure 4.13(a)
and (b) show the STM topograph of Fe/W(110) recorded at two different
bias voltages. The ML stripe is quite rough as compared to the DL which
is probably caused by the difference in the adsorption of residual gas and
other contaminants. On the DL stripes faint lines are visible which are the
dislocation lines along the [00 1] crystallographic direction. Figure 4.13(c)
is the dI/dV map recorded at +0.7 V. Contrast is observed on the DL stripes
while there is no contrast on the ML. This is the magnetic contrast due to
the out-of-plane magnetic domains in the DL stripes [79, 81, 83]. A similar
magnetic contrast is also observed at a different bias voltage ( 4.13(d)).
There is only a small difference in the contrast between the left rim of the
domains, which appears a little brighter, and the right rim, which appears
a little dimmer. This indicates only a slight canting of the tip magnetization
relative to the surface normal. Therefore, this Cr-coated W tip is mostly
sensitive to the out-of-plane magnetization of the sample.

4.2.2 Tip calibration

While it is quite routine to prepare a magnetic tip with out-of-plane spin
sensitivity for magnetic surfaces such as Fe DL on the W(1 1 0) surface (Fig-
ure 4.13) by coating Cr films with a certain thickness, usually additional
effort has to be spent in retaining sufficiently strong magnetic contrast
on single adatoms. The reason for a possible loss of the spin sensitivity
of the tip in this case is the following: after changing the sample from
Fe-DL/W(110) to Co adatoms on Pt(111), the micro-tip used for imaging
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Figure 4.14: Further calibration of a Cr-coated W tip on Co-ML/Pt(111).
(a) 3D STM topograph of the sample of Figure 4.2 colored with the simulta-
neously recorded spin-polarized dI/dV map. (Tunneling parameters: V.p
= +0.3V, [ip = 0.8 NA, Viog = 20 mV (rms), and T = 0.3 K.) (b) dI/dV
curves from the Co ML stripe (top curves) and from the Pt terrace (bottom
curves) at different external magnetic fields §ext as indicated at the top and
consequently different relative orientations of the Co ML magnetization
M)ML and the tip magnetization MT as indicated on the right. (ML curves
are offset for clarity. Tunneling parameters: Vg, = +0.6 V, [y, = 1 nA,
Vimod =10mV,and T = 0.3 K.)
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the surface can be different due to a slightly different angle of the sample
surfaces and due to the bluntness of the tip. In order to recover a spin po-
larization of the tunneling part of the tip, Cr-coated W tips are eventually
dipped into a magnetic layer, after which the contrast and magnetization
direction are examined by checking the magnetic contrast on the domains
of the magnetic layer. Moreover, because the magnetic contrast depends
both on the energy-dependent spin polarizations of the tip and the sample
(see Chapter 2.5), it is valuable to calibrate the tip on a well studied mag-
netic film which can be taken as a calibration reference. Therefore, we need
a ferromagnetic layer with out-of-plane magnetic anisotropy on the same
sample as where the atoms are deposited. In the experiments of this work,
the Co ML stripes on Pt(111) are taken as the reference magnetic system.
It is believed that some Co nanoclusters are attached to the Cr-coated tip
upon the dipping. The exchange coupling of the nanoclusters with the
antiferromagnetic Cr film gives rise to a relative large coercivity which
enables to align the tip and sample magnetizations parallel or antiparallel
by an external field perpendicular to the sample surface. The calibration
of the tip’s spin polarization on the Co ML stripes is explained in detail in
the following.

Figure 4.14(a) shows the overview of the sample on the same area
as in Figure 4.2, which is now the STM topograph colorized with the
spin-resolved dI/dV signal simultaneously recorded at +0.3 V. Because the
tip is spin-polarized with a sensitivity to the out-of-plane magnetization
component, the up-pointing (yellow) and down-pointing (red) domain
contrast is visible in the Co ML stripes [17] (also see Chapter 2.5).

The calibration is achieved by regularly recording dI/dV curves on the
Co ML stripes and on the Pt terraces for each tip. Figure 4.14 shows

corresponding dI/dV curves taken at different magnetic field B. The dIj/dV
curves are identical for £0.3 T because the ML magnetization as well as

the magnetization of the tip remain unchanged at small B (in this case
the tip magnetization points in the direction of negative field). At +1

T the Co ML stripe is aligned with B, while the tip magnetization is still

opposite to B, leading to a characteristic change in the dI/dV curve recorded
on the ML stripes [17]. However, the curve recorded on the Pt is still
unchanged. Such curves prove that the magnetization and the electronic
structure of this tip are stable atleast up to +1 T and that the tip has a strong
polarization in the entire energy range from -0.8 V to +0.6 V. Additionally,
during recording magnetic field dependent dI/dV maps (see Chapter 6.3),
a part of a Co ML stripe is always within the image area. Thereby, it is
always checked, that the dI/dV signal on the Co ML stripe is not changed
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during the measurement of magnetization curves, indicating that the tip
magnetization is not canting. Furthermore, tip switches from upward
to downward or vice versa are thereby identified and the corresponding
magnetization curves can be corrected(see Chapter 6.3). Note that the
critical switching field may vary from tip to tip because differently sized
clusters of magnetic materials are attached on top of the Cr layers due to
the eventual dipping of the tip into the magnetic layers (Co ML stripes).
For the dI/dV curve of Pt terraces, care has to be taken that the curves
are recorded far from Co nanostructures to avoid the proximity effect (see
Chapter 8.2).
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Chapter 5

Spin-resolved spectroscopy of Co
adatoms

In this chapter the spin-resolved spectroscopic measurements on Co ad-
atoms are reported. The spin-resolved differential conductance through a
magnetic tunnel junction consisting of a Cr coated W tip, a vacuum barrier
and a single Co adatom on a Co monolayer is measured. It is proved, that
the spin polarization at the Fermi level (Er) above this atomic protrusion is
reversed with respect to the atomically flat Co layer, and thus dominated
by majority electrons. Experiments with the same Cr tip electrode and Co
adatoms or dimers on Pt(111) as the second electrode suggest that the in-
version might be unique for single atomic protrusions due to the reduced
coordination.

This chapter is organized as follows: after an introduction on the re-
search background, the results of the spin-resolved spectroscopic mea-
surement on Co adatoms are presented, followed by a discussion on the
leading mechanism giving rise to the inversion of the spin polarization in
the vacuum above adatoms at Eg. Finally, a brief summary is given with
the main conclusion drawn from the measurements.

The results of this chapter have been published in: L. Zhou, F. Meier,
J. Wiebe and R. Wiesendanger, “Inversion of spin polarization above indi-
vidual magnetic adatoms”, Phys. Rev. B. 82, 012409 (2010).

5.1 Introduction
Magnetic atoms adsorbed on surfaces (adatoms) are of great interest due
to their importance to the science of nanomagnetism and to the technology

of spin-based solid quantum devices, i.e., spintronics [1]. The ultimate
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Figure 5.1: Calculated vacuum LDOS above magnetic adatoms on Co
bilayer on Cu(111). Both spin-majority (red) and spin-minority (blue)
channels are presented. (a) Sketch of the calculation setup. (b) Vacuum
LDOS of Co hcp bilayer islands on the Cu(111) surface. (c)-(g) Vacuum
LDOS above Ni, Co, Cu, Fe, and Cr adatoms on the Co island. Figure is
taken from [85].

miniaturization of magnetic devices towards single atoms requires exact
knowledge about the spin-resolved electronic density of states at the cor-
responding size level. In particular, the spin polarization at Er of magnetic
nanostructures is of crucial importance because it determines the magnetic
properties of materials, as e.g., the tunnel magnetoresistance of a magnetic
tunnel junction (MT]J) [86]. Therefore, MT]Js can, in turn, be exploited to
study the spin polarization of electrode materials. A well defined real-
ization of a MT] is the magnetic sample and a magnetically coated tip of
a SP-STM, separated by a vacuum barrier [5, 41, 42, 55, 78, 87, 88]. Such
a prototypical system has several appealing advantages: first, the atomic
geometry of the sample electrodes can be determined by constant-current
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images accurately and thereby the interfaces of MT]Js are highly control-
lable; second, the spin-resolved LDOS above samples can be probed directly
at the tip apex; and finally the comparison to first-principles calculations
is feasible.

There are many experimental and theoretical studies on the spin re-
solved LDOS above atomically flat surfaces near Ex using STM [17, 66, 67, 68,
69, 87,90, 91, 92, 93], among which, in particular, the dominance of minor-
ity electrons for cobalt surfaces was revealed [17, 66, 67, 68, 69, 93]. There
are also many theoretical results on the spin-resolved electronic structure
of single adatoms [23, 27, 28, 29, 30] which unfortunately only predict the
dominance of the minority LDOS at the adatoms. However, the important
quantity for tunneling devices is the spin-resolved LDOS above adatoms,
which was calculated in [85, 89]. It was predicted in [85] to exhibit a re-
versal of the spin polarization with respect to the magnetic substrate in
a certain energy window associated with a substrate spin-polarized free-
electron like surface state of majority character (see Figure 5.1), while in [89]
a reversal in the vicinity of Er was found to be correlated with dominating
atomic sp-states of majority character (see Figure 5.2). Figure 5.1 shows the
calculation results for the LDOS in the vacuum above various magnetic
adatoms on a Co island on the Cu(111) surface [85]. In Figure 5.1(b) the
LDOS of the Co bilayer islands is presented, where the resonance of mi-
nority character at -0.22 eV is of d symmetry while the step-like onset of
majority character at the same energy is of sp symmetry. This dispersive
sp state is buried below the d resonance, and hence the minority states
are dominant above the Co island. However, when a magnetic atom is
adsorbed on the island, the electrons of the adatom are scattered more
strongly by the sp electrons in the substrate because they are more free as
compared to the d electrons. This spin-dependent scattering leads to the
inversion of the spin polarization above the adatom, i.e., the dominance
of the majority state in the corresponding energy range (Figure 5.1(c)-(f);
Figure 5.1(g): Cr is special, see [85] for details). Figure 5.2 shows the calcu-
lation results for the LDOS of Co adatoms on Mn/W(110). The LDOS in the
Co muffin tin shows that minority states are dominating at the Co adatom
at Eg, to which the d., state contributes most. However, in the vacuum this
state is suppressed due to the mismatch of the symmetry while only the s
and p states contribute a larger amount, resulting in the dominance of the
majority states at Er. Experimentally, four results on the direct measure-
ment of the spin-resolved LDOS above atomic protrusions [55, 56, 94, 89]
were reported; however, the spin character was discussed only in [89]. The
key issue in such experiments is a separate characterization of the tip and
sample spin-polarizations in order to find out the spin characters without

51



Y

-2

E-E. (eV)
0

2

—

: | ' [
Muffin Tin LDOS

DOS (states/eV)

DOS (states/eV) ©T

LI RC R FIRE i TR TANLI [
VacuumIILDOS

—
IIFI'II'II

Jlllll

1
I
1
1
|

Illiil

L]
—_—
TTTI]’TII

1
1
i
|
1
1
|
|
|

1 I | ] 1 l 1 l | 1 | 1 l | I 1
-08 -06 04 02 0 02 04 06 08 1
E-E; (eV)

Vacuum DOS (states/eV) ©

1
-
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from [89].
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comparison to theory.

Here I present a direct measurement of the spin-resolved LDOS above
adatoms on different substrates using low temperature SP-STS. The ability
of using exactly the same tip electrode for the four different sample elec-
trodes, namely Co monolayer, Co adatom on Co monolayer, Co adatom on
Pt(111) and Co dimer on Pt(111) in one experiment enables to determine
the spin characters of both the tip and sample electrodes separately.

In the experiments exactly the same sample as described in Chapter 4.1
and in [55, 56] is used as the first electrode. As the second electrode a
Cr-coated W tip with the magnetization My perpendicular to the sam-
ple electrode surface [55, 56] is used, the fabrication of which has been
described in Chapter 4.2.

5.2 Spin-resolved spectroscopy of Co adatoms:
Inversion of spin polarization

In order to gain information about the LDOS ps(E, 7r) above the sample
and that of the tip pr(Eg), as well as their spin polarizations Ps and Pr, the
spin-resolved differential tunneling conductance dI/dV is measured in the
spectroscopic mode. For a small voltage range around the Fermi energy, it
is approximately given by Equation 2.25

L V#0,0) o« prlEr) - ps(Ee + V)

. [1 + PT(EF)PS(EF +eV, 176) COS 9] , (51)

where 7 is the position of the foremost tip atom and 6 is the angle
between its magnetization My and the time-averaged magnetization of
sample < Ms >. The time window for averaging is determined by the
lock-in time constant. Since the tip electrode material is Cr, an external
magnetic field perpendicular to the sample surface can be used to align the
magnetization of the sample either parallel (1T) or antiparallel (T]) with
respect to the tip [55], resulting in the spin-resolved differential tunneling
conductance dI'"/dV(V) and dI™/dV(V). Assuming a constant distance
between the tip and sample for the two cases (17, Tl), the product of

the two electrodes” spin-polarizations can be deduced from the magnetic
asymmetry

Amag(V) dI1'"/dv — di™/dv)/dr''/dv + dr't/dv)

Pr(Er) - Ps(Er + eV, Ry). (5.2)
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Figure 5.3: Overview of the sample-electrode with Pt(111) terraces (A),
Co monolayer (B), Co adatoms on Co monolayer (C), Co adatoms on
Pt(111) (D), and Co dimer on Pt(111) (E). A Co dimer (E) is higher than
single Co adatoms (D) on the platinum terrace. Co adatoms on the Co
monolayer (C) appear higher than those at the Co-monolayer edge (G)
at this bias voltage. A defect (F) is also visible on the platinum terrace.
(Tunneling parameters: Vg, = +0.3 V, [gap = 0.8 nA, and T = 0.3K.)

Thus the sample spin-polarization can be extracted only with the know-
ledge of the tip spin-polarization. This can be achieved by measuring the

voltage dependent A, on Co monolayers with well-known Ps(Eg+eV, ﬁT)
to calibrate Pr and then using exactly the same tip to characterize the Co

adatoms with unknown Ps(Eg + eV, ﬁT). Care has to be taken to evaluate
dI/dV curves at the same tip-sample distance. While there is no distance
change for Co adatoms and dimers on Pt(111), we take into account the
measured apparent height variation on Co adatoms on Co monolayers
of less than 14 pm due to the magnetization switching and normalized
the spectra with the transmission coefficient using the one-dimensional
Wentzel-Kramers-Brillouin (WKB) approximation for a trapezoidal bar-
rier with the height @ calculated from the Cr and Co workfunctions ®c,,
Do © = (Dey + Dcp)/2 = (4.5eV +5.0eV)/2 [43].

A representative overview of the sample is displayed in Figure 5.3
where Co adatoms on different substrates can be found. This makes it
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Figure 5.4: Spin-resolved spectroscopy of Co adatoms and dimers on
different surfaces. (a) Spin-resolved dI/dV curves acquired over an hcp
area of a monolayer as illustrated in the inset of (b). (b) Spin-resolved
dl/dV curves acquired over a single adatom on an fcc region of a mono-
layer. Inset: STM topograph of the area with the single adatom sitting
on the monolayer. The dislocation network on the monolayer surface is
visible [17]. (c) Spin-resolved dI/dV curves acquired over single adatoms
sitting on fcc and hcp lattice sites on a platinum terrace. (Curves from fcc
adatoms are vertically offset by 0.5 nS for clarity.) Inset: STM topograph
colored with the simultaneously recorded dI/dV map at I, = 0.3 nA and
Vstab = -0.1 V of an area with several fcc (purple) and hcp (gold) adatoms
(vertical scale from 0 to 0.17 nm). (d) Spin-resolved dI/dV curves acquired
over the center of a dimer with both adatoms sitting on nearest neighbour-
ing fcc sites on a platinum terrace. Inset: STM topograph of the area with
a single adatom and the compact dimer (arrow). Curves in (a)-(d) change
with the relative orientation of sample and tip magnetizations as indicated.
(Tunneling parameters: Vg = +0.6 V, Iiap = 1.0 nA, Vinoqa = 10 mV (rms),
and T =0.3K))
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possible to compare the results of adatoms in distinct surroundings in a
well-defined way. A Co monolayer patch (B) decorates the step edge of
the Pt(111) and exhibits a dislocation network induced by the coexistence
of face-centered cubic (fcc) and hexagonal closed-packed (hcp) stacked ar-
eas [17]. On the platinum terraces (A), single Co adatoms (D) and Co
dimers (E) are visible. There are also single adatoms (C) residing on the
monolayer. Figure 5.4(a)-(d) show the dI/dV curves of the MTJ using the
same tip electrode but with a Co monolayer (a), a Co adatom on a Co
monolayer (b), a Co adatom on Pt(111) (c), and a Co dimer on Pt(111) (d)
as the second electrode in (1T) and (T|) configurations. Figures 5.5(a)-(d)
show Ap,, calculated from Figure 5.4(a)-(d), respectively. These curves
will also serve to choose a proper bias voltage to image the magnetization
of Co adatoms (see Chapter 6).

In order to calibrate Pt the Co monolayer is first characterized with
different relative orientation of sample’s and tip’s magnetizations (Fig-
ure 5.4(a)). These spectra are recorded over the hcp area of the monolayer
depicted in the inset of Figure 5.4(b). As seen from Figure 5.5(a), the tunnel-
ing junction has a large positive Amag at Ef, i.e., Pr(Er)- Py™(E, ET) > 0. The
spin-resolved LDOS above Co monolayers on Pt(1 1 1) was recently studied
using SP-STS and first-principles calculations [17]. Figure 5.6 shows the
calculation results of the spin-resolved LDOS in the vacuum 6.7 A above
Co monolayers using the Tersoff-Hamann model. The results for the ma-
jority and minority channels as well as the sum of both for both fcc and
hep stacked areas are presented. The resonance at -0.35 V was assigned to
a d-like minority surface resonance [17], which is commonly accepted as
the fingerprint of Co surfaces on various substrates [17, 66, 67, 68, 69, 93].
The calculations showed that the minority character is extended to Ey, i.e.

