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“What one man calls God, another calls the laws of physics.”

Nikola Tesla






Abstract

Over the last decades, with the help of low-temperature scanning tunneling microscopy
(STM) and scanning tunneling spectroscopy (STS), the magnetic and electronic properties
of magnetic atoms were studied on metal substrates and insulating layers. Depending on
the underlying substrates, scientists were able to focus on their physical phenomenon of in-
terest. When a magnetic atom is in direct contact with a metallic substrate, its interaction
with the bath of conduction electrons of the host metal leads to many-body quantum effects
such as the Kondo effect [1]. Several experiments were performed to study the evolution
of the Kondo effect with changing the atomic environment of a localized spin. Despite the
great results obtained from these experiments, a fully understood picture still remains a
challenge.

A practical way to simplify the study of adatoms on solids is to reduce the interaction of the
deposited atom with the conduction electron bath by an insulating layer. Using decoupling
layers such as CusN, Al,Ogz, and MgO the magnetic behavior of Fe, Mn, and Co adatoms
were studied [2-7]. Obtaining a large magnetic anisotropy energy (MAE) for these systems
was a great achievement to tailor magnetism in the smallest levels. However, still one of
the challenging tasks in magnetism is maximizing the MAE for transition metal systems.
In this work, by using the ability of STM to create dislocations in crystals, the difficult
and time-consuming procedure of fabricating nano-structures by atom manipulation has
been avoided. Long Cu chains up to 200 nm were fabricated and used to study the Kondo
effect of Co adatom. By attaching Co atom to a monatomic Cu chain, its asymmetric
Kondo resonance altered to a resonance symmetric with respect to Fermi energy. Further
study of the observed symmetric resonance in the presence of an external magnetic field
revealed its inelastic excitation origin. By choosing a proper atomic environment for Co
adatoms, we were able to modify its quenched orbital momentum, demonstrate the effect
of the spin-orbit coupling on its energy spectrum and obtain a noticeable MAE.
Moreover, among the fabricated dislocations, we also observed chains and vacancy lines
with different widths. They provided the opportunity to study the apparent tunneling bar-
rier height (®,,,) in scanning tunneling microscopy. The variation of experimental ®,,,, for
these nano-structures was not as expected by theory. A kinetic energy contribution to the
tunneling process is proposed to be the reason of the unexpected experimental ®,,, trend.
Furthermore, by means of atom manipulation and STS, the role of surface state electrons
in the Kondo effect of Co adatoms has been investigated; a topic with contradictory exper-
imental observations. Using a step edge of a crystal to modulate the surface local density
of states, we observed a negligible variation of the Kondo resonance width. This shows a

minor role of surface state electrons in this many-body process.
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Zusammenfassung

In den letzten Jahrzehnten wurden mit Hilfe der Niedertemperatur-Rastertunnel-
mikroskopie (STM) und der Rastertunnelspektroskopie (STS) die magnetischen und elek-
tronischen Eigenschaften magnetischer Atome auf Metallsubstraten und Isolierschichten
untersucht. In abhingig der zugrunde liegenden Substrate konnten sich die Wissenschaftler
auf die sie jeweils interessierenden physikalisches Phanome konzentrieren.

Wenn ein magnetisches Atom in direktem Kontakt mit einem metallischen Substrat steht,
fiihrt seine Wechselwirkung mit dem Bad der Leitungselektronen des Wirtsmetalls zu
Vielteilchen-Quanteneffekten wie dem Kondo-Effekt [1]. Es wurden mehrere Experimente
durchgefiihrt, um die Entwicklung des Kondo-Effekts bei Verdnderung der atomaren Umge-
bung eines lokalisierten Spins zu untersuchen. Trotz der herausragenden Ergebnisse dieser
Experimente bleibt ein vollstidndig verstandenes Bild eine Herausforderung.

Eine géngige Methode, um die Untersuchung von Adatomen auf Festkdrpern zu verein-
fachen, besteht darin, die Wechselwirkung des abgeschiedenen Atoms mit den Leitungs-
bandelektronen durch eine Isolierschicht zu reduzieren. Mit Entkopplungsschichten wie
CugN, Al,O3 und MgO wurde das magnetische Verhalten von Fe-, Mn- und Co-Adatomen
untersucht [2-7]. Eine grofien magnetische Anisotropieenergie (MAE) fiir diese Systeme
zu erhalten, war eine grofle Errungenschaft, um den Magnetismus auf kleinstem Niveau zu
kontrollieren. Eine der herausfordernden Aufgaben im Magnetismus ist jedoch die Max-
imierung der MAE fiir Ubergangsmetallsysteme.

In dieser Arbeit wurde durch Nutzung der Moglichkeit, mit einem STM Versetzungen
in Kristallen zu erzeugen, das schwierige und zeitaufwendige Verfahren zur Herstellung
von Nanostrukturen durch Atommanipulation vermieden. Lange Cu-Ketten bis zu 200
nm wurden hergestellt und verwendet, um den Kondo-Effekt von Co-Adatom zu unter-
suchen. Durch die Bindung des Co-Atoms an eine einatomige Cu-Kette &nderte sich seine
zuvor asymmetrische Kondo-Resonanz in eine spektrale Signatur, die in Bezug auf die
Fermi-Energie symmetrisch ist. Weitere Untersuchungen der beobachteten symmetrischen
Resonanz in Gegenwart eines externen Magnetfelds ergaben, dass diese eine inelastische An-
regung darstellt. Durch Auswahl einer geeigneten atomaren Umgebung fiir Co-Adatome
konnten wir das durch die Oberfliche reduzierte Orbitalmoment modifizieren, den Effekt
der Spin-Orbit-Wechselwirkung auf das Energiespektrum demonstrieren und eine messbare
MAE erhalten.

Dariiber hinaus beobachteten wir bei den hergestellten Versetzungen auch Ketten und
Graben mit unterschiedlichen Breiten. Sie boten die Moglichkeit, die scheinbare Tunnel-
barrierenhdhe (®,,,) in der Rastertunnelmikroskopie zu untersuchen. Die Variation der ex-
perimentellen ®,,,, fiir diese Nanostrukturen war theoretisch nicht erwartet. Ein kinetischer
Energiebeitrag zum Tunnelprozess wird als Grund fiir den unerwarteten experimentellen
Befund vorgeschlagen.