PY™(E, Ry) < 0[17]. Therefore, it is immediately clear that the tip also
has a negative spin polarization at Eg, i.e. Pr(Eg) < 0. This conclusion
is consistent with the fact that Cr is negatively polarized around Er [95].
Note that An.g changes the sign between Er and -0.35 V, which indicates
a reversal of the Cr-tip spin-polarization around -0.1 V as also found by
Pietzsch et al. [68].

Let us now use a single Co adatom sitting on an fcc area of the Co
monolayer surface as the second electrode (Figure 5.4(b)). The adatom
is stabilized by the underlying monolayer through direct ferromagnetic
exchange interaction [17, 85]. The measured dI/dV spectra show that the
strong d-like surface resonance at -0.35 V is quenched and an additional
state appears at +0.2 V (Figure 5.4(b)). More importantly, by comparing
Amag of the Co adatom (Figure 5.5(b)) to that of the monolayer (Figure 5.5(a))
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Figure 5.6: Vacuum LDOS for Co monolayer stripes. The spin-majority
(thin solid line), spin-minority (thin dashed line) channels and the sum of
both (thick solid line) for fcc and hcp stacked areas are presented. Figure is
taken from [17].

it is seen that now the sign of the spin polarization around Ep is reversed
and a dominance of majority electrons is found instead. Thus, one main
finding is that even one atomic protrusion at the interface of a MTJ can
reverse the sign of the spin polarization. Such a significant effect of single
atomic defects on the vacuum tunneling is also proposed from calculations
on magnetic adatoms on magnetic substrates [85]. However, this result
is in contrast to the measurements on single Fe and Cr adatoms on Co
islands [94], above which minority spin states in the energy region near Er
are still dominating. Contrary to the prediction of the calculations in [85]
there is no indication that the sign change of the spin polarization at Er is
due to the resonant scattering of electrons from the spin-polarized surface
state of the underlying Co substrate, which is of minority character and
located at about -0.35 eV below Ep.

In order to find out the reason for the inversion of the spin polarization
of the LDOS in the vacuum, the spin polarization above Co adatoms on
Pt(111) is investigated. Different from cobalt surfaces, Pt(111) is known
to have no occupied spin-polarized surface state [65] and consequently a
spin imbalance due to the spin-polarized resonant scattering effect can be
excluded [85]. As shown in the STM topograph colored with the dI/dV
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map simultaneously recorded at -0.1 V (Figure 5.4(c) inset), two types of
adatoms are found with identical height but distinct spectroscopic signa-
ture. This spectroscopic signature is induced by the two possible binding
sites and can be traced back to a slight shift of a pronounced peak at-0.05 V
in their LDOS in the vacuum (Figure 5.4(c)) [55, 58], which has been stud-
ied in detail in Chapter 4.1.2. When the magnetization orientation relative
to the tip magnetization switches from parallel to antiparallel, its intensity
increases for both types of adatoms. As visible from Amag in Figure 5.5(¢),
the corresponding state at -0.05 V for both fcc and hcp adatoms has a major-
ity character leading to an opposite spin polarization with respect to that
of the monolayer. This finding is quite significant, because all theoretical
calculations so far predicted a dominance of the minority density of states
at the adatom [23, 27, 28, 29, 30]. It is anticipated that the inversion of the
spin-polarization in the vacuum region might be a particular property of
single adatoms on atomically flat substrates.

To further test this conclusion, Amag is examined when just one addi-
tional Co atom is added and a closed packed dimer is formed. The Co
dimer is well suited for direct comparison, since apart from the broaden-
ing of the d band no drastic changes in the LDOS at the dimer with respect
to that of the single adatom are expected from calculations [23, 27]. In par-
ticular, minority states are still expected to dominate at Er. Consequently,
the main difference of the Co dimer with respect to the Co adatom is an
increase of symmetry breaking which can affect the electronic state in the
vacuum. Figure 5.4(d) illustrates the dI/dV curves obtained over the center
of the dimer. An area containing a single adatom and a dimer (arrow) is
shown in the inset. This dimer is composed of two nearest neighbouring fcc
adatoms, i.e. a compact dimer, and appears elliptical and higher than sin-
gle adatoms. The two adatoms are coupled through direct ferromagnetic
exchange interaction as shown by calculations [23, 27, 56]. By comparing
the spectra with Figure 5.4(c), it is found that the dimer spectrum resembles
that of single adatoms in the energy range from -0.8 V to -0.2 V and above
+0.2 V. However, near Er the spin polarization of the state at -0.05 V is
clearly reversed. This is also visible in Figure 5.5(d) where the dominating
minority state leads to a negative spin polarization of the LDOS at Er above
the dimer as found for the complete monolayer.

5.3 Discussion: Mechanism of the inversion

The comparison of the Co adatom on two different surfaces indicates that
the substrates play a minor role in the inversion, and the mechanism of
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the spin-dependent resonant scattering can be readily excluded. While
from the comparison of the Co adatoms and dimers it is immediately clear
that the coordination plays a key role in determining the spin character
of LDOS especially at Ef, another possible mechanism has to be excluded
tirst. It is believed that the exchange interaction between the tip and
adatoms through the vacuum barrier may reverse the spin polarization in
the vacuum [96]. If the exchange interaction is ferromagnetic, then it acts
as an effective magnetic field and hence aligns the spin of adatoms in the
direction of the tip magnetization resulting in the dominance of majority
states. However, this mechanism can also be excluded in the current
experiment. First, the direct exchange interaction between the Co adatom
and the Co monolayer is much stronger than the exchange interaction
between the adatom and the tip if there is any, but the inversion of the
spin polarization is still observed. Second, for the tip-adatom distance
geometry defined by V.p = +0.3 V and I, = 0.8 nA the effective magnetic
tield from the tip is in the order of 0.1 T (see Chapter 6.6), and therefore
the field that has been applied during recording the spectra in Figure 5.4
and 5.5, i.e., £1 T, is strong enough to saturate the adatom magnetization.

In the following the coordination effect is discussed. The comparison
of the Co adatom and dimer highlights the importance of the coordina-
tion on the spin character of the LDOS especially at Er and implies, that
the observed inversion of the sign of the spin polarization is unique for
single magnetic atoms adsorbed on atomically flat metallic surfaces. Elec-
tronically, coordination can change the hybridization and symmetry of the
adatoms’ electronic states. Therefore, one possible mechanism responsible
for the inversion is that sp electrons, of which the spin state might be op-
posite to that of the d electrons due to the hybridization, contribute most
strongly to the spin polarization at Er in the vacuum. Single adatoms have
the highest rotational symmetry normal to the surface and therefore pos-
sess a LDOS at Er with large contribution from high-symmetry electrons
e.g. s, p; and d,2 electrons. Upon vacuum tunneling the d electrons decay
faster than sp electrons leading to the dominance of sp over d electrons
at Er in the vacuum above them. However, the formation of a dimer or
a monolayer increases the lateral coordination number and, as a result,
reduces the rotational symmetry of the atomic state. This disfavors those
electrons of high symmetry electrons and could explain the disappearance
of the effect for the dimer. In fact, such a mechanism is found to be domi-
nant in the vacuum tunneling on 34 adatoms and pyramids on (001) and
(110) magnetic surfaces (Figure 5.2) [89, 97], and might be present even
for (111) surfaces. Because this discussion is based on the symmetry con-
sideration, it implies that the observed inversion of the spin polarization
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might be unique for single magnetic atoms adsorbed on atomically flat
metallic surfaces.

54 Summary

In summary, spin-resolved spectroscopic measurements have been carried
out on Co adatoms, and the spin-resolved LDOS in the vacuum above Co
adatoms on different substrates has been investigated. A spin polarization
in a wide energy range from -0.8 V to +0.6 V on Co adatoms on Pt(111)
is observed, that can be used to measure magnetization curves of single
atoms as shown in the next chapter. The measurements reveal that a
single Co atomic protrusion can lead to the reversal of the sign of the
local vacuum spin polarization at Er with respect to the atomically flat Co
surface. The comparison with other Co adatom nanostructures implies that
the dominance of majority electrons might be unique for single magnetic
adatoms. In order to identify the responsible mechanism, state-of-the-art
first-principles calculations are demanding.
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Chapter 6

Single-atom magnetization curves

This chapter explains the newly developed methodology for the measure-
ment of magnetization curves of individual adatoms. Single Co adatoms
on Pt(111) possess a vacuum spin-polarization in a wide energy range
around Er as revealed by the spin-resolved spectroscopic measurements
(see Chapter 5.2). This is exploited to image the magnetization of single
adatoms. By taking dI/dV maps at successive magnetic field, the mag-
netization curves of single Co adatoms can be obtained. Such curves are
well described within a quasi-classical Langevin model for paramagnetic
adatoms, from which the magnetic moment and the magnetic stability are
deduced. It is found that the magnetization of Co adatoms is switching in
the time domain with a period much shorter than the time resolution of
the experiment.

This chapter is organized as follows: First, an introduction on the
research background is presented; then the ability of imaging the magneti-
zation of single adatoms is demonstrated, after which the methodology to
measure magnetization curves is presented, and the modeling of the curves
is described; finally the possible mechanisms responsible for the switching
of the adatom magnetization in the time domain will be discussed followed
by a brief conclusion.

Part of the results presented in this chapter have been published in:
E. Meier, L. Zhou, J. Wiebe and R. Wiesendanger, “Revealing magnetic
interactions from single-atom magnetization curves”, Science 320, 82-86
(2008).
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6.1 Introduction

The measurement of the magnetization during sweeping an external mag-
netic field is called the magnetization curve of a magnetic material. It has
played a key role in the development of modern research on magnetism,
because such curves can directly supply information on the basic prop-
erties of magnetic materials, as e.g., the hysteretic properties, magnetic
moment, magnetic anisotropy, and magnetic interaction [98].

There are a couple of techniques which are able to image the magne-
tization and record the magnetization curve of materials, as e.g., surface
magneto-optic Kerr effect measurements [99], vibrating sample magne-
tometry [100, 101], XMCD [4], and superconducting quantum interference
device (SQUID) magnetometry [102, 103]. The miniaturization of samples
from bulk over thin films to single adatoms requires an ever increasing sen-
sitivity of this method. Lately, XMCD has been demonstrated to be able
to measure magnetization curves of adatoms on a non-magnetic substrate,
but the technique is limited to large ensembles [4]. SQUID is conven-
tionally an extremely sensitive magnetic-field detector and therefore is an
approach of natural choice. However, to date the smallest single nanopar-
ticle which has been studied by a micro-bridge-dc-SQUID, is a 1000-atom
Co nanocluster with a magnetic moment of ~ 2550 pip [2]. Recently, in order
to further increase the sensitivity the same group used a carbon nanotube
as the insulating barrier in the Josephson junctions resulting in a so-called
nanoSQUID [3]. Such a device is believed to be able to measure changes
in the magnetic moment of a single magnetic molecule, as e.g., Mny,, but
no experimental results have been reported mainly due to the difficulty in
attaching molecules onto the device with the required precision. While it is
still possible to address the molecules via a certain chemical reaction [104],
the attachment of individual magnetic atoms seems almost impossible
without the help from STM or atomic force microscopy. Moreover, al-
though the diameter of the key part of the nanoSQUID, i.e., the nanotube,
(~1 nm) is comparable to the dimension of a magnetic molecule leading
to a sufficiently strong coupling of the molecule flux into the SQUID loop,
it seems too large as compared to the size of an atom. As a result, very
little of the magnetic field generated by the atom would penetrate the loop
making it undetectable.

Different scanning probe approaches are potentially able to detect in-
dividual spins with nanometer spatial resolution ranging from magnetic
resonance force microscopy (MRFM) [105] over magnetic exchange force
microscopy [106, 107] to STM/STS [49, 54, 108, 109, 110, 111]. The resolu-
tion of the MRFM is limited to 25 nm; moreover, its efficiency is extremely
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Figure 6.1: (a)-(b). STM topograph colored with simultaneously recorded
dI/dV map of two fcc and two hep Co adatoms in opposite magnetic fields
with the tip and adatoms” magnetization directions orientated parallel (a)
and antiparallel (b). (Tunneling parameters: Vg = -0.1V, Iip = 0.3 nA,
Vinod =20 mV (rms), and T = 0.3 K.)

low due to a weak signal-to-noise ratio [105]. Spin-averaged STS was used
to indirectly deduce the properties of single and coupled spins via the
Kondo effect [54], the detection of noise [108, 109] or the observation of
exchange splittings [110, 111]. Inelastic electron tunneling spectroscopy
(IETS) was exploited to detect the spin flip and measure the magnetic
moments and anisotropy as well as the magnetic dynamics of individual
atoms [19, 20,47, 48,49, 53]. However, this method is limited to the study of
the excited states and therefore cannot map static spin configurations. Asa
complementary method SP-STM can detect the ground state of individual
spins in a nonmagnetic surrounding as will be shown in the following [55].

6.2 Magnetic imaging of adatoms

Ashas been described in Chapter 2.5, the differential conductance detected
by SP-STM depends on the relative orientation of the tip and sample mag-
netizations, and therefore it can be used to map the surface spin structure
of the sample.

In order to image the magnetization of single adatoms by SP-STM, care
has to be taken to choose an appropriate bias voltage at which the adatom
exhibits spin contrast.

As shown in Ap,,, in Figure 5.5(c) of Chapter 5, for single Co adatoms
on Pt(111) the strongest spin contrast occurs at the energy of the promi-
nent peak below Eg. Figure 6.1 shows the spin-polarized dI/dV maps at
the corresponding bias voltage recorded at the external magnetic field Bey
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Figure 6.2: (a)-(b). STM topographs colored with the simultaneously
recorded dI/dV maps of Co adatoms in opposite magnetic fields with the
tip and adatoms” magnetization directions parallel (a) and antiparallel (b).
(Tunneling parameters: Vap = +0.3 V, Ijap = 0.8 NA, Viyog = 20 mV (rms),
and T =0.3K))

of =0.5 T and +0.5 T on an area with two fcc and two hecp Co adatoms.
The magnetic field aligns the adatoms” magnetization in the parallel and
antiparallel orientations with respect to the tip’s at these two fields, as will
be shown in the next section. It is obvious that the adatoms exhibit mag-
netic contrast between the two configurations. Unfortunately, the contrast
between different adatoms at the same magnetic field is also strong, which
is due to different binding sites and has been studied in detail in Chap-
ter 4.1.2. In this case the magnetic imaging is not intuitive, and a strong
effort is needed to separate the magnetic and electronic contributions.

Therefore, a bias voltage farther from Eg is used in order to avoid
electronic contrast due to stacking. It is found in the A, curve in Fig-
ure 5.5(c) that the spin-polarized dI/dV signal of Co adatoms at +0.3 V
has a sufficient asymmetry and the binding site has negligible influence.
Therefore, it is mainly used to image the magnetization and measure mag-
netization curves throughout this work. The resulting spin contrast in
dI/dV maps recorded at this bias voltage is shown in Figure 6.2 for parallel
and antiparallel orientations of tip and adatom magnetizations. As in the
dI/dV curves (Figure 5.4(c)), the dI/dV signal on the adatoms is reduced

for antiparallel configuration of (M,) and Mr. The electronic contrast is
negligible at this bias voltage. One important result is, that the magnetic
contrast is localized on a region of ~ 1 nm diameter around the center
of each adatom. The polarization of the substrate induced by a single
adatom is obviously too small to be detected. It will be shown in Chap-
ter 8, that a larger number of Co-atoms is needed to induce a sufficiently
large polarization within the Pt that can be detected.
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6.3 Single-atom magnetization curves

With the ability of imaging the magnetization of single magnetic adatoms,
itbecomes possible to measure their magnetization curve. In the following,
it is assumed, that the differential conductance is measured on the same
atom at the same tip-atom distance, and only the atom magnetization is
changed by the application of an external magnetic field. In this case,
the corresponding tip and sample spin polarizations in Equation 2.25 are

proportional to the magnetizations of the tip My and sample M,. When
the magnetization is time dependent, as e.g., for Co adatoms on Pt(111),

this Equation 2.25 reads:
a . ar . dl L o /e
gy (V7o) e d_Vo(V' o) + [d_VO(V’ 70)lspMr - (MA>/ (6.1)

where MT is assumed to be constant, and <M A> denotes the time-averaged
magnetization of the adatom. The time window is determined by the
sampling duration, 10 ms here. In this section isolated adatoms will be
investigated which have a mean nearest neighbour distance of 2.4 + 1 nm
to each other and a distance more than 8 nm from the Co nanowires.
Spin-polarized dI/dV maps are recorded at +0.3 V at successive external
magnetic fields B, being varied in sufficiently small steps from -7.5 T to
+7.5 T and back to -7.5 T. To record dI/dV maps with a pixel resolution of
20-25 points/nm, a scan speed of 25 nm/s and a lock-in time constant of 1 ms
are typically used. With these settings, the time duration to record dI/dV
maps in forward and backward channels simultaneously with topographs
of an area of 25 nm X 15 nm is in the order of 15 min, and hence the time
period to record a full magnetization curve is in the order of 12 hours.
The holding time is long enough for the measurements. As will be shown
below, the adatoms are already saturated at a field lower than 1.0 T at
0.3 K; therefore only the dI/dV maps recorded in the range of +1.5 T are
presented in Figure 6.3(II)-(X X X VIII), which are taken for an area as
shown in Figure 6.3(I). As visible in the figure, a patch of a Co nanowire is
always included in the scanned area so that the magnetization state of the

tip can be always monitored simultaneously; the initial ]\7IT and sample’s
magnetizations are aligned by the positive field (up). In order to reveal
the possible relation of the magnetic properties with the binding site, the
dI/dV map at -0.1 V is always recorded in the backward channel as well,
as shown in Figure 6.3(II) (see Chapter 4.1.2). As visible, four of the eight
adatoms are sitting on the fcc sites and appear blue, while the remaining
four ones are on the hcp sites and appear with almost the same color as the
Pt(111) substrate.
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Figure 6.3: dI/dV maps at successive §ext which form the data set for
extracting single-atom magnetization curves. (I) STM topograph of an
area containing a patch of Co ML (left) and several single Co adatoms on
Pt(111) (blue). (Tunneling parameters: Vg, = +0.3 V, Iiap = 0.8 nA, and
T = 0.3K.) (II) dI/dV map recorded on the same area as (I) showing stacking
contrast on top of Co adatoms (red circles). (Tunneling parameters: Vi, =
—0.1V, Ijap = 0.30A, Viog = 20mV (rms), and T = 0.3 K.) (IID)-(X X X VIII)
dI/dV maps recorded on the same area as (I) at successive gext for a full
magnetization curve. Magnetization orientation of I\ZT, MML and <Z\7j A> are
depicted in the lower left corner of each image. Adatom A indicated with a
green circle exemplarily exhibits different intensity depending on the field
(as do all other adatoms). ]\ZML is switched by ﬁext in (X II) and in (X X X).
My is switched by Bex in (XX 1) and in (X X X VIII). (Tunneling parameters:
Vb = +0.3V, Ly = 0.8 NA, Viog =20 mV (rms), and T = 0.3 K.)
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Now I focus on the signal change of the particular hcp-adatom A with
the magnetic field during the down sweep from +1.5 T to -1.5 T (Fig-
ure 6.3(III)-(X XI)). When By is swept from +1.5 T to +0.3 T (Figure 6.3(III)-
(VII)), both the signal of the nanowire and of adatom A have no visible

change, meaning that the tip magnetization My is stable and the adatom

A magnetization M A is saturated above +0.3 T. Only when B,y is lower
than +0.3 T, the signal of adatom A starts to decrease; from +0.3 T to -0.5
T (Figure 6.3(X)-(X VI)) the signal decreases very rapidly and then gets
saturated again (-0.6 T to -1 T; Figures 6.3(X VII) to (X X)). In parallel, the
color on the Co nanowire is changed in between +0.1 T and -0.1 T (Fig-
ure 6.3(X II), which is due to the switching of the nanowire magnetization

]\7IML by Bext, from positive field direction (up) to negative field direction
(down). From -1.0 T to -1.5 T (Figure 6.3(X X)-(X X I)) both the signal on
the nanowire and the signal on all the adatoms suddenly change. This is

because ]\7IT is aligned by the strong B.,;. Note that due to the inversion
of the spin polarization of the stripe with respect to that of adatoms at

+0.3 V, a parallel orientation of ]\ZML relative to M)T leads to lower dI/dV
signal, while for the adatom it leads to higher dI/dV signal (see Figure 5.5
in Chapter 5). Similar behavior is observed in the up-sweep from -1.5 T

to +1.5 T (Figure 6.3(X X I)-(X X X VIII)); however, M)ML and ]\7IT are now
switched at positive field, i.e., +0.1 T and +1 T respectively, proving the

ferromagnetic hysteresis of Z\ZML and MT.

The dI/dV signal is averaged above all individual adatoms with an
area of about 0.25 nm?, and plotted as a function of the external magnetic
field. Note that the dI/dV signal above adatoms is not always symmet-
ric due to a weak asymmetry in the tip. Therefore, the area in the dI/dV
map which has been used to measure the magnetization curve has been
chosen in the following way: (i) the center of each adatom is determined
in the corresponding STM topograph which is recorded simultaneously
with the dI/dV map; (ii) a square is defined with the adatom as the center;
and (iii) the dI/dV signal inside the square is averaged for each adatom.
Figure 6.4(a) (top and middle curves) shows the typical raw data of the
magnetization curves extracted for an fcc and hcp adatom from a set of
dI/dV maps (different from that in Figure 6.3) recorded by a tip that is re-

versing its magnetization M at about [0.75| T. For the up-sweep the dI/dV
signal suddenly increases between +0.6 T and +1.0 T due to the reversal of
My from down to up. The same behavior is observed for the down-sweep
with a tip reversal from up to down between -0.6 T and -1.0 T. The interplay
of adatom magnetization reversal at ~ 0 T and tip magnetization reversal at
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Figure 6.4: Raw data of single-atom magnetization curves and correction
for the tip reversal effect. (a) Magnetization curves of three different
adatoms recorded with two different tips (curves offset for clarity). The
red curves (blue curves) are recorded during the up (down) sweep of Bey
from -2 T to +2T (+2 T to -2 T). The top and middle curves are respectively
taken on an fcc and hcp adatom, with a tip thatis reversing its magnetization
]\7IT at about |§ | = 0.75 T. The bottom curve is recorded with a different tip
that is not reversing its magnetization. The arrow pairs in the middle
and bottom curves indicate the relative orientation of adatom ( M Ay (left
arrow) and tip magnetization ]\7IT (right arrow). The dash-dotted (dashed)
subsidiary lines in the top curve indicate the dI/dV signal corresponding
to ¢ MA) = 0 (saturated ( MA>). (Tunneling parameters: Vg, = +0.3 V, Litap
= 0.8 nA, Vinoqa = 20 mV (rms), and T = 0.3 K). (b) Magnetization curves
derived from (a) by correcting for the tip reversal and stray field.
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+ 0.75 T results in a butterfly-shaped curve with the relative orientations of

(M,) and M as indicated by the arrow pairs in the curve. Close inspection
reveals that the S-shaped part of the magnetization curve near Be,t =0T,
which indicates the adatom-magnetization reversal, is not symmetric with

respect to zero magnetic field: The red curve (Mt downwards) is shifted

by +0.1 T while the blue curve (M upwards) is shifted by -0.1 T. Note, that
these shifts also result in a vertical shift of the intersection points of the red

and blue curves at B. = 0 T, which is above the line indicating (1\71 A =0
(see dash-dotted line). For some of the tips, significantly different shifts are

observed for upwards and downwards pointing Mr. The butterfly-shaped

hysteretic behavior is only observed when My is reversed during record-
ing the magnetization curve. The bottom curve in Figure 6.4(a) shows for
comparison an example recorded with a stable tip from Bey = -2 T to +1
T and backwards. There is no indication for a difference in the up- and
down-sweep curves. This proves that the adatoms behave paramagnetic
at 0.3 K, and their properties revealed from such magnetization curves will
be discussed in Chapter 6.4 and 6.5. Nevertheless, both curves are slightly
shifted to the right indicating a downwards pointing tip magnetization
which is consistent with the overall symmetry of the curve (large dI/dV at
negative B, small dI/dV at positive By). The possible reasons for the hori-
zontal shift in the magnetization curves induced by the tip magnetization
will be discussed in Chapter 6.6.

To correct for the reversal of the tip magnetization a method similar
to that used in [112] is applied. Therefore, the part of the magnetization

curve recorded with the upwards pointing My is mirrored at the average
of the dI/dV signals (see dash-dotted subsidiary line in Figure 6.4) as well
as shifted by +0.1 T. The part of the magnetization curve recorded with the
downwards pointing tip magnetization is shifted by —0.1 T. This results
in the symmetric curves, which are shown in Figure 6.4(b) and have been
used to fit the magnetic moments (see the following section). Similar
magnetization curves have been recorded on tens of different adatoms as
shown in Figure 6.5(b).

The magnetization curves at a temperature of 4.2 K have also been
recorded. For comparison Figure 6.5(a) shows exemplarily the magneti-
zation curves for the same adatom at T = 4.2 Kand T = 0.3 K. S-shaped
curves are observed for both temperatures, but with strongly different sat-
uration fields B,y ~ 5T (T = 42 K) and Bsyy = 0.3 T (T = 0.3 K). It is
worth pointing out that the saturation field at 4.2 K is in good agreement
with that obtained by XMCD at 5.5 K [4]. The curves recorded at 0.3 K
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Figure 6.5: Single-atom magnetization curves. (a) Magnetization curves
of a Co adatom at 4.2 K (top) and 0.3 K (bottom) have distinct saturation
tields. The curve at 4.2 K is vertically shifted for clarity. (b) Magnetization
curves recorded at 0.3 K on different adatoms show variant slope around
Bext = 0 and different saturation fields as indicated by the black solid bars

and corresponding numbers. Reversal of My is corrected. (Tunneling
parameters: Vgp = +0.3 'V, I = 0.8 nA, and Viog =20 mV (rms).)

for different adatoms exhibit variant slopes around B, due to a different
saturation field, as indicated in Figure 6.5(b). Figure 6.6 shows the magne-
tization curves for the same adatom recorded at +0.3 V and -0.1 V to check
for effects of different bias voltages, but no distinct difference in these two
curves is observed.

Since there are no signs of hysteresis in the magnetization curves at
0.3 K and 4.2 K, the magnetization behaves paramagnetic and statistically
switches between up and down with a rate much faster than the cur-
rent time resolution of the experiment (> 100 Hz). It has been reported
that Co adatoms on Pt(111) have a large out-of-plane magnetocrystalline
anisotropy of K = —9.3 meV (at 5.5 K) corresponding to an energy barrier

between up- and downwards pointing My of about 100 K [4]. Since the
lowest temperature is 350 times smaller, thermally induced switching of
]\7IA across such a barrier can be excluded [113]. Thus, if the description
in [4] is correct, these results imply the dominance of a temperature inde-
pendent switching process. This will be discussed in detail in Chapter 6.5.
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Figure 6.6: Single-atom magnetization curves recorded at different bias
voltages. The magnetization curves of the same Co adatom at +0.3 V (top)
and -0.1 V (bottom) exhibit no distinct difference. (Tunneling parameters:
top: Vb = +0.3 V, Lgab = 0.8 NA, Vinog = 20 mV (rms), and T = 0.3 K;
Bottom: Vp =-0.1V, I = 0.3 nA, Vieg =20 mV (rms), and T = 0.3 K.)
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Figure 6.7: Schematic sketch of the energy levels of a quantum spin with
S = 3/2. The energy levels of the total angular momentum S of the adatom
depend on its z-component S.. Nonzero D and B lift the degeneracy
resulting in the energy levels as indicated by the blue lines.

6.4 Theoretical modeling

In order to gain information on the basic properties of single magnetic
adatoms from single-atom magnetization curves, it is important to model
these curves. Here, only the isolated adatoms are considered. In this
work, adatoms with a separation larger than 2.4 nm from other adatoms
and larger than 8 nm from Co monolayer stripes are modeled as isolated
adatoms. It will be shown in Chapter 7.4 that these adatoms still feel a
mean field of indirect exchange interactions from other adatoms even with
a mean nearest neighbor distance of 2.4+1 nm, which can be considered
by a variation in the effective magnetic moment.

The total angular momentum of the adatom S is the superposition
of spin and orbital momentum of the adatom and of the neighbouring
polarized Pt atoms [4]. If the adatom would be sufficiently decoupled from
the substrate conduction electrons as on insulating layers [47, 48, 49], the
spin is quantized and hence one could use a single-ion spin Hamiltonian
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for an isolated atom within a quantum mechanical model as

H=DS$2+ESS +5°) + qusB - S, (6.2)
where S, and 5_ are the ladder operators of S, S, is the operator of the out-

of-plane (z) component of S, g is the Landé factor, B is the magnetic field,
and D and E take into account the spin-orbit coupling with the substrate
and describe the out-of-plane and (sixfold) in-plane magnetic anisotropy
in harmonic approximation. Here E = 0 and D < 0 due to the out-of-
plane easy axis anisotropy [4]. Let us assume as an example S = 3/2. The
energy levels of such a quantum spin at a magnetic field B are shown in
Figure 6.7. Without the perpendicular magnetic anisotropy energy (D5?)
and the magnetic field B, all the states are degenerate. Nonzero D removes
the degeneracy of S, = +1/2 with S, = +3/2 states which results in the
energy levels indicated by the parabolic curve. Upon applying B along
the z direction the degeneracy of S, = +1/2 with S, = -1/2 and S, = +3/2
and S, = —3/2 is further lifted, and the energy levels are symmetrically
separated from the parabolic curve by the Zeeman splitting gugS.B (blue
lines).

However, the isolated spin Hamiltonian is a very crude approximation
due to the strong hybridization of the Co states with the Pt bands [4].
This hybridization produces broad resonances, as also indicated by the
large linewidth in the IETS spectra indicating a rather short lifetime of
the excited states [19, 20]. Consequently, the total angular momentum is
no longer half-integer. This is further supported by the mean magnetic
moment of the Co adatoms of m = 3.5 (see below) resulting in a non-half
integer number for § = Z- = 1.75. Therefore, a quasi-classical description
(continuum description) via the correspondence principle S, = S - cos 0 is
more appropriate. The energy function within this model is

E(6,B,) = DS?cos’ 6 + gupSB; cos O = K cos? 0 — mB, cos 6, (6.3)

where K = DS? is the perpendicular magnetic anisotropy energy (MAE),
m = —gug$S is the effective magnetic moment, and B, is the out-of-plane
component of the magnetic field.

Since paramagnetic behavior is observed on the nanoclusters com-
prised of a single Co adatom and the surrounding Pt atoms, naturally
the superparamagnetism model will be considered. However, this model
was so far only used to describe the spatial- and time-averaged statistical
behavior of a large ensemble of magnetic nanoclusters. It is interesting
to evaluate whether this description is appropriate to model the switch-
ing behavior without ensemble averaging. While the experimental mag-
netization curve is taken on a single adatom and there is no ensemble
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Figure 6.8: Single-atom magnetization curve fitted with different K. The
experimental data can be fitted quite well with K = —-9.3 meV, -1.0 meV
and -18.0 meV, while a large deviation is visible for the fitting with K ~ kgT
(K = =0.1 meV). (Tunneling parameters: Vg, = +0.3V, Liap = 0.8 nA, Vinog
=20mV (rms), and T = 0.3 K.)

averaging in the experiments, the detected dI/dV signal is time averaged
over a window of 10 ms which is about 10-12 orders of magnitude longer
than the life time of excited states of magnetic adatoms on metallic sur-
faces [19, 20, 114]. Therefore, it is assumed that this time is sufficiently
long to allow the adatom to travel around the whole phase space resulting
in a thermal equilibrium, and map its statistical behavior to superparam-
agnetism, given by

fozn do fon dO sin O cos Qe EOB:)/keT

<MA> = Msat o -
j(; d(P j(; dO sin Qe—E(G,BZ)/kBT

(6.4)

where M, is the saturation magnetization. The magnetic energy function
of the adatom E (0, B,) = —m(Bex + Bt) cos 0 + K cos? O takes into account

the external magnetic field §ext and tip stray field §T in easy axis direction
(see Chapter 6.6).
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Figure 6.9: Fitting the single-atom magnetization curves. (a) The
Langevin model is used to fit to the experimental magnetization curves
of a Co adatom at 4.2 K (top) and at 0.3 K (bottom). The insets show the
histograms of the fitted m (in ug) for the same 11 adatoms at 4.2 K (black)
and at 0.3 K (red) (top histogram) and for 46 fcc (blue) and 38 hcp (orange)
adatoms (bottom histogram, fcc bars stacked on hcp). (b) Magnetization
curves of 4 adatoms at 0.3 K with fit curves and fitted m. The black bars
indicate the magnetic field By, needed to saturate the magnetization. The
inset shows the histogram of B, (in T) for the same adatoms used in the
bottom histogram in (a). Curves in (a) and (b) are vertically offset for clar-
ity. (Tunneling parameters: Vg, = +0.3 'V, Iitp = 0.8 nA, and Viog =20 mV
(rms).)

This Langevin model is used to numerically fit the measured magneti-

zation curves, with m, Mg, and §T taken as the variable parameters. Using
an external magnetic field along the easy axis, it is impossible to get the
well-defined knowledge of the magnetic anisotropy energy. Figure 6.8
shows a single-atom magnetization curve fitted to the Langevin model
with different K. No apparent difference is observed for the fitting with
K =-93 meV, -1.0 meV and -18.0 meV. Only when a K in the order of the
measurement temperature (kgT = 25 peV) is assumed, a large deviation is
observed at |[Bey| > 0.5 T. This deviation cannot be corrected by choice of a
different m. For the curves at T = 4.2 K the fits start to deviate already for
IK| <1 meV. Consequently, it is found that a variation of K in a reasonable
range 1 meV < [K| < 20 meV will not change the fitted moment value at
T = 0.3 K and 4.2 K because such temperatures are too low to turn the
magnetization considerably into the hard axis direction. Therefore, a fixed
value K = —=9.3 meV is used [4]. The corresponding fit curves are shown
exemplarily in Figure 6.9 which excellently reproduce the experimental
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single-atom magnetization curves. Note that the fitted m is an effective
value including both the adatom magnetic moment and the induced Pt
magnetic moment.

Similar magnetization curves as in Figure 6.9 have been recorded using
several tips for about 80 different adatoms showing qualitatively the same
paramagnetic shape. The insets show the histograms of the fitted m. The
arithmetic means at 0.3 K for hcp and fcc adatoms are mj,, = (3.9 +0.2) up
and my. = (3.5+0.2) ug, respectively, which are larger than the 4.2 K values
(mpgp = (3.0 £ 0.3) ug and myg, = (3.1 £ 0.1) ug). Surprisingly, the magnetic
moment exhibits a very broad distribution at 0.3 K, from about 2 ug to
6 ug. The variance in m for the same adatoms decreases significantly at
T = 4.2 K. The mechanism for this behavior can be related to a spatially
inhomogeneous mean field of indirect exchange interaction, which will be
studied in detail in Chapter 7.4.