Dariiber hinaus wurde mittels Atommanipulation und STS die Rolle von Elektronen im
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Oberflachenzustand beim Kondo-Effekt von Co-Adatomen untersucht; ein Thema mit bisher
widerspriichlichen experimentellen Beobachtungen. Unter Verwendung einer Stufenkante
eines Kristalls zur Modulation der lokalen Zustandsdichte der Oberflache beobachteten wir
eine vernachlassigbare Variation der Breite der Kondo-Resonanz. Dies zeigt eine unterge-

ordnete Rolle der Elektronen im Oberflaichenzustand an diesem Vielteilchenprozess.
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Introduction

Understanding the electric behavior of adatoms in different environments is the starting
point to use them as the building blocks of electronic devices. Down at the atomic level,
the manipulation of spin and orbital angular momenta showed their great potential as an
alternative choice for achieving the size reduction demand for electronic devices. However,
although these fundamental concepts can be studied conveniently in detail for a free parti-
cle, introducing an atomic environment to the picture complicates the subject matter.
When atoms and molecules are deposited on solids, their charge, spin and orbital angular
momenta are affected by their underlying substrates. The electronic structure of the de-
posited atom is determined by the electric behavior and the crystallographic orientation
of the substrate atoms. The direction and the strength of hybridization between the sub-
strate and the impurity affect the orbital angular momentum of the impurity and create
magnetic anisotropy. The magneto-crystalline anisotropy defines the orientation and sta-
bility of magnetization and is an essential factor in the design of magnetic materials.

In the present work, the magnetic behavior of Co adatoms on Cu(111) substrate has been
investigated. For this purpose, two low temperature STMs were used; one operated at 4.6 K
and the other at 350 mK and equipped with magnets. STS and inelastic electron tunneling
spectroscopy (IETS) were used to detect the Kondo effect and magnetic excitations of the
Co atoms. This thesis is presented as follows:

Chapter one is an introduction to the fundamentals. After explaining the theory and work-
ing principles of STM, the Kondo effect and magneto-crystalline anisotropy is introduced.
The spin Hamiltonian which is a simple model to interpret the measured spin state in STM
experiments is explained briefly. This chapter ends with introducing the concept of appar-
ent barrier height in STM.

Chapter two gives a detailed description of the STM used in this project. The experimental
procedure of preparing the Co/Cu(111) system is explained here.

In chapter three, we show the fabrication procedure of long copper chains with differ-
ent widths on Cu(111). They were characterized and used as a perturbation to modify
the quenched orbital momentum of Co adatoms. We used atom manipulation to build
Co,,Cu,, chains and investigate the magnetic behavior of single Co atoms. Afterward, the
interaction between two Co atoms attached to different positions of Cu chains was studied.
The obtained results show the energy barrier of the spin-flip process for Co atoms crucially
depends on the hybridization of its 3d orbitals with the neighboring atoms. By attaching
Co adatom to different positions of the chain, its spin-flip process was switched from an
elastic to an inelastic process.

Chapter four reports measurements on the apparent tunneling barrier height (®,,,) for the

fabricated chains, vacancy lines (trenches), and deposited single Cu atoms. The unexpected
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trend of experimental ®,,, is interpreted as a kinetic-energy contribution in the tunneling
process.

In chapter five the role of surface state electrons in Kondo effect of Co atoms on Cu(111)
is investigated. We observed only a small and negligible dependence of the Kondo tem-
perature to the variation of sample local density of states which shows that the measured
Kondo resonance is mostly originated from the spin scattering of bulk conduction electrons

with the Co localized spin.



Chapter 1

Fundamentals

In 1981, the invention of STM led to many possible experiments in surface science and
nowadays it is a powerful instrument to investigate molecules and atoms on surfaces. This
chapter starts with working principle of STM and STS. The theoretical background of
mangeto-crystalline anisotropy and the Kondo effect will be addressed in sections (1.3),
(1.4), and (1.5). The concept of local work function and apparent tunneling barrier height
will be explained briefly at the end of this chapter.

1.1 Theory of Scanning Tunneling Microscopy

The basic model of tunneling phenomena in STM is a one-dimensional description where
the vacuum is modeled by a potential barrier V[ and tip and sample are the two electrodes

at the left and right of this potential barrier. The states for £ < Vj are

with k = V2mE /h and Kk = 7W where m is the electron mass, h is Plank constant,
and F is the electron energy at the Fermi level. These solutions describe the scattering of
a plane wave e¢** traveling in one direction and being partially transmitted through the
potential barrier. k is the decay constant and describes the attenuation strength of the wave
functions of electrons with energy E through the barrier. For a high barrier, the barrier

transmission coefficient (T) which is the ratio between the transmitted current density and
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the incident current density depends exponentially on the barrier width (a) and the square
root of the effective barrier height (v/Vy — E)

T o e 2R, (1.2)

Since the wave functions are not zero in the barrier region and rather decrease exponen-
tially, when the tip is brought close enough to a sample surface, there will be an overlap of
the wave functions of the electrons in the tip and the sample. Therefore, the transmission

probability of electrons to tunnel the potential barrier will be nonzero.

1.1.1 Bardeen’s Approach

Bardeen modeled this one-dimensional potential barrier as three independent subsystems
[8]. In his model, all the electron-electron interactions were ignored and the tunneling
event was treated as a one-particle process. A single electron traveling through the barrier

is described by the Hamiltonian
H= Hsam+Htip+HT (13)

where Hgqp, and Hy;), are the unperturbed sample and tip Hamiltonians as

R? d?

Hsamws = _%@ws(z) + V:sam(z)ws(z) (14)
n? d?
Higr = L 00(2) + V(D (2) (1.5)

and Hr is Bardeen’s transfer Hamiltonian. The eigenfunctions of sample and tip Hamiltoni-
ans, ¥ and ¢, result from the above Schrodinger equations for two independent subsystems
and are not an eigenfunction of the complete system. The state of combined tip and sample
subsystems, 1, can be expressed as a linear combination of their individual eigenfunctions

(including their time evolution terms) as
Y = a(t)pe Bt/ 4 Z ci(t)ple it/ (1.6)
i

In Bardeen’s approach, time evolution is treated as a perturbation: at time ¢t — —oo, the tip
was out of the picture and the electron state was described only by the sample Hamiltonian.
As time evolves, the tip is brought slowly towards the sample and the electron in sample

experiences the potential of the tip in advance. This time-dependent potential can be
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expressed as
Viip () = Vigp €"/1 (1.7)

where Vi, is a constant and 7 is a small positive value. Before the perturbation has been
added, Viip(—o0) is zero, and at the end of perturbation when the tip is fixed close to
sample, n — 0 and V() = Viip. The time-dependent Schrédinger equation for the whole

system is
Bw ( n? o2

"ot am g2 T Veam + Viiplt ))w (18)

Inserting equations (1.6) and (1.7) into equation (1.8) results in

de;(t)
dt

ih = (B [Viip| s e~ "EamErtimit/h, (1.9)

<¢§/ [Viip| ¢s> is defined as the tunneling matrix element M, and describes how the trans-
former Vy;, projects the initial state 1)5 into the final state ¢;.