6.5 Discussion: Possible reasons for magnetiza-
tion switching

In the following the mechanism being responsible for the magnetization
switching is discussed. The first possibility is that the magnetization is
switched by the tunneling current through inelastic processes. In an STM
experiment inelastic tunneling is about one order of magnitude less prob-
able than the dominant elastic tunneling. However, as illustrated in Fig-
ure 6.10, when the bias voltage is higher than a certain threshold, the
tunneling electron can transfer its energy and momentum to the adatom.
As a result, the electron finds an additional tunneling channel by losing
some of its energy and changes its spin quantum number by one, while
the adatom is left in the excited state for some time. The excited state has
a lifetime t. If 1 is sufficiently long, so that enough electrons can drive the
adatom out of equilibrium step by step until its energy becomes higher
than the magnetic anisotropy barrier, the adatom can relax to the global
ground state. This way, the magnetization of the adatom is switched. Such
an effect might exist in the experiment since the bias voltage used to record
magnetization curves is higher than the threshold energy. However, it was
revealed that T is in the order of 20-200 fsec for magnetic adatoms in contact
to metallic surfaces [19, 20, 114]. In the experiment, the tunneling current
of 0.8 nA is used, from which the time between consecutive electrons can
be extracted as 0.2 nsec. This value is 10° — 10* larger than the typical
lifetime. Therefore, the tunneling electrons always interact with adatoms
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Figure 6.10: Illustration of the excitation of the adatom (red dots) by en-
ergy and momentum transfer from an inelastically scattering tunneling-
or conduction-electron (black dots) within the isolated spin model assum-
ing S = 3/2. The tunneling electron loses its energy and switches its spin
orientation, while the adatom is excited to a higher state (orange dotted
line). Depending on the magnetic anisotropy barrier and the lifetime of
the excited state, the adatom can relax to the local (path 1) or global (path
2) ground state.

in equilibrium with the environment, and only excitations by single elec-
trons occur. Consequently, the tunneling electrons alone cannot not flip
the adatom’s spin to the global ground state.

The situation is changed when the conduction electrons in the substrate
are also involved in the spin-flip scattering. Such an effect due to the coher-
ent spin-flip scattering of the conduction electrons with Co adatoms could
explain the observation of the fast switching of the spins. Actually, Bal-
ashov et al. [19], Schuh et al. [20] and Khajetoorians et al. [114] claimed that
such a process was observed in their experiments with inelastic tunneling
spectroscopy.

Another possible mechanism is the quantum tunneling of magnetiza-
tion. It was found in experiments that the magnetization of molecular
magnets can quantum mechanically tunnel through a barrier and change
the orientation if there is finite transverse magnetic anisotropy or external
magnetic field. Recently Loth et al. also found indications that the Fe-Cu
dimer on a Cu;N overlayer on Cu(001) relaxes out of the excited spin
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state due to quantum tunneling with a relaxation time between 50 to 250
nsec [115]. In the system of Co adatoms on Pt(111), due to the three-
fold rotational symmetry of Pt(1 1 1), an in-plane magnetic anisotropy of at
least sixth order is expected (see Equation 6.2) which, however, vanishes
because of S < 3. Moreover, because the hybridization in this system is
very strong, such a quantum effect is very unlikely.

6.6 Tip-adatom interaction

There are three possible reasons for a shift in the magnetization curves
of the adatoms induced by the switching of the magnetization of the tip
observed in Figure 6.4: (i) the imbalance of majority and minority electrons
tunneling from the tip to the adatom could result in a spin torque which
drives the magnetization of the adatom into one direction [52, 116]. (ii)
Magnetic exchange interaction between the foremost tip atom and the

adatom leads to an exchange bias field [96]. (iii) The stray field ]§T of the tip
composed of the Cr layer and an unknown Co coverage adds to the external

magnetic field gext. (i) and (ii) would always lead to a symmetric shift
of the magnetization curves for up and down tip magnetization because
these effects are fully determined by the spin polarization of the foremost
tip atom, which reverses its sign. On the other hand, the reversal of
the foremost tip-atom magnetization may happen without switching the
overall tip magnetization. This would result in a different absolute value of

§T for the two tip orientations. Therefore, the observation of an asymmetric
shift for some of the tips favours the stray field effect (iii). The absolute
values of the observed shifts are in reasonable agreement with the stray
tields measured for GdFe tips of 200 — 300 mT [79] taking into account the
smaller magnetic moment of Co as compared to GdFe. Here it is assumed
that the Cr-coated tip has picked up a Co nanocluster upon dipping it into
the Co nanowire in order to enhance the spin contrast (see Chapter 4.2.2).

Magnetization curves are also recorded by varying the stabilization
current over about one order of magnitude, corresponding to a tip-adatom
distance change of about 1 A, and changing the bias voltage and its polarity.
There is no significant change in the magnetization curve shift as a function
of current and voltage. This again disfavours the explanation by spin
torque (i) which would depend most sensitively on a current and bias
polarity change [52, 116]. It is therefore thought that the stray field effect

(iii) dominates and an effective magnetic field (Eext + ﬁT) is used to fit the
magnetization curves.
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6.7 Summary

In summary, the magnetization of single Co adatoms on Pt(11 1) has been
imaged. With this ability, the magnetization curves of single Co adatoms
can be recorded. The modeling of such curves has been discussed in
detail, from which the magnetic stability and magnetic moment can be
studied. The switching of the magnetization in the time domain at 0.3 K is
probably due to the quantum tunneling of the magnetization, or the spin-
flip scattering of the adatom with the conduction electrons in the substrate
and with the spin-polarized tunneling electrons.

It is expected that an increase in the time resolution will additionally
allow for the investigation of the dynamics in single and coupled spin
systems and reveal the mechanism of the switching of the magnetiza-
tion [115, 116].
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Chapter 7

Mapping magnetic interactions on
the atomic scale

This chapter describes how surface magnetic interactions can be mapped
on the atomic scale through investigating single-atom magnetization curves
by SP-STM. While the isolated Co adatoms on Pt(111) are paramagnetic,
those close to the Co ML stripes (nanowires) are found to be stabilized by
the indirect exchange interaction from the nearby nanowires. This coupling
is oscillating between ferromagnetic and antiferromagnetic with distance,
and is of the type of the one-dimensional RKKY exchange. The same
indirect exchange interaction is also observed in Co pairs, and exhibits
strong anisotropy with respect to the substrate crystallographic direction.
In the ensemble of randomly distributed Co adatoms, a spatially inho-
mogeneous mean field is observed which leads to a strong change in the
effective magnetic moment value from adatom to adatom.

This chapter is organized as follows: first an introduction is given on
the background, after which the measurement and analysis of the RKKY
exchange interactions between different Co nanostructures on Pt(111) are
presented, and finally a short conclusion is given.

Part of this chapter has been published in: F. Meier, L. Zhou, J. Wiebe
and R. Wiesendanger, "Revealing magnetic interactions from single-atom
magnetization curves”, Science 320, 82-86 (2008); L. Zhou, J. Wiebe, S. Lou-
nis, E. Vedmedenko, F. Meier, S. Bliigel, P. H. Dederichs, and R. Wiesen-
danger, “Strength and directionality of surface Ruderman-Kittel-Kasuya-
Yosida interaction mapped on the atomic scale”, Nature Physics 6, 187-191
(2010).
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7.1 Introduction

RKKY interaction [117, 118, 119] is an indirect magnetic coupling be-
tween localized spins in a nonmagnetic host mediated by conduction
electrons, where the localized magnetic moment is screened by the spa-
tially oscillating long-range spin polarization of the host conduction elec-
trons [120]. When magnetic moments are diluted in a conducting non-
magnetic host, RKKY interaction becomes dominant whenever there is
a sufficiently strong exchange coupling between the localized moments
and the conduction electrons. Then, the spins of the conduction electrons,
which are on average unpolarized, get polarized into a preferred direction
in the vicinity of each moment. This preferential direction oscillates with
increasing distance from the moment. A second localized moment will in-
teract with this spin-density oscillation and either perceive a ferromagnetic
(FM) or an antiferromagnetic (AF) coupling to the first, depending on their
relative distance. Therefore, it is also called indirect magnetic exchange.

RKKY interaction is dominating in dilute magnetic systems and de-
termines the system’s magnetic state. It played a key role in the devel-
opment of layered giant magneto-resistance devices [121, 122], drives the
ferromagnetism in heavy rare earth elements [123] as well as diluted mag-
netic semiconductors [124], and gives rise to complex magnetic ground
states such as spin glasses [8, 125]. The first indications of indirect mag-
netic exchange via conduction electrons came with the research on dilute
magnetic bulk alloys, where the dependence of the interaction strength
on the distance between the moments with the oscillation period of half
the Fermi wavelength was proposed with an isotropic and continuous
model [117, 118, 119]. For many bulk systems, the treatment of the con-
duction electrons in this way is sufficient to correctly describe the RKKY
interaction. However, such a model can be misleading if the typical length
scale of the interaction becomes comparable with inter-atomic distances,
as e.g., in magnetic nanostructures consisting of separate magnetic atoms
adsorbed on the surface of a nonmagnetic material, which is yet to be
examined.

Experimentally, direct evidence for RKKY-like coupling of magnetic
layers through transition metal layers was obtained only by spatially av-
eraging techniques as neutron-diffraction [126], light scattering from spin
waves [127], or transport and magnetization measurements [128, 129].
Such experiments detect only ensemble averages of a distribution of mag-
netic moments, which is not known exactly, thus hampering a direct com-
parison to theory. However, since magnetic devices are getting smaller and
approach the limit of nanostructures built by separate atoms, knowledge
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of the carrier mediated indirect exchange on the atomic scale is essential.
By using STS it became possible to investigate magnetic interactions in
atom pairs [110, 111, 48], but their RKKY coupling was yet detected only
indirectly via the Kondo effect [54].

7.2 Co adatoms stabilized by Co nanowires

7.2.1 Experimental results

It has been reported in Chapter 6.3 that at 0.3 K the isolated Co adatoms
are paramagnetic and their spins are switching in the time domain with
a characteristic time scale much shorter than the time resolution of the
experiment. However, the situation changes completely when they are
located close to Co nanowires.

Figure 7.1(d) shows exemplarily an STM topograph of an area with a
Co ML stripe and three Co adatoms with a lateral distance d less than 3 nm
to the stripe. These adatoms are separated more than 2.5 nm from other
adatoms, and therefore a dominant interaction from other adatoms can be
excluded (see Chapter 7.3). Figure 7.1(a) contains the magnetization curve
of this monolayer stripe and of the adatom with a distance of d = 1.5 nm
(atom A in Figure 7.1(d)). The ML shows a regular square-like hysteresis
curve corresponding to typical ferromagnetic behavior. In the down sweep
(blue curve) its magnetization switches from up (low signal) to down
(high signal) at the external magnetic field By = —0.5 T and in the up
sweep (red curve) it switches from down to up at +0.5 T. The adatom
behaves completely different than the previously described isolated ones
(see Chapter 6) and shows hysteresis, indicating that it is now stabilized by
some kind of interaction. In the down sweep its magnetization switches
from up to down already at large positive Bex = +0.7 T (see black arrow),
and points downward at zero field while the stripe magnetization points
upward. It then switches back to up simultaneously with the reversal
of the stripe at -0.5 T. Only at -0.7 T the adatom’s magnetization is again
forced into the down state (see arrow). Note that due to the inversion of the
spin polarization of the stripe with respect to that of adatoms at +0.3 V, a
parallel orientation of Z\7IML relative to Z\7IT leads to lower dI/dV signal, while
for the adatom it leads to higher dI/dV signal (see Figure 5.5 in Chapter 5
and Figure 6.3 in Chapter 6). The same behavior is observed for the up
sweep but now with the stripe magnetization pointing downward and
the adatom magnetization pointing upward at zero field. Obviously, the
adatom feels an AF coupling to the stripe which is broken by an exchange
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Figure 7.1: Magnetization curves of stabilized Co adatoms. (a)-(c) Mag-
netization curves measured on the Co ML stripe (solid lines) and on the
three Co adatoms (dots) A, B, and C marked in (d). The blue color indicates
the down sweep from Be = +1 T to -1 T (and red, the up sweep from -1
T to +1 T). The vertical arrows indicate the exchange bias field, B¢y, which
is converted into the exchange energy (using m = 3.7 ug) for the corre-
sponding magenta points in the plot of Figure 7.2. (d) STM topograph of
an area with a Co ML and three Co adatoms nearby. Arrow indicates the
measured distance with an angle of 50° to [112]. (Tunneling parameters:
Vb = +0.3 'V, Ly = 0.8 NA, Viog = 20mV (rms), and T = 0.3 K.)
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bias of Bex = #0.7 T. The interaction can be thus deduced as | = —m - Bey =
—150 peV (an average value of m = 3.7 up is taken, see Chapter 6.4). The
magnetization curve in Figure 7.1(b) of adatom B which is slightly farther
from the ML shows a FM coupling, i.e., the adatom magnetization is forced
parallel to the stripe at zero field (] > 0). An even more distant adatom C
again is antiferromagnetically coupled but with a lower B.y, smaller than
the stripe coercivity (Figure 7.1(c)).

Similar magnetization curves are measured on many adatoms with dif-
ferent distance to nanowires, and the determined interaction energies | as
a function of the distance are plotted in Figure 7.2. Due to the orientation
of the steps of Pt(111), this distance is oriented with an angle of 50° to the

[112] direction, the error bar +0.2 nm of which is due to the roughness
of the Co-ML-edge as visible in the STM topograph (see Figure 7.1). A
damped oscillatory behavior which is reminiscent of RKKY-like exchange
is observed [117, 118, 119]. Note that the coupling behavior is still observ-
able even at a distance of 4.5 nm.

7.2.2 Theoretical modeling

The direct exchange interaction can be immediately excluded to be respon-
sible for the finding because of the long range of the coupling behavior.
In order to evaluate the role of dipole-dipole interaction, the interaction
energy between a Co adatom and a Co ML stripe is calculated according
to the equation

1 > > AN/ A
Jaip-aip(d) = Y 5[t it = 3t - 7)1y - 7)1, (7.1)
7]
where the summation is over all the atoms of the stripe, 77 and rij; are the
magnetic moments of the adatom and of the atoms of the stripe, and 17;
(7;) is the relative distance (unit vector). Considering the perpendicular
magnetic anisotropy, it can be reduced to
1
ip-dip(d) =1 - ) —1i. 7.2

]dlp dlp( ) Z]‘ 7”]~3 j ( )
It is assumed that the Co stripe has a width of 10 nm and a homogeneous
saturation magnetization of 1.3 X 10° A/m so that m; can be deduced. The
calculated result is shown with the black line in Figure 7.2. It is found
that J4ip-qaip always favors AF and is negligible even at very short distance.
Therefore, it is concluded that the interaction is dominated by indirect
exchange via the Pt conduction electrons.
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Figure 7.2: RKKY coupling of adatoms to nanowires. Dots show the
measured interaction energy as a function of distance from ML stripes
as indicated by the arrow in Figure 7.1(d). The black line is the dipolar
interaction calculated as described in the text. The red, blue, and green
lines are fits to 1D, 2D, and 3D range functions for RKKY interaction.
Magenta points correspond to atom A, B, and C in Figure 7.1. Horizontal
error bars are due to the roughness of the Co-ML-stripe edge, whereas
the vertical ones are due to the uncertainty in Be,. (Tunneling parameters:
Vstab = 0.3V, [ap = 0.8 NA, Vipog =20 mV (rms), and T = 0.3 K.)
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If only isotropic exchange is considered (neglect Dzyaloshinskii-Moriya
interaction, see Chapter 7.3.2), the interaction can be described by the
following Hamiltonian:

1>

N =

A =Jd)S:- S, (7.3)

Here, S; and 5’7] are the spin operators of the atoms at position #; and 7, and

] (d_i)]-) is the exchange constant that depends on their distance djj =7 -7,
J (d;-) usually depends on the distance Id?jl as well as on the direction of d?]
However, in an isotropic itinerant electron system, one can assume | (d_i)j) =
J(d;). If the exchange is dominated by three-dimensional (3D) electrons,
J(d) is given by the following so called range function [117, 118, 119],

sin(2kgd) B cos(2kgd)

I = 672 NEN = = =y

1, (7.4)

where Z is the number of conduction electrons per atom, ] is the s-d ex-
change constant, N(Eg) is the density of states at Eg, and kr = 21/Ap is
the Fermi wave-vector. So it contains short- and long-range terms, and
reduces to

Jo cos(2kgd + 0)

J(d) = krd)?

(7.5)

at large distance, where a phase factor 0 is included to account for the
scattering phase due to the charge difference between impurity and host
and due to the former’s angular momentum [8]. ], depends on the density
of the conduction electrons, the s-d exchange constant and the density of
states at Er. The cos(2kgd) term determines the oscillating period as half
the Fermi wavelength, while (2kgd)® determines the decay rate, i.e., the
larger kr the faster it decays. In order to evaluate the difference of the
approximation Equation 7.5 from Equation 7.4, Figure 7.3(a) shows the
curves calculated from these two equations assuming kg = 27/(1.6 nm)
which is a typical value for the Pt(111) surface-related electrons. It can
be concluded from the curves that the short-range term sin(2kgd)/(2kgd)* is
already negligible in this case when d > 1 nm while the long-range term
cos(2kpd)/(2krd)* decays relatively slowly oscillating between FM and AF
with distance.

Because RKKY interaction is mediated by conduction electrons, it de-
pends on their dimensionality. In the case of isotropic D-dimensional
electron systems which mediate the interaction, the long-range behavior
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Figure 7.3: RKKY model within free electron approximation. (a) Com-
parison of the range functions of Equation 7.4 (blue) and Equation 7.5 (red)
for 3D RKKY interaction at large distance. Inset shows the short-distance
behavior, from 0 to 0.5 nm. (b) Dimensionality dependent range functions.
Red: 3D; Blue: 2D; Green: 1D. Inset shows the short-distance behavior,
from 0 to 0.5 nm.

correspondingly can be generalized to [130, 131, 132]

Jo - cos(2kgd + 0)
(2ked)P?

Figure 7.3(b) shows curves calculated for different dimensionalities with
the same kg as in Figure 7.3(a). Obviously, the 1D curve decays most slowly
and is still visible at d = 5 nm where the 2D and 3D curves are already
very weak. Therefore, RKKY interaction becomes important for a low-
dimensional system especially of the size comparable with the Fermi wave-
length. This conclusion is understandable, because a low-dimensional
electron gas is more unstable and therefore can be more easily perturbated
by impurities.

In order to test whether an RKKY description is appropriate, the data
points of Figure 7.2 are fitted using Equation 7.6 with different assumed
dimensionalities, D. |y, kr and 6 are taken as variable parameters. Figure 7.2
shows the corresponding result. A good agreement is found for D = 1 and
a wavelength of Ap = 21t/kg = 3 + 1 nm, corresponding to an oscillation
period of the exchange energy of 1 to 2 nm.

For the RKKY interaction at the surface between adatoms and ML
stripes a dimensionality below 2 is indeed expected. The interaction is
dominated by surface related (2D) states due to their smaller kr as com-
pared to those of the bulk. The superposition of the contributions from all
Co atoms along the stripe edge attenuates the decay further resulting in a

J(d) = (7.6)
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Figure 7.4: RKKY coupling of Co adatoms to a Co ML island. (a) STM
topograph of an area with a Co ML island and Co adatoms nearby. Note
that the island is located on the same terrace as the adatoms. (b) Same
as Figure 7.2 but including the exchange energy of adatom D and E with
the island (red points) whose topography is shown in (a). Due to the
sharpness of the island-Pt edge, the horizontal error bars for points D
and E are smaller. (Tunneling parameters: V., = +0.3 V, Iip = 0.8 nA,
Vimod =20mV (rms), and T = 0.3 K\)

dimensionality close to D = 1. This conclusion is analogous to the case of
the exchange interaction between ferromagnetic layers separated by non-
magnetic spacer layers where the dominating states are bulk (3D) states,
while the summation over the atoms in the layer can result in a 2D asymp-
totic behavior [133]. It can be concluded that the experimentally observed
indirect exchange is due to a state with a strong localization in the surface.
The measured period of the RKKY interaction is consistent with the period
extracted from the pairwise exchange (see Chapter 7.3) and from the KKR
calculations of the spin polarization in the Pt(111) (see Chapter 8.3). It will
be shown later by investigating the exchange interaction between adatom
pairs, that the responsible state for the RKKY interaction is most probably
the same surface resonance with an effective mass of 1.5 m. which is also
responsible for the electron scattering at subsurface defects described in
Chapter 4.1.2.

The RKKY interaction curve shown in Figure 7.2 is measured on ad-
atoms residing on the Pt terrace which is adjacent to and thus one atomic
layer higher than the one the nanowire is grown on. There are also ad-
atoms found in the vicinity to the Co ML which are on the same Pt terrace
than the ML. Because the hybridization of the nanowire to the Pt layer
in these two cases is different leading to a different s — d exchange, one
could expect a different strength of the RKKY interaction. Figure 7.4(a)
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illustrates an atomic layer high Co island on the Pt(111) terrace. Several
adatoms can be found nearby, of which single-atom magnetization curves
are recorded. Similar to the previous case, AF and FM couplings are found.
For instance, the adatom D is coupled AF and the adatom E is coupled FM
to the Co island. The coupling strength values are plotted with red dots
in Figure 7.4(b). Obviously, the coupling strength is consistent with the
previous case.

In conclusion, it has been demonstrated in this section that the RKKY
interaction can be directly detected with atomic resolution at an energy
scale of tens of ueV by recording single-atom magnetization curves. The
interaction with nearby Co nanowires can stabilize the magnetization of
Co adatoms.

7.3 Directionality and strength of pairwise RKKY
interactions

So far an RKKY model in an isotropic continuum conduction electron sea
has been assumed [117, 118, 119]. This model works quite well to describe
the magnetic behavior of diluted magnetic bulk systems. However, it may
be misleading or even collapse when the system size becomes comparable
with or even smaller than the Fermi wavelength, where the discontinuity
and the anisotropy due to the crystalline lattice become non-negligibly im-
portant. There have been theoretical [133, 134, 135] and experimental [136]
hints, that accurate RKKY models have to take into account the topology of
the Fermi surface and the discrete distribution of magnetic moments on the
atomic lattice. However, a direct proof was hampered by the fragmentary
information on this distribution based on spatially averaging experimental
techniques. This issue will be addressed in this section.

As demonstrated in the previous section, a direct detection of magnetic
interactions is feasible with the technique of measuring magnetization
curves of individual atoms using spin-polarized STS [55]. This section
presents a study of the RKKY interaction in well-defined pairs of Co ad-
atoms with different orientations and distances both experimentally by
measuring single-atom magnetization curves and by first-principles calcu-
lations using the fully-relativistic Korringa-Kohn-Rostoker Green function
(KKR) method [137, 138].
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Figure 7.5: Spectroscopy on single adatoms, pairs and dimers. (a) dI/dV
curves measured on a single fcc adatom, on a dimer (two atoms on next
neighbor fcc binding sites), and on the two adatoms in an fcc pair with a
distance of 0.74 nm (curves are offset for clarity, tunneling parameters: Ig.p
=1nA, Vsap, = +0.6 Vand +0.8 V, V,oa = 10 mV and 20 mV (rms), and T =
0.3 K). The single adatom and the dimer are visible in the STM topograph
in (b), the adatom pair is shown in (c).

7.3.1 Experimental results

Direct exchange interaction requires a strong overlap of the electronic or-
bitals of atoms, which results in a distinct change of the electronic density
of states of the involved atoms compared to that of isolated atoms, and
hence occurs only at a short distance. This interaction can be excluded in
Co adatom pairs with a separation larger than one lattice constant. Since
the dI/dV curve is closely related to the LDOS of the sample (see Chap-
ter 2.4), direct exchange would result in a drastic change in the local dI/dV
curve measured on the adatoms of a pair compared to the curve measured
on an individual adatom. Figure 7.5 presents dI/dV curves measured on
single atoms, adatom pairs and dimers. Dimers from two adatoms on next
nearest neighboring fcc binding sites appear slightly elliptical and higher
(1.5 A) than the single fcc adatom (1.3 A) (Figure 7.5(b)) and than the ad-
atoms in the pairs (Figure 7.5(c)). While the dI/dV curve taken on the dimer
shows a distinct change near Eg, the dI/dV curves measured on the two
adatoms of the pair are identical to that measured on the single adatom
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(Figure 7.5(a)). Therefore, it is concluded, that the adatoms in pairs with
separations of more than one lattice spacing behave electronically identical
to individual adatoms, and are thus dominated by the indirect exchange
via the substrate, i.e., RKKY interaction. Interactions in such adatom pairs
will be studied in the following.

Examples of isolated adatom pairs with decreasing separations between
five to two lattice constants are shown in Figure 7.6(a) to (e). Their lattice
sites given in Figure 7.6(k) to (0) can be extracted without ambiguity (see
Chapter 4.1.2) and only fcc adatoms are studied. Their corresponding
magnetization curves are shown in Fig. 7.6(f) to (j), which exhibit distinct
shapes.

The two adatoms in the pair with the largest separation of 1.21 nm
(Figure 7.6(a)) have typical S-shaped magnetization curves shown in Fig-
ure 7.6(f) similar to the ones measured on isolated adatoms (see Chap-
ter 6.3). These two adatoms are thus both paramagnetic and their mag-
netizations are aligned in parallel to the magnetic field direction. When
the separation in the pair is decreased by about one lattice constant (Fig-
ure 7.6(b)) the corresponding magnetization curves are drastically changed
(Figure 7.6(g)) and a plateau appears around zero field B¢ = 0 T. Obvi-
ously, the two magnetic moments of the pair couple to zero. Only when
B exceeds a critical value [Byi| = 0.25 T does the antiparallel coupling

break and the magnetizations of both adatoms saturate parallel to ﬁext.
For another pair with identical distance but with a different neighbour-
hood of surrounding adatoms and defects (Figure 7.6(c)), the right adatom
shows the usual paramagnetic behavior but with a low slope, whereas the
left adatom behaves diamagnetically at low magnetic field (Figure 7.6(h)),
i.e., its magnetization turns opposite to the magnetic field direction and is
forced to be aligned antiparallel to that of the right adatom. The coupling
again breaks for |Byit| ~ 0.48 T, and the magnetizations are again aligned

in parallel to §ext. The same behavior is found for the pair with a slightly
lower separation (Figure 7.6(d) and (i)), but now with even lower slopes
in the magnetization curves and a significantly larger |B.| ~ 1.25 T. When
the inter-atomic distance is still smaller (Figure 7.6(e,j)) the magnetization
curves look again similar to those of isolated adatoms, indicating parallel
alignment of the two spins.

The shape of the curves will be interpreted in terms of the magnetic
interactions between the Co adatoms in the following. Obviously, the
adatoms 1 and 2 in the pair are subject to an oscillatory coupling energy
J12 which forces their magnetizations to be aligned parallel (FM coupling,
Ji2 > 0) for pair (a) and (e) and antiparallel (AF coupling, J1» < 0) for pair
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Figure 7.6: Magnetization curves of Co pairs. (a)-(e) STM topographs
(2.1 nm X 2.1 nm) of Co pairs with decreasing distance as indicated. (f)-
(j) Single-atom magnetization curves measured on the left adatom (black
dots) and on the right adatom (blue dots) of each pair. The curves are ver-
tically normalized to the saturation magnetization and horizontally offset
to compensate for the effective tip field Bt (see Chapter 6). The black and
blue straight lines are calculated from the Ising model assuming magnetic
moments m given in each panel, while the red straight lines are calculated
from the Monte Carlo simulations within the quasi-classical Heisenberg
limit with the same parameters within the error bars of £60%. (k)-(o) Ball
models of the atomic configuration in the pairs and exchange coupling
constants | resulting from the Ising model fit. The same color indicates fer-
romagnetic coupling, different colors indicate antiferromagnetic coupling.
(Tunneling parameters: Vgp = +0.3 V, Iiap = 0.8 nA, Vioq = 20 mV (rms),

and T = 0.3 K).
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(b), (c) and (d).

7.3.2 Theoretical modeling

In order to theoretically describe the observations, the experimental mag-
netization curves are modeled with the following Hamiltonian

v KY () - Y mS, B 7.7)

where i(j) numbers the adatoms, §i = Z\7Ii/mi are the operators of the
normalized magnetic moments, and m; are their absolute values (in ug).
The first sum describes the collinear distance-dependent exchange inter-
actions. The second sum describes the anisotropic exchange coupling due
to Dzyaloshinskii-Moriya interaction. It is well known, that strong spin-
orbit coupling which is present on Pt(111) might lead to a significant
Dzyaloshinskii-Moriya type of exchange resulting in a canting of the two
spins in the pair [88], but it is ignored in the present analysis due to the

following reason. The KKR calculations show that the components of 511'
are at most of the same strength as Jii- However, even then, because of
the large K, the resulting canting angle is small (6°) and will not affect the
measured magnetization curves considerably. The third sum describes a
uniaxial anisotropy favoring an out-of-plane (z) orientation of magneti-
zation for the negative K = - 9.3 meV/atom [4], and the fourth sum is the
Zeeman energy. Because the dipolar interaction is found to be at least three
times smaller than the measurement temperature, it was omitted immedi-

ately. Two different models are applied: (i) an Ising limit (§i =+1-¢,) and

(ii) a quasi-classical Heisenberg limit §i = §i where §1 is a classical vector.
The expectation values of the atom magnetizations (M?) have been calcu-
lated exactly. Moreover, it has been demonstrated that the thermodynamic
behavior of single Co adatoms and clusters on Pt(111) with a giant mag-
netic anisotropy, may be successfully described in the framework of the
Langevin model (see Chapter 6.4 and [4]). As the Langevin distribution
can be very well reproduced by means of Monte-Carlo simulations, the
expectation values (M) have also been calculated within the model (ii) in
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Figure 7.7: Uncertainty in determining | for Co pairs with ferromagnetic
coupling. (a), (b) STM topographs of two Co pairs with ferromagnetic
coupling. The positions on the Pt(111) lattice (red mesh) as well as the
distances are indicated. (c), (d), (e), (f) Single-atom magnetization curves
measured on the left (black dots) and the right (red dots) adatoms of the
two pairs of (a) and (b), respectively. The straight lines show Monte Carlo
simulated curves assuming different exchange energies | as indicated at
the top and a magnetic moment of m = 3.5 g for each adatom. (Tunneling
parameters for magnetization curves: Vgap = 0.3V, Liap = 0.8 NA, Vioa =
20mV (rms), and T = 0.3 K.)

the framework of this technique. For the Monte-Carlo simulation, a tem-
perature of T = 0.3 K and the Metropolis single flip algorithm have been
used. Up to 107 Monte-Carlo steps have been performed for each value
of Bey after the system has reached thermal equilibrium. An additional
averaging over several identical systems has been performed.

my, my and [, are varied to fit the measured magnetization curves. It
is found that the two different models (i) and (ii) are undistinguishable
within the experimental error because of the large magnetic anisotropy
which forces the magnetization to point out-of-plane. The results from
the Ising model and from Monte-Carlo simulations with same parameters
within the error bars of +60% are shown in Figure 7.6(f) to (j) together with
the corresponding m values and | values. This demonstrates an excellent
reproduction of the measured data.

The error bar in the determination of | is given by the uncertainty in
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Figure 7.8: Co pairs in different surroundings. Overview STM topograph
of an area with several adatom pairs marked by circles. The adatom pair
marked by the red circle is the one evaluated in Figure 7.6(d) and (i). The
arrow points to a subsurface scattering pattern. A part of the Co monolayer
stripe is visible on the right corner of the image. (Tunneling parameters:
Vistab = 0.3V, Itap = 0.8 nA, and T = 0.3 K.)

the effective magnetic moments that can vary by +2 ug around the average
value of 3.5 ug (see Chapter 7.4). The resulting error in | is £60% in the
AFM case, while the situation is different in the FM case. Figure 7.7 shows
a magnification around Bey = 0 T of the magnetization curves of the two
ferromagnetic pairs in Figure 7.6(a) and (e). The straight lines are Monte-
Carlo simulated magnetization curves of the quasi-classical Heisenberg
model assuming three different exchange energies | < kgT = 25 ueV,
J = 2kgT and ] > kgT. Such a strong variation of | causes a relative small
change in the zero field slope of the curves, which is within the noise of
the experimental data. Therefore, the exact value of the exchange energies
cannot be determined in the ferromagnetic case and consequently large
error bars have to be assumed in Figure 7.10.

For many adatom pairs, the two magnetization curves taken on each
adatom are different (see, e.g., Figure 7.6(h) and (i)). Accordingly, there
is an additional effect that breaks the symmetry in the pair, resulting in
the asymmetric shape of the two magnetization curves. The symmetry
breaking can be explained by a difference in the magnetic moments m; and
m, of the two adatoms. The origin of the symmetry breaking is discussed
in the following.

Figure 7.8 shows an overview topograph of some of the adatom pairs,
which are used to extract the indirect exchange-interaction energy from
single-atom magnetization curves. In particular, the adatom pair evaluated
in Figure 7.6(d) and (i) is marked by a red circle. There are basically
two possible effects: (i) the substrate is electronically inhomogeneous due
to subsurface-defect induced conduction-electron scattering. Scattering
states are visible in Figure 7.8 as an oscillation with three-fold symmetry
(see arrow). Therefore, adatoms can have a different electronic background
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which could cause a different effective magnetic moment for each adatom.
(ii) The adatom pairs are surrounded by other adatoms, which induce a
mean field by their long-range RKKY interaction as will be discussed in
Chapter 7.4. There it is shown that this effect results in effective magnetic
moments that can vary by +2 ug around the average value of 3.5u5.

The impact of these two effects on the deduced | values can be further
illustrated by measuring single-atom magnetization curves on pairs with
the same distance but located in different surroundings on the substrate
(Figure 7.9). Pair 1 is far from any defect and far from other adatoms,
so it can represents a clean pair. Consequently, the magnetization curves
measured on the two adatoms in that pair are rather symmetric and show
a plateau for |Bex| < |Bitl- This behavior is consistent with the assumption
of equal magnetic moments for the two adatoms as shown by the fitted
Ising-model curves in Figure 7.9(a). Instead, in pair 2 the left atom is
located close to a defect and closer to other adatoms (Figure 7.9(b)) which
breaks its symmetry. The corresponding magnetization curve shows a
diamagnetic slope for |B| < |B.| indicating a reduced magnetic moment.
The resulting Ising-model fit confirms, that the two magnetic moments
are now slightly different (m; = 2.6 ug, m, = 4.1 ug). However, more
importantly, the resulting coupling strength | = —70 ueV is still the same
as for the “clean” pair 1 within the error bars of +60%. Another example
is pair 3, which is part of a triplet (Figure7.9(c)) (magnetization curve
of the leftmost adatom in the triplet is shown in Chapter 7.3.4). Here,
the leftmost adatom of the triplet breaks the symmetry because it couples
ferromagnetically to the left adatom in the pair by RKKY interaction. Now,
the left adatom in the pair has a paramagnetic curve but the right adatom
shows a diamagnetic slope for |Bey| < B¢l Fitting Ising-model curves to
the three triplet magnetization curves results in equal magnetic moments
for all three adatoms (m; = m, = m3 = 3.5 ug) and an exchange coupling
constant of | = —40 ueV for the pair. If the leftmost adatom in the triplet
is ignored in the Ising model, a twice as large magnetic moment has to be
assumed for the left atom in the pair (1, = 7.6 ug) in order to account for
the ferromagnetic coupling to the third adatom. But also in this case, the
fitted | is still the same within the error bars.