Solving equation (1.9) will give us

1 . .
3 t — —I(ES—Et-‘rlﬁ)t/ﬁ 110
“O=g—mrmMe (1.10)

|lei(t)|* which is the transition probability from 1, into ¢ is

e277t/ﬁ
(Es — E)* + (n)

lei(O)* = 5 M (1.11)
. By calculating the time derivative of |¢;(t)|?, we can obtain the rate at which an electron

initially in the sample state 1, scatters into the tip state ¢;:

d

P(t) = 7

2 2n 277t/h1 2
()] = F BT ) =M (1.12)

Defining 6(z) = Llim =, we can conclude that after the tip is stable and close to the

sample or when the perturbation is off ( — 0):

n—0 x2+

P(t) = %”5(}35 — B M. (1.13)
As it can be seen, there is a nonzero rate only when the energy of electron does not change
during the tunneling process, E; = Fy (elastic tunneling).

Multiplying electron transfer rate with the electric charge and sum over all the single-
electron tunneling events results in the tunneling current formula.

However, since not all the states in the tip and the sample are vacant to scatter into, the
occupation probabilities of them also need to be considered. Bardeen based his model

on some assumption which amongst, he considered the occupation probabilities of the tip
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and the sample are independent of each other and they are in electrochemical equilibrium.

Thus, their occupation probabilities follow the Fermi-Dirac distribution:

1

fr(e) = o JheT 11 (1.14)

where kg and T are Boltzmann constant and temperature, respectively. Considering the
fact that an electron can only tunnel from an occupied state of one electrode to the un-
occupied state of the other electrode, the tunneling current from the sample to the tip
is:

4dme

Lise = —— > f(Bs— ER)[1 = f(E; — ER)] [M[*§(E; — Es — V) (1.15)

where E% and E} are the Fermi energies of the sample and the tip, respectively. The
reverse interpretation for electrons scatter from occupied tip states to vacant sample states

results in the tunneling current from the tip to the sample as:

T = 557 (B~ BR)[1 ~ f(B, — B)] IMPO(E, ~ By — V) (116)

The total tunneling current which is the difference between these two tunneling events is

_ 4re

I=—==% [f(E—Ep) = [(B = Bp)] M| 6(E, — B; —eV). (1.17)

Finally, by replacing the sum with an integral and approximating the Fermi-Dirac distri-
bution with a step function at low temperatures, the tunneling current will be simplified
as
dre [V s ¢ 2
I = 5 ps(Ep + E)pi(Ep — eV + E) [M| (1.18)
0

where V is the bias voltage and ps and p; are the sample and the tip local densities of states
(LDOS), respectively. In conclusion, it was shown that the tunneling current is mostly sen-

sitive to the electronic structure of the sample and the tip.

1.1.2 Tersoff and Hamann STM Theory

Shortly after the invention of STM in 1981, Tersoff and Hamann used Bardeen’s tunneling
theory to calculate tunneling current as a function of sample and tip densities of states
[9, 10]. They modeled the electronic structure of the tip with a spherically symmetric s-
wave function ¢y ~ Axe™""/r. The theory was made under the assumption of small bias
voltages (lower than 10 mV) [10]. However, many STM measurements are conducted at
much higher bias voltages.

To interpret such high bias voltage experiments, the Wentzel-Kramers-Brillouin (WKB)
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approximation is useful [9-14]. Within this approximation, the tunneling transmission

probability T(z,E,eV) is given by

(1.19)

T(z,E,eV) = exp<_2zg/%\/¢s ; & + ev E>

2
where m is the electron mass, E is the electron energy with respect to the Fermi level, z is
the tunneling barrier width, and ¢, and ¢ are the work functions of the sample and the

tip, respectively. At T=0 K, the tunneling current can be written as [14, 15]:

eV
I(z,V) x /0 ps(E)pt(E —eV)T'(z,E,eV)dE (1.20)

The tunneling electrons arise from the states within eV above the Fermi level of electrode
with negative bias voltage polarity. The Tersoff-Hamann formula predicts that at low tem-
peratures and low bias voltages STM measurements, the tunneling conductance (dI/dV)
is proportional to the local density of sample states at the center of the tip at the Fermi

energy.

1.1.3 Inelastic Tunneling

Electrons in STM can tunnel through the barrier in two ways: elastically or inelastically.
In the elastic tunneling process, the energy of the tunneling electron is conserved, while in
inelastic tunneling, due to the interaction of the electron with the environment, its energy
changes. Earlier, we observed that the tunneling conductance is proportional to the sample
and the tip density of states. Considering an atom with a vibrational or a spin excitation
mode deposited on a substrate, the potential of the sample is Vi + Vycos(wt). Vj is the
potential of the sample while both adatom-related and tip-related perturbations are off
[16]. The time-dependent term originates from for example vibrations of the adatom. Vj
is the amplitude and w is the frequency of the vibration. Replacing the constant Vi, in

equation (1.8) with its modified version, V;(t), we obtain

. dci (t)

ih—s= = M~/ Be Bl 4 € cos(wot) ¢ (% B0UM, (1.21)
My, = <¢§ Vol 1/JS> is the inelastic matrix element. Then, the rate of the inelastic tunneling
probability is
27
Pin(t) = S-0(Bs — By & hw) | M, |? (1.22)

and total tunneling current is resulted from the both elastic and inelastic events.
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1.2 Scanning Tunneling Spectroscopy

Scanning tunneling spectroscopy is an experimental method to probe the sample local den-
sity of states (LDOS). As seen from equation (1.20), the tunneling current is proportional

to LDOS of the tip and the sample. Differentiating equation (1.20) gives

dl

W(V) < ps(V)pe(0)T(2,V,V)

v pt(E —eV)
+ /0 po(B)E ST (e v, )i (1.23)

(z,V, E)

eV T
+/ ps(E)pe(E —eV) dE.
0 ¢ dv

Assuming a constant LDOS for the tip and a small variation of the tunneling transmission
probability with the bias voltage, the last two terms can be neglected [17]. So the varia-
tions in the dI/dV signal can be assigned to the changes in the sample density of states. In
practice, a small high-frequency sinusoidal modulation superimposed on a voltage ramp is
applied to the sample. Then, the tunneling current is measured as a function of the voltage
with a lock-in amplifier. The lock-in output gives information about the density of states

as a function of energy.