These examples prove, that (i) defects and (ii) the RKKY coupling to
other statistically distributed adatoms can break the symmetry in the pair.
However, the symmetry breaking only affects the effective magnetic mo-
ments of the adatoms, but not the deduced exchange coupling constants J,
which are the same as for the “clean” pair. Note that pairs inside triplets
are not included for the evaluation of the pairwise exchange constants.

Using Equation 7.7 one can show that, for antiferromagnetic interaction
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Figure 7.9: Symmetry breaking in Co pairs with the same distance (0.96
nm) but in different surroundings. Left panels: STM topographs (10 nm
X 10 nm) of the three pairs and their environments. Middle and right
panels: Single-atom magnetization curves measured on the left adatom
(black dots) and on the right adatoms (blue dots) in each pair. The straight
lines are fits to the Ising model resulting in the following magnetic moments
m and exchange coupling constants J; (a) Pair 1: | =-60 ueV, my = m, = 5 us.
(b) Pair 2: | =-70 peV, m; = 2.6 ug, my = 4.1 up. (c) Pair 3 (part of a triple):
Ising fit including third adatom (black and blue straight lines): | =-40 eV,
my = my = ms = 3.5 ug. Ising fit ignoring third adatom (red and cyan-
colored straight lines) | = -40 peV, my = 7.6 ug, my = 3.5 up. (Tunneling
parameters: Vp = +0.3 'V, Liap = 0.8 NA, Vinog =20 mV (rms), and T = 0.3
K)
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between two atoms with magnetic moments m; and m, (m; < m,, w.l.o.g.),
the coupling can be broken if the external magnetic field gets larger than
|Beritl = —J12/my. Assuming m; = 3.5 up this simple formula results in
an antiferromagnetic interaction of | * —100 ueV for pair (b,c) and | =~
—250 ueV for pair (d) which is already close to the results from the fits in
Figure 7.6.

Fits are performed for about 10 pairs with different distances d placed at
different locations on the bare Pt(11 1) substrate. The resulting interaction
energies J(d) are shown in Figure 7.10(a) together with the relative position
of the two adatoms on the lattice in Figure 7.10(c). The ] values from
adatom triplets are also included (see Chapter 7.3.4).

Note that the orientation of the pairs relative to the underlying Pt(111)
lattice is changing, when the distance in the pairs is increased. The mea-
surements show, that the RKKY interaction is ferromagnetic for small dis-
tances, gets maximally antiferromagnetic for a distance of three lattice spac-

ings in the [110] direction (J ~ =250 ueV), and then shows a damped oscil-
lation between ferromagnetic and antiferromagnetic coupling. However,
there is no well defined wavelength. The data of the pairs along the closed

packed direction [110] may be fitted to a 2D isotropic continuous RKKY
model with Equation 7.6 using a Fermi wavelength Ar = 27t/kg = 2+0.5nm
(Figure 7.10(a)). However, for slightly different orientations, the isotropic
model fails, and a strongly different wavelength has to be assumed (cyan-
colored, yellow and red data points). This proves a strong directionality
of the RKKY interaction on the atomic scale.

In order to explore the directionality further, the interaction energy | of
adatom pairs is calculated using density functional theory within the local
spin density approximation, in connection with the KKR method [56].

The calculations show that, since the sizes of cobalt and platinum atoms
are extremely different, the deposited adatoms sink towards the substrate
by about 20% of the surface interlayer distance. The total magnetic mo-
ment of a single cobalt adatom with its four neighbouring platinum shells
reaches a value of m = 3.53up in which the spin(orbital) contribution is
about 3.05 ug(0.48 ug). The pairwise magnetic exchange interactions have
been extracted by mapping the ab-initio calculations to the Heisenberg
model (Equation 7.7) and considering two magnetic configurations: a fer-
romagnetic solution with energy Ej; where both magnetic moments are
parallel (perpendicular to the surface) and an antiferromagnetic solution
with E;) where the magnetic moments are antiparallel to each other. Jj; is
then given by: (Ey; — Epp) /2.

The calculated J(d) shown in Figure 7.10(b) reveals the same direction
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Figure 7.10: Distance dependence and directionality of RKKY interac-
tion. (a),(b) Measured ., and calculated .. in Co pairs (circles) and
triplets (triangles, triangular triplet; crosses, straight triplet (see Chap-
ter 7.3.4)) as a function of distance d. The data points are colored corre-
sponding to the lattice positions of the adatoms in the pairs shown in (c)
(tirst adatom: black ball with spin up; second adatom: colored ball with
spin direction as indicated by the arrow). Values in (a) are extracted from
the magnetization curves by fitting to the Ising model. The dotted line

is a fit to the data of the pairs oriented along [110] using a 2D isotropic
continuous RKKY model (see Chapter 7.2.2). (d) Plot of the calculated |
values of (b) as a function of position in the (111) plane. Each hexagon
corresponds to the lattice site of the second adatom in a specific pair with
the first adatom fixed in the center. The height and color of each hexagon
corresponds to the size of ]. (e) Same as (d), but with | values from the 2D
isotropic continuous RKKY model but evaluated on the discrete lattice.
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Figure 7.11: RKKY interaction for adatom pairs on different binding
sites. (a) Same as Figure 7.10(a) but additionally including data points
experimentally evaluated on fcc-hep pairs (pink rectangles) and a hep-hep
pair (green pentagon). Colors and numbers indicate the binding sites
as illustrated with the ball-model in (b) corresponding to those in the
interaction curve in (a) (First adatom: black ball; second adatom: colored
ball). Pair 5 is of hcp-hcp configuration.

dependency as the measured data with a maximum in the antiferromag-

netic coupling for a distance of three lattice spacings in [110] direction.
The values are a factor of about three times larger than the experimental
ones. Given the small absolute values of | of only several tens of ueV,
the correspondence is remarkably good. Figure 7.10(d) shows a different
view of the calculated | values in a 3D plot, which highlights the strong
anisotropy of the RKKY interaction at the surface when being compared
to a similar plot of the 2D isotropic RKKY model in Figure 7.10(e). The
strongest variation of | with increasing interatomic distance is observed

along [1 IO], while it is weaker along [11 E].

7.3.3 Discussion of directionality

Both the experimental and theoretical results demonstrate that the RKKY
interaction in adatom nanostructures is strongly directional and has a
strong tensorial character. It is proposed that the upward dispersing
surface resonance crossing Er at A = 1.6 nm with an effective mass of
about 1.5 m, could be mediating the observed RKKY interaction (see Chap-
ter 4.1.2, Chapter 7.2 and Chapter 8.3) [65]. Since this surface resonance
resides at the Fermi surface of the material, anisotropies of the Fermi sur-
face could naturally explain the observed directionality in RKKY exchange.
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Indeed, even the shape of the rather simple Fermi surface of copper mod-
ifies strongly the electron motion as demonstrated recently [72]. In plat-
inum, moreover, on top of the Fermi-surface hot spots there exists a Stoner
enhancement for the investigated adatom-pair distances, which further
modifies the interaction (see Chapter 8). This result will be important
for the design of novel nanostructures exploiting the indirect exchange in
other materials, which usually have even more complex Fermi surfaces.

The data presented so far were all measured on fcc-fcc adatom pairs.
It would be interesting to see whether the directionality of RKKY inter-
action can also be observed for adatom pairs on different binding sites.
Figure 7.11 shows the same curves as in Figure 7.10 but now including
additional data points experimentally evaluated on fcc-hep and hep-hep
pairs. The hep-hep pair (5) shows FM interaction consistent with the fcc-
fcc pair having the same distance (6). Obviously, the RKKY interaction
does not depend crucially on the overall stacking of the pair. However,
the additional pairs with mixed fcc-hep stacking further prove the strong
directionality of the RKKY interaction. It gets most obvious by comparing
pair 4 and 6 whose separations are very close while the exchange changes
the sign because the two pairs are oriented along different crystallographic
directions (Figure 7.11(b)). A similar result is also observed for pair 7 and
8.

7.3.4 Prediction: A step towards tailoring nanomagnetism

Here it will be demonstrated that the pairwise indirect exchange J(d) from
Figure 7.10 allows for the prediction of the behavior of nanostructures built
from a larger number of adatoms. Triplets shown in Figure 7.12 are in-
vestigated. Figure 7.12(a) represents a triplet with an almost equidistant
triangular shape with atom positions shown in panel c. From the map
of the pairwise interaction in Figure 7.10(a) and (b), it is expected that
there is a weak ferromagnetic coupling between the black and the red,
and between the green and the red adatoms, and a strong antiferromag-
netic coupling between the black and the green adatoms. The measured
magnetization curves are shown in Figure 7.12(e) to (g) together with the
calculated magnetization curves from the Ising model and from the Monte
Carlo simulations (Equation 7.7). The fitted | values are also included in
Figure 7.10(a). Indeed, the | values deduced from the triplet are consistent
with the values from the according pairs. Note that the experimental curves
are very noisy around zero magnetic field, indicating that the moments are
magnetically frustrated and switch between different almost degenerate
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Figure 7.12: Magnetization curves of Co triplets. (a), (b) STM topographs
(2.8 nm x 2.8 nm) of Co triplets with triangular (a) and straight (b) shape.
(c), (d) Ball models and relative distance of the atom configuration in the
triplets. (e)-(j) Single-atom magnetization curves (dots with color corre-
sponding to ¢, d) measured on the three adatoms in the triangular triplet
(e-g) and straight triplet (h-j). The green, black and red straight lines are
calculated from the Ising model assuming m; = 3.5 up and Jj; as indicated in
¢, d, while the blue straight lines are calculated from Monte Carlo simula-
tions within the quasi-classical Heisenberg limit with the same parameters
within the error bars of +60%. (Tunneling parameters: Vi, = +0.3 V, Ly
=0.8NnA, Vinoda =20mV (rms), and T = 0.3 K.)
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ground states. The fitted | values in panel (c) in fact show that the energy
difference between the two configurations (Sf)lack, Sgreens Spe d) = (TI7) and
({T1) is only 20 pueV, which is lower than the thermal energy. As visible in
Figure 7.12 the Monte-Carlo simulated curves for the black and the green
adatoms around zero magnetic field are frequently fluctuating between up
and down states confirming the conclusion.

The same comparison can be done for a triplet with an almost straight
shape shown in Figure 7.12(b). The calculated ] values from the KKR
method for these two triplet geometries are included in Figure 7.10(b),
also showing that the deviation from the pair interactions is negligible, i.e.
JrPe ]f].’air. Figure 7.10 thus allows to precisely predict the magnetic state

for larger adatom nanostructures coupled by indirect exchange simply by
superposition of pairwise interactions.

74 RKKY mean field: Interaction between dis-
tant Co adatoms

It has been demonstrated in Chapter 6.4, that the effective magnetic mo-
ment of isolated Co adatoms (mean nearest neighbor distance of 2.4 + 1
nm) exhibits a very broad scattering. The origin of this scattering was not
yet discussed. In this section this issue will be addressed.

As already shown in Chapter 6.4, the magnetic moments m have a
broad distribution at 0.3 K from 2 ug to 6 ug independent of the binding
sites (see Figure 7.13(a)). The distribution of m for the same adatoms
becomes very narrow at 4.2 K, as shown in Figure 7.13(b). This variance
in m is visible as the change of the slope of the corresponding single-
atom magnetization curves (see Figure 6.5(b) in Chapter 6.3), which can
be approximately characterized by the difference of the saturation dI/dV
signal divided by the magnetic field which is necessary to saturate the
adatom up and down (Bs,t). Since the saturation dI/dV signal stays almost
the same for all adatoms, a distribution of the saturation fields B, can also
reflect the variance in m, which is shown in Figure 7.13(c).

Because the peculiar spreading in the fitted m is observed similarly
for both fcc and hep, an adsorption-site-induced variance in m can be ex-
cluded immediately. Another possible origin of this broad distribution is
the electronic inhomogeneity in the substrate surface due to the scatter-
ing of electrons at sub-surface defects (see Chapter 4.1.2). However, the
dominance of this mechanism is very unlikely. As shown in Figure 4.8
in Chapter 4.1.2 the scattering patterns remain unchanged at 4.2 K from

110



a — fec b = (.3K c = fcC

5 — H hep— I —A2K1 I hcp =

¥ RS AT .

|2 B | L '

0 2 4 6 8 0 2 4 6 8 0 05 1.0
m (p,) m (s) B... (T)

Figure 7.13: Effect of RKKY mean field on magnetic moment and sat-
uration field. (a) The magnetic moment of Co adatoms exhibits a wide
spreading independent of the binding sites at 0.3 K. (b) This spreading be-
comes very narrow at 4.2 K as compared to that at 0.3 K. (¢) The spreading
of the magnetic moment manifests as a wide distribution of the saturation
field B, in the corresponding single-atom magnetization curves.

those at 0.3 K. This result cannot explain the observation that the distri-
bution of the magnetic moment is much broader at 0.3 K than at 4.2 K.
Moreover, there is no obvious correlation between m and the distribution
of the scattering state. Therefore, the scattering can only be explained by
a magnetic interaction | changing B, as described in the following. In
the investigated systems every Co adatom is interacting with the others
through the RKKY exchange. If a particular adatom i is considered, the

sum of all RKKY-interactions can be modeled by a mean field gRKKY(ﬁ),
which depends on the position of the adatom 7. Due to the random distri-
bution of the Co adatoms on Pt(111), §RKKY(?1) is spatially inhomogeneous
which frustrates the magnetization of each adatom. However, since the
adatoms have a very strong perpendicular magnetic anisotropy [4] and
behave paramagnetically, Brixy(7) is also out of plane of the sample sur-
face and scales from zero to a saturation value BfgzKY(ﬁ) with increasing
external magnetic field. As a result, a Co adatom at the position 7 at ex-
ternal magnetic field ﬁext teels an effective magnetic field §eff which is the
superposition of Bext and Briy (7, §ext) at7;, as

- -

B)eff = Bext + BRKKY(f;/ B)ext)- (78)

Consequently, the saturation magnetic field Bs, of each adatom will be

slightly different, due to the variance in BfflzKY(?i)'
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The energy scale of the interaction can be estimated from the maximum
(0.7 T) and minimum (0.2 T) in the distribution of B, (see Figure 7.13(c))
as | =m-(0.7T-02T)/2 = 50 ueV. This is consistent with the value
estimated from the temperature dependence of m, as kg - 0.3 K =25 ueV. It
has been seen in the previous Sections that the energy scale of the RKKY
interaction is indeed tens of ueV.

In conclusion, a spatially inhomogeneous RKKY mean field with an
energy scale of several tens of peV has been observed which leads to a
strongly changing effective magnetic moment for each adatom. This also
leads to the symmetry breaking in the magnetization curves recorded on
the pairs shown in Chapter 7.3.1. The ensemble of randomly distributed
Co adatoms behave like a spin-liquid at 0.3 K and could serve as a model
system for the study of spin glasses, if the density of Co adatoms is further
increased.

7.5 Summary

In summary, the RKKY interactions between various Co nanostructures at
a very low-energy scale are directly investigated with single-atom magne-
tization curves. The results show, that an exact knowledge of the RKKY
interaction on the atomic scale can be essential even for systems exhibiting
a rather simple Fermi surface. Furthermore, it is demonstrated that the
determined map of RKKY interaction can serve to tailor the magnetism of
more complex adatom arrangements.

Using this knowledge together with the technique of tip induced adatom
manipulation it will be possible to design and build artificial adatom as-
semblies with interesting functionalities. E.g., chains of coupled adatoms,
which communicate the spin state via RKKY interaction, can serve to build
elements for spin-logic circuits performing conventional binary computa-
tion using only the spin degree of freedom [139]. Finally, it is anticipated
that the demonstrated methods for extracting the interactions between in-
dividual magnetic atoms can be applied to other systems where a detailed
knowledge of the indirect exchange is still lacking.
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Chapter 8

Polarization of Pt(111) surface

This chapter presents an investigation of the spin polarization above the
Pt(111) surface in the vicinity of Co ML stripes. An exponential decay of
the spin polarization laterally away from the Pt/Co interface is observed.
This effect is detectable for distances from the stripe larger than three Pt
lattice spacings where the RKKY interaction provides already an AFM cou-
pling as shown in Chapter 7.2. The interplay of induced magnetic moments
within the surface and the spin-resolved electronic density of states above
the surface is addressed, by performing first-principles calculations of the
electronic structure. The calculated induced magnetic moments in the Pt
surface close to embedded Co atoms show a distance dependent oscillation
between FM and AFM alignment, while the vacuum spin-polarization at
particular energies shows an exponential decay in the lateral direction.

The work of this chapter has been published in: F. Meier, S. Lounis,
J. Wiebe, L. Zhou, S. Heers, P. Mavropoulos, P. H. Dederichs, S. Bliigel,
and R. Wiesendanger, “Spin-polarization of platinum (111) induced by
the proximity to cobalt nanostripes”, Phys. Rev. B 83, 075407 (2011).

8.1 Introduction

Since in diluted magnetic systems the localized magnetic moment of an im-
purity atom is screened by a spatially oscillating long-range spin-polariza-
tion of the host conduction electrons [120] which mediate the RKKY interac-
tion between localized magnetic moments (see Chapter 7), it is instructive
to investigate the magnetic behavior of host metals. Moreover, it is of
additional importance when the host metal serves as a substrate. The re-
markable properties of magnetic nanostructures grown on non-magnetic
metal surfaces rely significantly on the electronic coupling between the
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atoms within the nanostructure and substrate atoms underneath [140].
This electronic coupling determines, e.g., the strength and direction of the
magnetic anisotropy as well as the total magnetic moment [4]. Addition-
ally the substrate electrons govern the collective behavior of ensembles
of magnetic nanostructures, e.g., by providing ferromagnetic order due to
RKKY interaction between separated nanostructures [141, 142]. However
in diluted magnetic systems where the host metal nearly fulfills the Stoner
criterion and therefore are nearly ferromagnetic, such as Pt and Pd, an-
other important effect takes place. In these so called giant moment dilute
alloys the 3d impurities induce relatively strong magnetic moments in the
neighboring host atoms which form a spin-polarized cluster [143]. Since
this effect can cause an additional exchange interaction between magnetic
atoms in nanostructures it is important to obtain knowledge about the size
of the polarization cloud and the decay of the induced magnetization with
increasing distance from the magnetic atom [144, 145].

Both mechanisms are considered to be important for multilayer sys-
tems [128], like Co-Pt, which consist of sequences of ferromagnetic Co
layers separated by non-magnetic Pt spacer layers [133, 146]. The mag-
netic interlayer coupling between the ferromagnetic layers often shows
deviations from a pure RKKY behavior, indicating that other mechanisms
contribute to the total magnetic interaction. One contribution originates
from magnetoelastic interactions due to interface roughness between the
magnetic and non-magnetic layers [147, 148] while with decreasing tem-
peratures the induced magnetic moments of Pt becomes relevant for the
magnetic coupling [149]. In order to qualify specific contributions to the
overall interaction a profound knowledge on the local configuration of the
interface is required. While the interface in multilayer systems is inacces-
sible directly, the sample system of Co nanostructures grown on Pt(111)
is very suited for such a study.

8.2 [Experimental results

Figure 8.1 (a) shows a Co ML stripe attached to a Pt step edge between
two Pt terraces and individual Co adatoms. Obviously the stripe appears
higher than the Pt as visible in the line profile in Figure 8.1 (b). The stripe is
ferromagnetic with an out-of-plane anisotropy [17] (also see Chapter 4.2.2).

Figures 8.1 (c)-(e) show the resulting dI/dV (7, V) spectra taken on loca-
tions indicated in the inset on the Co ML stripe, and on the Pt(111) close
and far from the ML stripe. Here, Z\7IT is switched up or down by By fields

of +0.2 T and —0.2 T while Z\7IML is constant. This allows to measure the
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Figure 8.1: (a) STM topograph of two Pt(111) terraces with individual Co
adatoms and Co ML stripe attached to a Pt step edge. (b) Line profile along
the line marked in (a). (c-e) dI/dV spectra taken at positions indicated in
the STM topograph above, which displays the interface between the Co
ML stripe (left) and the Pt(111) terrace. The relative orientation of the tip

and stripe magnetization, ]\7IT and ]\7IML, is indicated by arrows. (Tunneling
parameters: Vb = +1.0V, i = 1.0 0A, Viog =10 mV (rms), T = 0.3 K.)

dI/dV signal for parallel and antiparallel alignment of Mr and My;. On
the Co ML stripe the spin resolved dI/dV spectra show a dominant peak
located at -0.4 eV below Er which originates from the d-like Co surface
resonance of minority-spin character (see Chapter 5.2). The intensity of
this state is changing considerably for parallel and antiparallel alignment

of ]\7IT and ]\7IML (see Chapter 5.2). In contrast to that, the spectra on the
bare Pt far from the stripe in Figure 8.1 (e) do not show the electronic
signature of the d-like surface resonance but the onset of the unoccupied
surface state ateV = 0.3 eV is visible [65]. Furthermore, no dependency on

My is found as expected for a non-magnetic material. Figure 8.1 (d) shows
spectra which have been taken on Pt but only at a distance of around 1 nm
with respect to the stripe. The spectra show the typical signature of a bare
Pt(111) surface far from the stripe (see Figure 8.1(e)). However, a clear
dependency on the relative orientation of ]\ZT and ]\ZML is now observed
in an energy range from -0.5 eV to +0.5 eV around Er. Neither from the
topographic nor spectroscopic data any indications are observed for Co
incorporation into the Pt surface or sub-surface layers within the probed
area [62, 150]. This experimental result already proves a spin-polarization
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Figure 8.2: Magnetization curves of Pt surface. (a) STM topograph in
3D view (size 11.6 X 15.6 nm?). (b),(c) STM topograph in 3D view colored
with the simultaneously recorded spin-resolved dI/dV map obtained at

Bext = +0.6 T and + 1.0 T, respectively. Relative orientation of M)T and ]\ZML
is indicated by arrows. (d)-(g) Magnetization curves taken at positions
marked by crosses in (a). Positions are separated by 2.3 nm. Arrows in (d)
and (e) mark the start and direction of rotation of the B, field loop. Blue
and red color indicate dI/dV values representing parallel and antiparallel

orientation of ]\ZT and ]\ZML for each hysteresis. (Tunneling parameters:
Vstab = +0.3 'V, Iiap = 0.8 NA, Viog =20 mV (rms), and T = 0.3 K.)

of the clean Pt(111) at a distance of larger than three lattice spacings to the
Co ML stripe.

In order to obtain information about this induced spin polarization,
dI/dV maps are recorded on a boundary area shown in Figure 8.2 (a). For
this area dI/dV maps have been recorded at V = +0.3 V in a complete Bey-
field loop starting from —0.8 T to +1.0 T and back to —2.0 T. Figures 8.2 (b)
and (c) show exemplary 3D STM topographies colored with simultane-
ously measured dI/dV maps obtained at B¢,y = +0.6 T and + 1.0 T, where
the relative orientation of MT and M)ML has changed due to Bey. The dI/dV
signal above the Pt terrace appears the same in both figures. However, a
difference in dI/dV intensity above Pt close the stripe is observed.

From the sequence of magnetic field B, depending dI/dV maps local
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Figure 8.3: Magnetic asymmetry of Pt surface. (a) STM topograph in 3D
view colored with the calculated Ap,,; map obtained from local magneti-
zation curves (Vg = +0.3 V). (b) Crosses: Ap,, values below line section
indicated in (a). Open circles: magnetic exchange energy | for the coupling
between Co ML stripe and individual Co atoms taken from Chapter 7.2.
‘0" indicates the border between the ML stripe and Pt layer. The red line
shows an exponential fit according to Equation 8.2. Inset: A, values as
in (a) for Vg, = —0.1 V.

magnetization curves are obtained by plotting the dI/dV signal at one image
point as a function of Bey (see Chapter 6.3). Figure 8.2 (d)-(g) show local
magnetization curves taken at positions as marked in Figure 8.2 (a). The
magnetization curve of the stripe in Fig. 8.2 (d) shows two magnetic states
and a square-like hysteresis indicating its ferromagnetic state and a coer-
civity of B¢ = 0.70 + 0.05 T. Strikingly, the magnetization curves measured
on the Pt in the vicinity of the Co ML stripe show that there is an explicit
link between the magnetic state of the Co stripe and the spin polarization
measured on the Pt. Similar magnetization curves have been recorded for
each point of the area of Figure 8.2(a). From these magnetization curves
the so-called magnetic asymmetry Ap,g is calculated by

di't/dv —drtt/dv
drr/dv +di/dv’

Amag = (8.1)
which characterizes the square-like magnetization curves and is a measure
for the spin-polarization at eV in the vacuum [5, 78] (also see Chapter 2.5
and Chapter 5.2). dI'"/dV and dI™/dV denote averaged dI/dV values from
all red and blue data points in the magnetization curves (Figure 8.2(d)-(g)),
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i.e., for parallel and antiparallel alignment of ]\7IT and ]\7IML in each curve.
An asymmetry value is obtained for each image point. This results in an
asymmetry map shown in Figure 8.3 (a). The Co stripe shows a strong
negative An,g while on the Pt terrace far from the stripe A, is zero.
Above the Pt close to the Co stripe an area with positive A, is visible
which fades out for an increasing distance from the stripe. The decay is
further analyzed in Figure 8.3 (a) as a function of the distance d from the
stripe. In order to quantify the decay behavior the graph in Figure 8.3 (b)
has been fitted to a simple exponential function

f=Ce A (8.2)

where C and A denote the amplitude and the decay length, respectively.
Even though the exact value of A depends on the specific line section, val-
ues in the range from 0.9 nm to 1.2 nm are obtained corresponding to more
than three next nearest neighbor distances within the Pt lattice. the same
quantitative behavior is observed in A, calculated from dI/dV(7) maps
recorded at V = —0.1 V (see inset of Figure 8.3). Together with the de-
pendency on the spin-resolved dI/dV-curves measured close to the Co
stripe (Figure 8.1 (d)) it is concluded that the observed spin-polarization is
present in a large energy window around Eg. This result suggests that the
measured spin-polarization is due to an exponentially decaying magnetic
moment mp; induced by the proximity to the Co ML stripe.

Figure 8.3 (b) also includes the experimentally obtained RKKY interac-
tion energies, |, between Co ML stripe and single Co adatoms as already
presented in Chapter 7.2. A positive | corresponds to a ferromagnetic
coupling while a negative value corresponds to an antiferromagnetic cou-
pling. A damped oscillatory exchange interaction is present in the same
range where the exponentially decaying Pt vacuum spin-polarization is
measured. These observations raise the question, how exactly the mea-
sured Pt spin-polarization is linked to the induced magnetization within
the Pt surface.

8.3 Theoretical modeling

In order to obtain deeper insight into the relation between the measured
spin polarization in the vacuum and the induced magnetic moments, cal-
culations on three different arrangements of Co on or in a Pt(111) surface
layer have been performed, the setup of which is shown in Figure 8.4 (a).
First, the case that a single Co atom is deposited on (adatom) or embed-
ded in (inatom) the first surface layer of Pt(111) is considered. These two
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arrangements differ mainly in the coordination which is tripled for the
inatom with respect to the adatom case. Therefore a comparison of these
two cases provides an important information concerning the hybridiza-
tion of the Co electronic states with those of the Pt surface leading to the
magnetization of the surrounding Pt atoms.

In order to model the experimental setup as close as possible, a chain
of five Co atoms embedded in the surface of Pt(111) is considered. This
model arrangement reflects the experimental fact that Pt surface atoms
which show a vacuum spin-polarization are located at the same layer than
the Co atoms which form the stripe. The chain is oriented along a direction
perpendicular to the direction probed experimentally concerning the spin
polarization (Figure 8.3(b)). The exact experimental setup is of course
difficult to achieve since a non-regular step edge of platinum interfacing
a cobalt stripe is impossible to reproduce with methods based on Density
Functional Theory at the actual stage. The method of investigation is the
KKR Green function method within the framework of density functional
theory [137].

KKR is based on multiple scattering theory with Green function G of
the system of interest calculated after solving the Dyson equation:

G = Gy + GAVG (8.3)

where all quantities are matrices that are site, energy, orbital, and spin
dependent. As can be seen from this equation, two quantities are required
to obtain G: the Green function Gy for a perfect Pt(111) surface and the
potential difference AV induced by the presence of impurities.

The real-space solution of the Dyson equation requires a cluster of
perturbed atomic potentials that include the potential of Co impurities
and the first shell of neighboring cells. It is important to note that the
vacuum region is filled with cellular (Voronoi) potentials. Since the aim is
to explain the STM measured spectra, the Tersoff-Hamann theory is used to
calculate the LDOS in the vacuum at 4.1 A () above the substrate [31, 32].
After obtaining a self-consistent Co potential with its neighboring shell,
one additional calculation is performed including Pt atoms as well as their
neighboring vacuum cells at 4.1 A above the substrate along a given
direction.

For an individual Co adatom and Co inatom, the induced magnetic
moments mp; in the Pt substrate along two directions, as indicated in Fig-
ure 8.4 (a), are calculated. Figures 8.4 (a)-(d) show mp; as a function of the

distance d from the impurity for the [1 1 Oland[11 E] direction. Concerning
the [110] direction we find for both arrangements a long-range oscillation
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Figure 8.4: Calculated induced magnetic moment in Pt surface. (a) Sketch
of the three considered sample setups for calculations. Large and small
open circles represent Pt(1 1 1) surface and subsurface atoms, respectively.
Filled blue circles indicate the locations of the embedded Co atom chain
and the Co inatom. Gray circle marks the position of Co adatom. Filled
green circles indicate the closest considered atoms for the calculation of the
induced magnetic moments in each specific direction. Filled green circle
close to a Co atom mark first considered Pt atoms for specific direction.
(b)-(e) Induced magnetic moments in Pt atoms myp; for two indicated di-
rections as a function of distance d from a Co adatom and Co inatom. (f)
Induced magnetic moments in Pt atoms as a function of distance d from an
embedded Co chain for experimentally relevant direction. Some values in
(b)-(f) have been scaled down by the indicated factors in order to fit into
the figure.
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in mp, with a wavelength of about 1 nm for the adatom (Figure 8.4 (b)) and
a slightly smaller one for the inatom (Figure 8.4 (d)). The oscillation indi-
cates that mp is either ferromagnetically or antiferromagnetically aligned
with the Co impurity depending on the distance. However, the total in-

tegrated magnetic moment of the Pt atoms is positive. Along the [112]
direction the oscillatory behavior is much weaker than the one obtained

along the [110] direction for both arrangements (Figure 8.4 (c),(e)). Here
more Pt atoms are coupled ferromagnetically to the Co impurity. This di-
rectional dependence proves that the induced magnetization is anisotropic
which originates from the non-spherical Fermi surface characterizing this
system as found in the directional dependent RKKY interactions between
Co adatoms on a Pt(111) surface (see Chapter 7.3) or in the anisotropic
induced charge oscillations caused by Co impurities buried below Cu sur-
faces [72]. A comparison of mp; for the same direction shows that for
the same distances the intensity is always higher for the embedded atom
than for the adatom. This emphasizes the importance of the number of
neighboring atoms and indicates a dependence of coupling between the
Co and Pt electronic states depending on the coordination and environ-
ment. To favor the coupling to the impurity states, the electronic states
controlling the studied long-range magnetization must be localized at the
surface. Constant-energy contours at Ey are plotted in Figure 8.5(a) for
the simulated Pt(111) surface with their relative localization on the sur-
face layer. There is a finite number of contours due to the fact that the
surface is simulated with a finite number of Pt layers. The shape of the
contours is non-trivial indicating the complexity of the problem. This type
of calculations indicate the presence of several states which are resonant-
like. To measure the degree of coupling between these states and those of
the Co impurity, the Fermi surface is decomposed in 10 parts represented
within the red-yellow triangle in Figure 8.5. Each part includes more or
less localized states. Afterwards, the induced magnetization at Er induced
by every part is calculated. For the inatom case, it seems that parts 7, 8
and 10 are contributing most to mp, (Figure 8.5(b)). By summing up all
parts, the total energy integrated magnetization is approximately recov-
ered (see Figure 8.4(d)). They are not expected to be equal since with the
decomposition scheme some scattering events cancel each other and other
"back-scattering” events are not taken into account properly. This theo-
retical experience demonstrates the non-trivial link between the induced
long-range magnetization, their degree of localization on the surface layers
and coupling strength with the impurities.

Figure 8.4 (f) shows mp; for Pt atoms perpendicular to the embedded Co

121



part 7
part 8
— part 10
==== total moment /500

5 4 5
d along [110] (nm)

Figure 8.5: (a) Constant energy contours calculated at Er where colors
represent the degree of localization of the different electronic states on the
surface layer of Pt(111): red for maximum localization, blue for minimum.
In addition, a triangle divided in ten regions is superimposed on the energy
contours. Depending on the region considered, mp; in the surrounding Pt

surface atoms changes. As an example, (b) shows mp; along the [110]
direction for the inatom case induced by the most contributing constant
energy contours: 7, 8 and 10.

chain (Figure 8.4(a)), as a function of distance 4 from the chain, which is the
setup similar to the experimental one. In contrast to the experimentally ob-
served decreasing of the vacuum spin-polarization, an oscillating behavior
decaying mp; is observed. Similar to curves in Figures 8.4 (b)-(e) the curve
clearly exhibits the same damped oscillating behavior but shows overall
higher and distance dependent intensities which reflects the contributions
from all the Co atoms within the chain. The oscillation period of about
1.3 nm is very close to that found for the RKKY interaction between Co
nanostructures in the relevant direction (see Chapter 7), suggesting that the
surface RKKY interactions between different Co nanostructures on Pt(111)
are mediated by the upward-dispersing surface resonance crossing Er at
1.6 nm with a strong localization at the surface of Pt(111) [65] (also see
Chapter 4.1.2).