1.2.1 Broadening in Scanning Tunneling Spectroscopy

dI/dV signals obtained from STS can be influenced by two broadening mechanisms: Ther-
mal broadening and instrumental broadening [18]. So far, it was assumed that the tunneling
current does not depend on the temperature. By assuming a constant tip density of states,

the tunneling current will have the form
+o0
1V)=C [ " p(B)E V) - f.(E)E (120

where C is a constant and f;(F) and fs(F) are the tip and the sample Fermi-Dirac distri-
butions which depend on temperature as in equation (1.14). This temperature dependency
leads to the broadening of the dI/dV signals and needs to be considered for the small spec-
troscopic features. Inserting f;(F) and fs(FE) as equation (1.14) in (1.24) and derivating it

results

dI +oo 6 +o0o
W(V) = C/_oo ps(E)él[cosh(ﬂ(E — eV)/Q)]QdE x / ps(E)xgr(E — eV)dE (1.25)

—00
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where 8 = 1/kpT and ygr is the thermal broadening function as [18, 19]

XkT = gcosh_2(ﬁ(E —€eV)/2) (1.26)
The measured dI /dV (%) is the convolution of the intrinsic dI/dV (%) with xxr
dl dl
v = gy T (1.27)

The thermal broadening can be estimated by AEyp ~ 3.5 kT [20-22]. AE7p is the full-
width at half-maximum of the thermal-broadening function. Experiments in the present
work were conducted at temperatures around 4.4 K and 350 mK (AEr ~ 1.3 meV and
AET =~ 0.1 meV, respectively).

The second broadening mechanism is an instrumental effect from the lock-in amplifier.
It can be calculated by the convolution of the intrinsic dI/dV spectrum with the lock-in

broadening function xreck—in as

dI dI

W = W * X Lock—in- (128)
where Xrock—in can be described as follow [18]
24/ V; 212
XLock—in(V) —_ Vi 2 ’ ‘ ‘ m’ (1'29)
0 otherwise

Vpn is the modulation voltage amplitude. In this work, Kondo effect (introduced in the
next section) is the feature of interest which for Co atoms on Cu(111) occurs at ~ 3.3 meV
with respect to Fermi energy. Since most of the STS measurements were performed using
1 mV,,,s, the broadening effects were considered in our data analysis.

Important parameters of the Kondo effect such as the resonance width were obtained using
a fit function. In order to extract the not-broadened width or the intrinsic width of dI/dV

signals, we applied the broadening effects to our fit function as follow:

1. First, the fit function, F(V'), was convolved with the two broadening functions xxr

and X Lock—in
F(V) = F(V) * XkT * XLock—in- (130)

The result is a broadened fit function F(V).

2. Then, the measured dI/dV, %, was fitted with the broadened fit function, F(V').
With this method, we were able to extract the intrinsic width of our dI/dV signals.
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1.2.2 Inelastic Tunneling Spectroscopy

The tunneling electrons can excite vibrational or magnetic modes of atoms and molecules
on surfaces [2, 23-25]. These inelastic excitations open up additional tunneling channels
which lead to a change in the differential conductance. There is a threshold voltage for
which the tunneling current consists of only elastic electrons. When the voltage difference
between the tip and the sample is larger than the excitation energy, the inelastic events
also contribute to the tunneling process. The inelastic tunneling appears as steps in the
differential conductance (dI/dV'). These steps occur at defined voltages and are symmetric
with respect to Fermi energy.

The experimental process of measuring these excitations is known as inelastic tunneling
spectroscopy. In 1967, Scalapino and Marcus used WKB approximation to study the effect
of inelastic tunneling in a planar junction [26]. In their model, the molecular dipole field
was considered as an interaction potential perturbing the vacuum potential barrier height.
A year after, another theoretical and experimental work was done by Lambe and Jaklevic
to study the inelastic tunneling process in a metal junction with molecules [20]. According

to these studies, the inelastic contribution to the tunneling current can be expressed as

Line = C/_OO [f(E eV + hw)(1 = f(E)) + [(E)1— f(E — eV — hw))] (1.31)
xps(E) p(E—eV) T(E,eV) dE

where C is a constant and Aw is the energy the tunneling electron loose in the inelastic
process.

Since then, many interesting experiments on molecules and single atoms were done by STM
to study such excitations. In our project, we are interested in the magnetic excitation of

single atoms attached to the fabricated nano-structures on a host metal.

1.3 Magnetism at the Atomic Scale

Understanding and being able to control magnetism on the atomic scale is the basic step
to use it in the data storage technology. There are two important factors to design a stable
atomic magnet: first, the magnetic anisotropy, which determines the direction and stability
of the magnetic moment, and second, the size of the magnetic moment. The required
energy to change the magnetic state to the opposite alignment is called the anisotropy
barrier. Shrinking the size of data storage devices led to magnets at the atomic scale, and
at such scales, quantum effects can significantly change the stability of the states. Thus, a

detailed knowledge of magnetism at the atomic scale is required.
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STM can be an excellent tool for probing the spin states of single atoms. It allows precise
manipulation of the atoms surrounding environment and measuring the tunneling current
through individual atoms. The technique in which inelastic tunneling spectroscopy is used

to investigate the spin state of localized spins is called spin excitation spectroscopy (SES).

1.3.1 A Free Atom

A single atom can have a spin as a result of its partially-filled orbitals. Its total magnetic
moment consists of orbital, E, and spin, S , angular momenta (j =L+S ). As long as the
atom is in the gas phase and there is no external magnetic field, its spin can be oriented in
any spatial direction.

When a particle with magnetic moment m is placed in a uniform external magnetic field, it
feels a torque, which tends to align its magnetic moment parallel to the field. The energy
associated with this torque is H = —m - B;Ct, with B;ct as the external magnetic field.
Treating the same effect for a single electron system (hydrogen atom) with the first-order

perturbation theory ends up to an extra term in the total Hamiltonian as
H, = —(L+25) Bew (1.32)

which leads to the shift and splitting of the energy levels. This effect is known as the
Zeeman effect [27].

Moreover, by looking from the electron rest frame, the electron also experiences a second
torque in the magnetic field originating from the orbiting proton. This interaction between
L and S is called the spin-orbit coupling [27]. Using first-order perturbation theory for the

single electron system gives the relation
H,ox—S-L. (1.33)

This electromagnetic interaction changes the energy spectrum of the atom and including
H,, in the total Hamiltonian results the complete fine structure of the atom.

Despite the straightforward interpretation of this intrinsic interaction for a free particle,
it becomes more complicated in solids and specifically in nano-structures with distinctive
spatial geometries. The oriented chemical bonds fix the orbital momentum in a particular
direction and the resulted energy increase in the system is equal to the energy difference

between the favored and unfavored spin directions.
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1.3.2 Magneto-Crystalline Anisotropy

When a free atom is located on a solid, its orbital angular momentum is affected by the
spatial environment and aligns itself to a specific direction, accordingly. The crystal field,
originating from the lattice potential can strongly reduce the orbital momentum. There-
fore, the total magnetic moment depends mostly on the spin part [28, 29].
The magneto-crystalline anisotropy, MCA, is the result of the anisotropy of the atomic en-
vironment in solids. The difference in the spin-orbit energy (Hs,), when the magnetization
of the atom has been changed between two different crystallographic directions, namely
“hard” and ”easy” magnetization directions is called the magneto-crystalline anisotropy
energy. The direction in which Hy, is maximum is called hard axis and the one with mini-
mum Hy, is the easy axis. The idea of the spin-orbit interaction as the origin of MCA was
first proposed by Vleck [30]. The magneto-crystalline anisotropy energy can be expressed
as

AEg = <H80>hard - <H80>easy ~ ((L ) S>hard —(L- S)easy) > 0. (1.34)

In 1989, Bruno in his theoretical model derived the relation of this energy to the orbital
momentum as [31, 32]

AE;, = (m*Y — mfol‘“"d) >0=m* > m’ga’”d. (1.35)
It states that the spin-orbit coupling energy is approximately equal to the difference between
the orbital momenta along the easy and the hard directions. Also, the orbital momentum
is larger along the easy direction than the hard direction. Later, Néel suggested that due to

the dangling bonds on the surface of the crystals, the orbital momentum is not completely

quenched and a different magnetic anisotropy with respect to the bulk is expected [33].

1.4 The Total Spin System Hamiltonian

The first step to understand the experimental data is to define a proper Hamiltonian for
the localized spin systems. The simplest method is to decompose the whole system into its
subsystems:

H=H;+H;+H,+ H; (1.36)

where H; and Hg are the tip and the sample Hamiltonians, H, is the spin Hamiltonian
representing the state of the spin system, and finally H; is the interaction Hamiltonian
which is responsible for the energy associated to the coupling of spins in the systems with
more that one spin site [34].

The spin Hamiltonian is a simplified picture to interpret the measured spin state in STM
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experiments. It is used in many systems such as molecular magnets [5, 29, 35-38]. In the
spin Hamiltonian, instead of using spin and orbital momenta individually, they are replaced
by an effective spin momentum. This approximation is based on the orbital momentum
quenching of the magnetic center.
A convenient procedure to construct the spin Hamiltonian (H,) is to use g-factor to present
the orbital momentum contribution in the total angular momentum. By definition, g-factor
is the deviation of electron magnetic moment from the classical expectation [27]. In Dirac’s
theory, it is equal to 2. Introducing the orbital momentum as a deviation in the g-factor
is a practical approach to only work with the spin momentum [39]. In this way, the
experimentally obtained magnetic moment can be directly related to its spin part.
Using the Zeeman and the spin-orbit coupling terms as equations (1.32) and (1.33), the
spin hamiltonian is

Hy=Hg+H,=\AS-L+ (L+25)- Bewt (1.37)

Both spin-orbit and Zeeman terms contain the orbital momentum, [_;, and the goal is to
transfer its effect in the g-factor. The effective spin Hamiltonian, H, Frisa substitute for
H, which contains only the spin operators. Following the procedure in [39], by using the
perturbation theory we can remove the orbital basis functions and the resulted first-order

energy correction is

H) = (o |Ho| Wo) =2up > SiB; (1.38)
i:x,y,z
with B; as the applied magnetic field in direction 4.
The second order energy correction is
Héj%} = Z [ — QA/LBBl‘AZ'ij — )\QSiAiij — ,U,QBBZAZJB]] (139)
i?j:x7yﬁz
e (W | L] ) (W | L] W)
Wo |Li| Wy,) (U, |Lj| Yo
Ay = 1.40
) Z ETL - EO ( )

n
and n represents the excited state number. Then, the total expression for the effective spin

Hamiltonian will be

Hepr = H(S‘)f + He(fc)f = Y 2up(1—XMi)SiB;i — A ) AuS] (1.41)

1=x,Y,2 1=x,Y,2

Interestingly, when the external magnetic field is zero (B; = 0), there is still a non-zero

value (the second term) in Hcyy. This zero-field term can be expanded as

Hyp=— XN > AiS? ==X (AeS7 + AyySa + A..52). (1.42)

i:m7y7'z
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It is more common to write the zero-field term in the form of

H.;=DS2+ E(S2 - S)) (1.43)
with
)\2
D= —?(21\22 —Npz — Ayy) (1.44)
and
)\2
E = —?(Am — Ayy). (1.45)

Finally, the effective spin Hamiltonian for a single spin system in the presence of an external
magnetic field (we assumed the field is in the z-direction, perpendicular to the surface) can
be expressed as

Hepp = —gupB.S. + DS? + E(S; — S). (1.46)

For the physical interpretation, from the equations (1.44) and (1.45), D and E are both
proportional to A; and according to the equation (1.40):

(W | Li| @)
Ni=Y it Ll 2 (1.47)

which represents the amount of orbital angular momentum projected in direction i (i =
x,Y,2).

The parameter D, named axial anisotropy, is the difference between the unquenched or-
bital angular momentum along zdirection and the sum of the unquenched orbital angular
momenta along the other two in-plane = and y directions (A, — (Aze + Ayy)).

With the same interpretation, the parameter E, named transverse anisotropy, is the differ-
ence between the unquenched orbital angular momentum along z and y directions (Ag, —
Ayy).

The axial component varies the gap between the energy levels with different spins. The

transverse term is an anisotropy in the zy-plane.

1.4.1 Spin Correlation of Localized Spins and Surrounding Host Elec-

trons

In spin excitation spectroscopy, the number of the conductance steps, their position, precise
form and magnetic field dependence can give us important information about the magnetic
states of the atomic system. They can appear as a result of magneto-crystalline anisotropy
in the absence of any external magnetic field. The crystal asymmetry of the system and the

spin-orbit coupling can cause this anisotropy, and as a result, the degenerate spin states
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can be split and lifted to non-degenerate states. The experimentally observed magnetic
excitations vary up to tens of meV. However, not all the conductance steps are due to
the magnetic excitations. There are low-energy mechanical vibrations that can result in a
similar fingerprint in the spectroscopy. Therefore, to find out the source of such features in
the spectrum, whether they are magnetic or vibrational excitations, an investigation them
in the presence of an external magnetic field is a useful way.