In order to investigate the relation between the induced magnetic mo-
ments mp; and the energy-dependent spin polarization, the vacuum LDOS
is calculated for majority and minority spin states above the Pt atoms along
the direction perpendicular to the chain at a vertical distance of 4.1 A. This
corresponds to two interlayer distances from the surface and is the range
of the experimental z-height of the tip. Figures 8.6 (a)-(d) show the spin
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Figure 8.6: Calculated LDOS in the vacuum above Pt surface. (a)-(d)
Calculated vacuum DOS above the first, second, third as well as fifth Pt
atom close to the embedded Co chain for the majority spin state (black) and
the minority spin state (red) as well as the corresponding energy dependent
asymmetry (blue). The vacuum DOS has been calculated at a height of 4.1
A above the Pt atoms. (e) Vacuum magnetic asymmetry calculated from
vacuum DOS above Pt atoms at +0.3 eV (blue) and -0.1 eV (red). The
dashed line shows an exponential fit for the calculated spin-polarization
at 0.3 eV
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resolved vacuum LDOS for the first, second, third and fifth Pt atom located
in the experimental relevant direction. They reveal an intensity increase
starting at about +0.3 eV which is due to the Pt surface state [65]. Con-
cerning differences for both spin types it is quite obvious that the Pt atom
closest to the chain experiences the strongest imbalance of majority and mi-
nority electrons. This is visualized by a corresponding calculated magnetic
asymmetry A.i(E) given by
A A(E LDOS4§(E) — LDOSpin(E) 84

wlE) = LDOS si(E) + LDOS in(E) (84)
where LDOS,,,j(E) and LDOS,;(E) denote the energy E dependent vac-
uum LDOS for majority and minority electrons. Aci(E) is plotted in Fig-
ures 8.6 (a)-(d) for the Pt atoms as well. These curves reveal that neither
the absolute value nor the sign of the magnetic asymmetry A, (E) is con-
served when scanning at different bias voltages around Er. Additionally
the absolute value of A.(E) at given energies changes with increasing dis-
tance from the Co chain. At some energies even a sign change is observed.
Figure 8.6 (e) shows the calculated A, (E) for +0.3 eV and -0.1 eV, which
are experimentally relevant, for different distances from the chain. A com-
parison of these curves with the the experimental data obtained at +0.3 V
as shown in Figure 8.3 (b) reveals that A.,i(+0.3) eV follows the shape of the
experimental curves, i.e., it is always positive and shows an exponentially
decaying behavior. A fit as in Equation 8.2 gives a value for the decay
length A of about 4 A which is less than half of the experimental value.
The calculated A..;(—0.1) eV shows a similar behavior but with reversed
sign. This change of sign in comparison to experiment is most likely due
to a change of the tip’s spin-polarization which is known for these kind of
tips for a bias voltage range below Er (see Chapter 5.2).

8.4 Discussion

Recently several theoretical studies concentrated on probing and describ-
ing magnetic properties of Co nanostructures on Pt(111) quantitatively
and qualitatively. They treated Co in different configurations and envi-
ronments, like Co overlayers on Pt(111) [27], Co nanowires attached to
Pt(111) step edges [151, 152] and isolated Co adatoms on bare Pt(111)
surfaces [28, 30]. Even though these configurations lead to different co-
ordination numbers, which results in different numbers of underlying Pt
atoms per Co atom, they show consistently an induced spin moment msg
of the nearest neighboring Pt atoms in the range from 0.1-0.3 ug which is
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about one magnitude larger than the orbital moments mqo. Therefore the
total induced magnetic moment mp; of Pt atoms is mainly determined by
the spin moment ms.

Additionally it has been found in these calculations that the induced Pt
magnetization decreases very rapidly with the distance from the Co struc-
tures by about one order of magnitude for the second and third nearest
neighbors as shown for the Co ML wires in [151]. Here mg has been probed
experimentally and theoretically for longer distances far from the Co im-
purities. It is found that induced magnetic moments in the surrounding Pt
surface atoms are not constantly parallel or antiparallel aligned with the
the magnetic moment of the Co impurity. The sign as well as the strength
of the induced magnetic moments is additionally highly influenced by the
strong anisotropy of the Fermi surface of Pt. Both underline that for the
probed arrangements of Co on and in the Pt(111) surface one cannot ex-
pect a constantly aligned polarization cloud as found for Co-Pt and Fe-Ir
multilayers [149, 153].

The apparent contradiction of the measured monotonously decaying
Amag in the vacuum and the calculated oscillating mp; for the embedded
Co chain arrangement can be explained by local changes of the electronic
structure of the Pt atoms close to the embedded chain (see Figures 8.6 (a)-
(d)). It is evident also that the hybridization between the Pt and the Co
states changes with increasing the distance from the chain. Therefore
also the spin-averaged LDOS changes laterally which can be obtained
by calculating the arithmetic mean of the LDOS for both spin types in
Figures 8.6 (a)-(d). According to [39] the measured spin resolved dI/dV
signal and the deduced magnetic-asymmetry is a measure of the energy-
dependent spin polarization of the sample. This quantity is only a measure for
the magnetization, which is an integrated quantity of majority and minority states
up to Ey, if the spin-averaged LDOS is constant. Therefore the induced mag-
netization of the Pt cannot be deduced from the experimentally detected
spin-polarization in the Pt only.

8.5 Summary

In summary, this chapter has presented a measurement of the spin po-
larization in the vacuum above the Pt(111) surface due to the proximity
to Co ML stripes. The measured vacuum spin-polarization decays expo-
nentially as a function of the distance from the Co stripe with a decay
length of about 1 nm. Self-consistent electronic-structure calculations of a
Co chain embedded in the Pt(111) surface, of the neighboring Pt atoms
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and of the vacuum LDOS above the Pt allow to prove that the measured
spin-polarization is induced by an oscillating and highly anisotropic mag-
netization within the Pt surface in the proximity to Co. By investigating the
Fermi surface contours of Pt(111) and their degree of localization on the
surface layer, several states with anisotropic shapes have been found that
could couple to the electronic states of Co impurities and thus contribute
to the long-range induced magnetization.

126



Chapter 9

Fe adatoms on Cu(111)

In order to demonstrate that the technique of measuring single-atom mag-
netization curves also works on a different sample system, experiments
are carried out on Fe adatoms on the Cu(11 1) surface which is substan-
tially different from the Pt(111) surface. The intention is two-fold. First,
since the manipulation of atoms adsorbed on the Cu(111) surface is easier
than in the case of Pt(111) [71], it is possible to make artificial adatom
nanostructures and then characterize them by single-atom magnetization
curves. This would be a step towards tailoring the magnetism in artifi-
cial nanostructures. Second, according to Anderson impurity model [154],
the magnetic properties depends on the competition of the Coulomb in-
teraction of electrons with opposite spins, the hybridization between the
localized orbital of the impurity and the conduction band states of the host,
and the electron density of the host. Because the Cu(111) surface has a
partly occupied surface state leading to a high s electron density at the
surface [155, 156, 157, 158, 159], the hybridization between the adatom d
states and the substrate s states is different from the case of Co adatoms
on Pt(111). Additionally, the hybridization of the d states of adatoms with
the d states of the substrate is also different. This could result in distinct
magnetic behavior of the adatoms. The surface state resides deeply inside
the projected bulk sp-band gap and has an effective mass of 0.58 m1.. As re-
vealed by angle-resolved photoemission spectroscopy (Figure 9.1), it starts
at -0.39 eV below Er and at the I" point [155]. Because it is located quite
close to the center of the Brillouin zone, it can contribute strongly to the
tunneling current. This leads to a sharp onset at-0.4 eV in the dI/dV curves
and Friedel oscillations / scattering states are visible in the STM topograph
recorded at a bias voltage higher than the onset energy [46, 156, 160]. There
are a couple of calculation results concerning the magnetic properties of
3d adatoms and clusters on the Cu(111) surface, as e.g., spin-polarized
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Figure 9.1: Surface state of Cu(111). Angle-resolved photoemission spec-
troscopy measurements revealed a surface state (SS) residing in the pro-
jected bulk sp-band gap, which starts at -0.39 eV below Er and at the center
of the Brillouin zone. Figure is taken from [155].

surface states [161, 162], magnetic structures [163, 164, 165] and magnetic
interactions [166, 167, 168, 169, 170, 171]. However, STS experiments have
focused on the Co adatom on Cu(111) where the Kondo effect was ob-
served [11, 46]. On the Fe adatoms on Cu(111), photoemission spec-
troscopy measurements indicated a strong reduction of hybridization of
the Fe 3d state with the conduction-band states and an enhanced effective
Coulomb interaction for the Fe 3d electrons in Fe adatoms [172]. The first
nontrivial question concerning the Fe adatom on Cu(111) is whether it
preserves a magnetic moment upon adsorption onto the surface and hence
can be studied by single-atom magnetization curves.

This chapter will present the initial results of SP-STM measurements on
Fe adatoms on Cu(111). The work of this chapter has been published in:
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Figure 9.2: Sample overview. (a) STM topograph of the sample shows a
random distribution of Co islands and of Fe adatoms on the Cu(111) sur-
face. Intermixing- and etching-induced defects are indicated with arrows.
(b) Line profile along the white arrow across a Co island and an Fe adatom.
(Tunneling parameters: Vi, =-10 mV, [, = 1.0nA, and T = 0.3 K.)

A. A. Khajetoorians, S. Lounis, B. Chilian, A. T. Costa, L. Zhou, D. L. Mills,
J. Wiebe, and R. Wiesendanger, “Itinerant nature of atom-magnetization
excitation by tunneling electrons”, Phys. Rev. Lett. 106, 037205 (2011).

9.1 Sample preparation

Cu is a noble metal and the preparation of an atomically clean surface
is quite routine as compared to that of Pt(111). A conventional sputter-
gun without the Wien mass-filter is used in this work. The single crystal
Cu(111)is cleaned by repeated cycles of Ar* ion sputtering and annealing
at 900 K. The Cu(111) crystal prepared in this way is terminated with
sufficiently large terraces separated by straight step edges.

First, Co with a coverage of 0.5 monolayer is deposited onto Cu(111) at
room temperature using an e-beam evaporator, forming triangular double-
layer high islands with a height of 0.32 nm (see Figure 9.2(b)). These Co
islands were well-studied by SP-STM and found to have an out-of-plane
magnetization [68, 173]. Therefore, they are used to calibrate the magnetic
tip in this work. The sample is then cooled down to below 6 K in the
cryogenic STM, and individual Fe atoms are deposited with a coverage
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of 0.005 monolayer. These Fe adatoms have a height of 1.0 A and are
distributed randomly, as shown in Figure 9.2. Although the sample is
transfered into the cryogenic STM as soon as possible after the deposition
of Co, a small number of defects due to the intermixing and etching still
occur, as indicated with arrows in Figure 9.2(a).

A Cr-coated tip is prepared as described in Chapter 4.2.1. Its magnetic
sensitivity to the out-of-plane magnetization component is confirmed by
switching the magnetization of a Co island, as shown in Figure 9.3(c) and

(d).

9.2 Initial experimental results

Due to the low diffusion barrier for adatoms on Cu(111), Fe adatoms
are easily manipulated with the STM tip using moderate bias voltages
and tunneling currents. However, this means that for stable imaging of
adatoms the bias voltage needs to be low enough. It is found in the
measurements that the Fe adatoms are stable if the bias voltage is below
+30 mV.

Figure 9.3(c)-(d) shows the dI/dV maps recorded at a magnetic field of
-0.06 T and +0.10 T, respectively. The corresponding STM topograph is
shown in Figure 9.3(a) with its 3D view shown in (b). Scattering of the
surface state electrons is visible both in the STM topograph and in the
dI/dV maps as a wavy pattern. A Co island is contained in the image and
used as a magnetic reference for the spin-polarized tip. The magnetization
of the island switches when the magnetic field is increased to +0.1 T, as
indicated by the color change from dark to bright. For the isolated adatoms
B and C, a switching in the contrast from dark to bright is observed in the
dI/dV maps which is due to the magnetization reversal of the adatoms.
In contrast, the adatom A switches its spin-polarized dI/dV signal from
bright to dark. This is the indication of the indirect exchange coupling of
the adatom to the island.

However, there are two issues. First, as visible in Figure 9.3, the island
surface appears fuzzy attributed to the adsorption of hydrogen which can
be removed by applying a voltage pulse with the tip located above the
island [174]. The hydrogen reduces the spin polarization of the island
severely and also reduces the magnetic anisotropy as obvious from the
small coercivity field. Later in the experiments, the cryogenic STM was
degassed by warming up to 50 K, which significantly improves the sample
quality. Second, the scattering pattern of the surface state appears very
strong in dI/dV maps, making the evaluation of the signal quite elaborate.
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Figure 9.3: Magnetic imaging of Fe adatoms. (a) STM topograph of an
area with a Co island and a couple of Fe adatoms. (b) 3D STM topograph
of the same area. (c), (d) 3D STM topograph colored with simultaneously
recorded dI/dV signal taken with a Cr-coated tip at the magnetic field of
-0.06 T and +0.1 T, respectively. The Co island switches its magnetization
from (c) to (d); simultaneously, the adatom A switches its magnetiza-
tion, indicating an indirect exchange coupling between the island and the
adatom. A spin contrast is visible for the adatoms B and C between (c) and
(d). (Tunneling parameters: Vgp = -25 mV, [y, = 0.65 nA, Vioqg = 6 mV
(rms), and T = 0.3 K.)
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Figure 9.4: Magnetization curve of an Fe adatom on Cu(111). Dots show
the magnetization curve recorded on an isolated Fe adatom on Cu(111).
The experimental data is fitted to a quasiclassic paramagnetic model (Equa-
tion 6.4 in Chapter 6.4) resulting in an effective magnetic moment of 2.03
us for this particular adatom. (Tunneling parameters: Vp = -25 mV, Lgap
=0.65nA, Viyoqg =6 mV (rms), and T = 0.3 K.)

Figure 9.4 presents the magnetization curve recorded as described in
Chapter 6.3 on anisolated Fe adatom. Similar to Co adatoms on Pt(111), Fe
adatoms behave paramagnetically, and therefore the magnetization curve
can be fitted to the Langevin model (see Equation 6.4 in Chapter 6.4)
assuming again an out-of-plane anisotropy [175]. This fit results in a mean
value of the magnetic moment of 3.5 up (analyzed for about 70 adatoms),
in good agreement with the first-principles calculation results [162, 175].
Interestingly, a strong spreading of the magnetic moment is also observed
as in the case for Co adatoms on Pt(111) (see Chapter 6.4).

This result already demonstrates that the method of single-atom mag-
netization curves is also applicable to this sample system and that a strong
RKKY coupling between the adatoms is also present on Cu(111). How-
ever, a detailed study of this system is beyond the scope of this thesis.
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Chapter 10

Conclusion and perspectives

This thesis presents the first investigation of magnetization curves of indi-
vidual magnetic moments of the order of a Bohr magneton, accomplished
with a low-temperature SP-STM. This method reads out the expectation
value of the ground state spin of a single atom on a surface at a magnetic
field, and therefore is complementary to spin-flip spectroscopy which de-
tects the excitations; a further developed method would combine both
of them: using IETS to excite, and single-atom magnetization curves to
read out the spin state. Using such single-atom magnetization curves I
have studied some of the basic properties of atomic size magnetic nano-
structures, in particular the low-energy indirect exchange interactions with
a scale of tens of peV.

The spin-resolved electronic structure of Co adatoms has been studied.
The spin polarization at Er in the vacuum above single adatoms is found
to be reversed with respect to those above Co surfaces and Co dimers,
and dominated by spin-majority electrons. This inversion might be due to
the decreased lateral coordination which leads to an enhancement of the
rotation symmetry, and is predicted to be general for atomic protrusions
of magnetic layers.

The magnetization of isolated Co adatoms is not stabilized by the strong
perpendicular magnetic anisotropy barrier. Instead, it is switching with a
period much shorter than the time resolution of the facility (msec), probably
in the order of several tens to several hundreds of fsec. This results in a
paramagnetic behavior as observed in their magnetization curves. The
possible mechanisms are: the spin-flip scattering of the Co adatom (i) with
the conduction electrons in the substrate, and (ii) with the spin-polarized
tunneling electrons. In order to answer the question which mechanism
dominates requires an improvement of the time resolution of the facility,
low-bias measurements as well as first-principles calculations. Recently it
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was reported that a study of nsec dynamics of the adatom spin is ready
for electrical pump-probe STM measurements [115]. Furthermore, it was
shown that the fsec dynamics of transient carriers in a semiconductor
can be imaged by an optical pump-probe STM experiments [176]. These
pump-probe techniques might be exploited to address this issue.

While the isolated Co adatoms are unstable, those residing close to the
Co nanowires are stabilized by the RKKY exchange to the nanowires with
an energy scale of several tens of ueV. This RKKY exchange is most prob-
ably mediated by a bulk state with strong localization in the surface of
Pt(111) [65]. The corresponding RKKY exchange between neighbouring
Co adatoms does not stabilize the involved adatoms, and the magnetiza-
tion is still switching fast. This pairwise RKKY exchange exhibits strong
tensor characteristics due to a non-spherical Fermi surface of platinum.
A map of the pairwise RKKY exchange is obtained both experimentally
and theoretically, the correspondence between which is remarkable. This
map is demonstrated to be reliable to predict magnetic properties of nano-
structures of a larger number of atoms. When Co adatoms are sepa-
rated randomly, a spatially inhomogeneous RKKY exchange mean field
is formed. This mean field changes the saturation field from adatom to
adatom, resulting in the spreading of the effective magnetic moment with
a mean value of 3.5 ug. This makes the investigated sample a model
system for the study of spin glass behavior and can serve to transmit
spin-information from one to another adatom. The Pt(111) surface in the
proximity to Co nanowires is found to be spin-polarized, the polarization
of which decays exponentially with a decay length of larger than 1 nm. The
correlation of this spin polarization with the RKKY exchange is nontrivial,
as confirmed by the results from first-principles calculations.

As a first step to demonstrate the strength of the method for other
interesting sample systems, it has been applied in Fe adatoms on Cu(111).
A spin polarization of the Fe adatoms has been observed in the vicinity of
Ef, and their single-atom magnetization curves also show hints for RKKY
interaction.

As the next step, on the sample of Fe adatoms on Cu(111), the SP-STM’s
ability of atomic manipulation without the loss of the tip’s spin polariza-
tion [89] will be combined with the method of single-atom magnetization
curves to tailor magnetic properties from the measured pairwise RKKY in-
teractions. One idea is to construct RKKY controlled logic gates to conduct
and process information only via spin states.

The method of single-atom magnetization curves is not limited to a
metallic substrate. This opens up another unique oppotunity to study
the magnetism of systems which are at the heart of nanospintronics, i.e.,
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magnetic molecules [177, 178], magnetic dopants in semiconductors [53,
111,179] or in semiconductor quantum dots [180, 181, 182] or on topological
materials [183, 184, 185], nitrogen-vacancy centers in diamond [186, 187,
188, 189, 190], or phosphorus spins in silicon [191, 192].
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