When a magnetic atom is adsorbed on a surface, its interaction with the underlying atoms
depends on the electronic properties of the substrate. A decoupling layer, such as CusN,
reduces interactions with the bulk electrons. For example, Co and CoH, (z=1-3) complexes
on graphene on top of a Pt(111) substrate showed a spin of 1 for Co and CoHs and a high
magnetic anisotropy for the Co adatom [37].

Not only on top of decoupling layers, but also on bare metal substrates, spin excitations have
been reported for magnetic adatoms in the absence of external magnetic fields. However,
in such systems, the strong coupling of the localized spin with the conduction electrons of
the host metal leads to the reduction of the spin lifetime. Spin excitations of Co and Fe
adatoms on Pt(111) have been measured at 7'~ 6 K and T' ~ 300 mK [40, 41]. Fe adatoms
showed spin excitations also on other metal surfaces namely Cu(111) [42] and Ag(111) [43].
Moreover, despite the strong localization of 4f wave functions to the nuclei and their small
spatial dimensions, there are also traces of magnetic excitations for Gd atoms on Pt(111)
and Cu(111) in their spectroscopy signals [44].

For the interpretation of such magnetic interactions, scattering models have been introduced
and developed [45-48]. A straightforward model to interpret the exchange interactions
between an isolated spin and tunneling electrons has been introduced by Markus Ternes [3].
His model covers the effect of magneto-crystalline anisotropy and considers the strength of
coupling to the substrate. It is based on a simple scattering event: the tunneling electron
scatters with the localized spin on the substrate. Two main parameters contribute in
this scattering process; the potential scattering parameter U and the exchange scattering
parameter J. The basic idea was introduced for the first time by Anderson [49]. His model
was for a single impurity with a half-filled atomic orbital interacting with the host metal

electrons. After that, Schrieffer and Wolf were able to define the scattering parameters

J:2A2<1 ! ) (1.48)

more precisely as [50]:

U:2A2<1+ ! > (1.49)

where €; is the one-electron energy of the localized orbital with respect to Fermi energy,

and Uy is the Coulomb repulsion between electrons of opposite spin in the d orbital. The
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negative sign of the scattering parameter J shows the anti-ferromagnetic coupling between

the localized spin and the substrate electrons.

1.5 The Kondo Effect

The conduction electrons in metals act as weakly coupled quasi-particles. The theory of
Fermi liquid developed by L. Landau provides a good description for the electric resistivity
of normal metals containing impurities [51, 52]. It was shown that the electric resistivity
of the metal drops when its temperature decreases and saturates at low temperatures due

to static defects in the material. The electric resistivity can be expressed as

P = po + Pelph (1.50)

where pg is the zero-temperature residual resistivity originated from the conduction elec-
trons scattering with the nonmagnetic impurities and is temperature-independent. The
second term arises from other types of scattering processes, mainly electron-phonon inter-

action [53]. It depends on temperature as [54]

T 2 Or/T "
Pel-ph = aez-ph<@R) /0 e efx)dm (1.51)

where aeppn < Ayrwp /(.up2 with A4 the electron-phonon coupling constant, wp the Debye

frequency, and w, the plasma frequency [55]. n is a constant which can be equal to 2, 3
or 5. For Cu, Ag, and Au, n = 5 [56]. Op is the Debye temperature which for bulk Cu
with n =5, ©r ~ 300 K [57]. Although the exact value of the low-temperature resistance
depends mostly on the number of defects in the metal, the temperature characteristic re-

mains the same. In this work we focus on metals with magnetic atoms.

1.5.1 Metals with Magnetic Impurities

The magnetic impurities in metals cause a drastic change in their low-temperature resistiv-
ity. Impurities such as Co, Fe, and Mn have partially filled outer d or fshells and may have
a nonzero net magnetic moment. In 1937, Hildebrand discovered an interesting characteris-
tic change in the electrical resistivity of these systems [58]. He observed an initial decrease
in resistance with temperature reduction and an unexpected increase when further reduced
the temperature leading to a resistivity minimum. This behavior was observed only when

the metal contained magnetic impurities.
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Another important experimental observation was the existence of the resistivity minimum
for metals with an impurity concentration even less that 0.1%. The results showed the
proportionality of the residual resistance to the impurity concentration. Regardless of the
impurity concentration, the resistance increases as the temperature is lowered.

The origin of this phenomenon remained unclear until 1964 when it was explained by Jun
Kondo [1]. He explained it via a scattering model. A scattering process with nonmagnetic

impurities can be treated like a one-particle problem with a potential

> u(r—Ry) (1.52)
i

and each conduction electron scatters from the same, steady potential. But if the scatterer
can change its state, by e.g. having a spin or orbital degree of freedom, then each scattering
may change the state of the scatterer. In a such system, the spin of the magnetic impurities
paired themselves with many conduction electrons of the bulk continuum. They can flip
from up to down state, or vice versa, and a singlet ground state will be generated. This
spin flip process is called Kondo effect. The Kondo resonance lies close to Fermi energy
and the characteristic temperature around which the minimum resistivity occurs is called
Kondo temperature, Tk .
To understand this spin flip process, the single-impurity model by Anderson simplifies the
picture to a magnetic atom with one electron in its single d orbital [34, 49, 50]. When
the magnetic atom is deposited on top of a metal surface, its half-filled d orbital (d') is
located below the Fermi level at binding energy e. Upon adding a second electron to this
d-orbital and occupying it with opposite spins (d?), its energy increases by the Coulomb
repulsion energy, U. This situation is illustrated in figure 1.1(a). The spin flip process be-
tween the electron in the singly occupied d state and a conduction electron with an opposite
spin forms the Kondo resonance. Flipping can either happen by emptying the d orbital
(d* — d°) and then refilling it (path 2 in figure 1.1(b)) or by putting the second electron in
the d orbital, making it doubly occupied (d' — d?) and then removing one electron (path
1 in figure 1.1(b)).

As a second electrode (probing tip) is brought close to the adatom and the substrate (fig-
ure 1.1(c)), the electrons from the tip can tunnel into the sample via three possible channels.
Electrons can (1) tunnel into the empty states of the substrate, (2) tunnel into the Kondo
resonance, or (3) tunnel indirectly into the localized state of the magnetic adatom. The first
two spin-conserving paths have tunneling probabilities ¢; and to in the tunneling matrix,
and the tunneling current is proportional to the interference between these two channels
(q x ta/ty).

STS measurements are used to detect the Kondo resonance of magnetic atoms. This reso-

nance appears as a narrow dip or peak feature around zero energy. The line-shape of the
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FIGURE 1.1: (a) Sketch of the energy-dependent DOS for a single d orbital on a metal

surface. (b) Electron in d orbital can flip its spin with a bulk electron of opposite spin.

The spin flip process can occur in two ways: d orbital of the adatom is filled with two

electrons (process 1) or it is empty (process 2). Kondo resonance is generated close to

the Fermi energy through this process. (c¢) Tunneling process from the probing tip to the
metal. Adapted from Ref [34].

resonance crucially depends on the lateral distance between the tip apex and the impurity
[59]. Lateral movement of the tip from the impurity’s top position decreases tunneling
probability of electrons to the adatom (they will tunnel more to the empty states of the
bulk). The symmetric line-shape of the resonance changes to an asymmetric line-shape
[59]. Important quantitative information such as the width and the energy position of the
Kondo resonance can be obtained from its line-shape in the dI/dV measurement. The
Kondo temperature is proportional to the half-width at half-maximum (HWHM) of the
resonance, I', as [34]

r
Tk oc o=~ T x 116 KmeV ™! (1.53)
B

In order to extract the resonance HWHM, different fits namely Fano and Frota were pro-
posed and used. Fano described the interference of the tunneling channels with the Fano

equation [60]
(q+¢€)?

FanO(V) X W

(1.54)

with € = (eV — Fk) /T Fano, V as the sample voltage, and ¢ as the asymmetry parameter
which defines the resonance line-shape. It depends on the ratio of the direct and the indirect
tunneling process at the energy Ef [61].

Years later, for the simulation of the Kondo resonance, a different line-shape was introduced



Chapter 1 17

N
N N
T T

d1/dV (nS)
'—L
(00]

1.6
| Experiment
1.4l — Fanofit 1
| = Frota fit
-20 -10 0 10 20

Sample Voltage (mV)

FIGURE 1.2: Kondo resonance of Co adatom on Cu(111) measured with V00 = 1 mV,ps
at T = 4.6 K fitted by Fano and Frota functions. Fano fit reproduces the Kondo resonance
more accurately. The current feedback was opened at V = 250 mV and I = 440 pA.

by Frota which has the functional form as [62-64]

Adf/[ =AIm [ieiq’\/ - _Z;FJF?}Ft + BV +C. (1.55)
The Frota parameter I'p,.o is related to the actual HWHM of the resonance by HWHM
~ 2.54 T'Frota. €x is the position of the resonance and A is its amplitude.

Depending on the used voltage range and the system under investigation, one of these
fits matches the data better [18]. We applied both Fano and Frota fits to the measured
resonances of more than 20 adatoms. A single resonance of Co on Cu(111) with its Fano
and Frota fits are shown in figure 1.2. Although the theory and some experiments showed
a better agreement of Frota line-shape with the experimental resonance, we observed Fano
fit reproduces the resonance of Co on Cu(111) with a better precision. This disagreement
might be an indication of an alternative origin of this zero bias anomaly as proposed by L.

Samir very recently [65].

1.5.2 Kondo Effect of Co Atoms

Co adatoms on different noble metal surfaces were reported to be Kondo systems, and have
been studied to a good extent with STM. Studies on single Co atoms on Ag(100), Ag(111),

one monolayer of Ag on Cu(111), and on Cu(111) reveal different positions of the resonance
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minimum and different Kondo temperatures [66, 67]. The dependence of the Kondo tem-
perature on the supporting host metal triggered the idea of tuning the Kondo resonance
by manipulating the impurities neighbor atoms which led to interesting experiments over
the past years. CoCu,, clusters were fabricated by atom manipulation on Cu(111) and the
evolution of the Kondo resonance with respect to the number of neighboring Cu atoms were
investigated in [68]. It was observed that the Kondo effect of Co atoms crucially depends
on the detailed geometric structure of its environment.

The simplest system to study the non-local correlations for distant atoms is two deposited
magnetic adatoms. In an experiment done by Néel et al., the interaction between two Co
atoms was studied [69]. He built chains of copper atoms with lengths up to four atoms and
added two Co atoms to the ends of the chain. He observed an oscillatory behavior of the
Kondo resonance width for chains with more than three Cu atoms. This observation was
interpreted as non-local correlation between magnetic sites induced by the Cu atoms of the
chain. His measurement arose interesting questions regarding the position and the length
of the prepared chains: What could be expected when Co atoms are attached from the side
to the chain? And is it possible to measure this correlation on long Cu chains?

Exploring the answers of these questions was the main goal of my PhD project.

1.6 Work Function and Apparent Tunneling Barrier Height

The work function is in principle the energy difference between a neutral crystal and the
same crystal with one electron removed. It is the minimum energy required to move one
electron from a metal to infinity [70, 71]. It can be written as the potential difference

between Fermi energy of the metal and the vacuum potential:
W=V, - Ep. (1.56)

Since the potential difference between the metal and vacuum depends on the charge distri-
bution at the surface, the work function varies for different crystallographic arrangement
of the surface atoms. Taking an electron from more densely-packed surfaces requires more
energy. This phenomenon is known as the anisotropy of the work function and creates the
concept of local work function [72].

Another important concept arising from the image potential contribution is the apparent
barrier height. When an electron is placed close to a metal surface, a polarization charge is
generated on the surface. The effect of this polarization charge is equivalent to the presence
of a positive image charge inside the metal. The image charge is at the same distance from

the surface as the original charge from the surface. Due to the attractive force between the
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charge and the image charge, an image potential is generated close to the surface. This
image potential decreases with increasing the distance from the surface and vanishes at
infinity.

Due to the small gap between the tip and the sample in STM, the image charge contribution
to the tunneling gap potential needs to be considered. The potential barrier a tunneling

electron has to overcome in STM is called apparent barrier height.

1.6.1 Barrier Height Spectroscopy

In tunneling spectroscopy, the tunneling current is recorded as a function of the applied
voltage. The height and the width of the tunneling barrier are two unknown quantities
that influence the transmission probability of the tunneling electron. Another spectroscopy
mode is measuring the tunneling current as a function of the tip-sample separation at a
constant applied voltage. It is called barrier height spectroscopy or 1Z spectroscopy.

At low bias voltages, the tunneling transmission probability equation (1.19) can be simpli-
fied as

T(z) = exp<_227;/% i ; ¢t>.

If we assume DOS contributions to the tunneling current do not change with the tip-sample

(1.57)

separation, then I(z) o T'(z) and

dinl _1dl _2V2m [oo 4 _ dinl _ 2\/2mPapy
dz Idz  h 2 dz 3

(1.58)

with
Dypp = g ; i3 (1.59)

By applying a small modulation to the zpiezo of the tip and measuring the resulting
modulation in the tunneling current (dI/dz), the average work function of the sample and

the tip can be determined. Then the apparent barrier height can be extracted as

B2 (dInI\? d InI\?

If the atomic structure of the tip does not change during the measurement process, any
change in the measured apparent barrier height can be related to the local sample work

function.
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Experimental Setup

The goal of this work was to prepare long atomic chains on surfaces and use them to
investigate the evolution of the Kondo resonance of magnetic atoms in different electronic
environments. In this section, the instruments and the experimental procedure of preparing

the sample and the tip are explained.

2.1 Low-Temperature STMs

The first part of the experiments presented in this thesis were conducted using a home-built
scanning tunneling microscope operated at 4.5 K in ultrahigh vacuum (UHV). The UHV
system consists of three vacuum chambers separated from each other by gate valves. A
load-lock chamber provides the capability of inserting samples and tips from ambient to
low pressure environment without venting the complete vacuum system. Samples can be
cleaned in a preparation chamber (base pressure 1 x 107? mbar) by heating via electron
bombardment (annealing) and sputtering cycles. Sputtering can be done through a leak
valve in the preparation chamber from which noble-gas ions can be directed to the sample
surface via an ion gun. Moreover, the preparation chamber was equipped with an electron-
beam evaporator, an evaporation station, and a mass spectrometer. The evaporation rates
of molecules from a Knudsen cell can be monitored by a quartz balance. A rotatable ma-
nipulator is used to align the sample surface to the sputter ion source or the evaporation
station.

All the analysis were done in the analysis chamber. After preparation cycles, sample and
tip were transferred into the microscope stage. A bath cryostat is mounted on the mi-
croscope chamber with a capacity of four liters of liquid helium and fifteen liters of liquid

nitrogen. The whole machine can be lifted by a pneumatic damping system. The base plate

21
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FIGURE 2.1: Scanning tube-type piezo driver in mK STM machine [74].

of the STM stage was vibration isolated via three springs. A more detailed description of
the STM stage design is described in [73]. A SPM1000 electronic from RHK Technology
is used to control the STM. The tunneling current amplification is done by a DLPCA-
200 transimpedance amplifier from FEMTO Messtechnik GmbH. Differential conductance
dI/dV is recorded using a SR830 Lock-In amplifier from Stanford Research Systems while
a sinusoidal modulation is added to the sample voltage.

In this project, we conducted further measurements with a STM equipped with super-
conductive magnets operating at a base temperature of 350 mK. The refrigerator of the
USM1300-He-3 is able to cool the sample down to 350 mK with He3. The superconductive
magnets can provide magnetic field up to 9 T in out-of-plane direction (Z) and 2 T in in-
plane directions (X and Y). A single tube piezo located in an approach stage and driven by
6 piezo stacks is used for the scanning process. For measurements, the approaching stage
is approximately 5 mm away from the crystal in z direction and the sample stage can move
0.5 mm in X and Y directions. The directions are shown in Figure 2.1.

An overview of the chamber components in mK STM is illustrated in figure 2.2. STM stage
is placed in an insert chamber which consists of a long stainless steel cylindrical chamber
and a Cu cylinder. The insert chamber is thermally isolated by a vacuum chamber which is
called Thermal-isolation chamber (TIC). During the pre-cooling process, the exchange gas
(e.g. He) was introduced into TIC for enhancing the cooling progress. For that purpose, the
magnets were cooled down to 77 K by liquid nitrogen (LN2). Then, the LN2 was replaced
with liquid helium (LHe) to cool the sample down to 4.2 K. LHe was vaporized by reducing
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FIGURE 2.2: The overview of insert chamber components in mK STM machine [74].

the pressure of the 1 K pot which cooled down the sample to approximately 1.5 K. After a
short temperature stabilization time, He-3 gas was introduced into the He-3 pot. By using
the 1 K pot to reduce the temperature of He-3 pot to approximately 2 K, He-3 is liquidized.
Finally, the liquid He-3 in the He-3 pot was vaporized using the sorb pump which enabled
to cool the sample down to 350 mK.

In this thesis, STM imaging was acquired in constant current mode. The bias voltage is
referenced to the sample electrode and the tip is virtually grounded. All topographs were
processed using WSxM [75].

2.2 Tip and Sample Preparation

To conduct a reliable surface experiment, the first step is to reach a contaminant-free sur-

face. This means large and atomically flat terraces free of residual impurities. The sample
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and the tip preparation was carried out in the preparation chamber. During the prepara-
tion cycles, due to the inlet of Argon ion gas and also removal of contaminants from tip
and sample, the pressure of the chamber rose up to approximately 1 x 1076 mbar. STM
tips were electrochemically etched from tungsten wire, cleaned by short cycles of annealing,
and further prepared in-situ by gentle tip-sample contacts. The Cu(111) single crystal was
prepared by repeated cycles of Ar*-ion sputtering and subsequent annealing. The ion-beam
with the energy of 1 keV resulted in ~ 20 pA ion current at the sample. The number of
cycles depends on whether the crystal was exposed to the air or not. If it was kept in UHV
environment, three to four sputtering cycles with duration of 20 minutes would result in a
sufficiently clean surface.

To smooth the rough morphology of the surface caused by Argon ion bombardment, and to
produce large atomically flat terraces, each sputtering cycle was followed by an annealing
cycle. For this, a tungsten filament was placed close to the sample and thermionic-emitted
electrons were accelerated to the sample. With filament current of 3 A, sample current of
7.5 mA and voltage of 1 kV, the crystal temperature rose up to ~ 700 K for 30 minutes
in each cycle. In the sample preparation process in mK STM, we also used electron bom-
bardment for annealing. Here, one filament was placed on the sample holder. The sample
holder had three connections; two for applying the current for the filament and one for
providing the high voltage for the sample. The prepared sample and tip were transferred

to analysis chamber.

2.3 Cobalt Evaporation

While layer growth of molecules and atoms can be done in the preparation chamber, single
atom depositions have to be performed on the cold sample to prevent thermal diffusion.
The design of 4 K STM allowed us to evaporate single Co atoms on the cold sample in
analysis chamber via an electron beam evaporator. A high positive voltage (Vg = 1 kV)
was applied to the evaporant which was in the form of a rod. Emitted electrons from a
tungsten filament were accelerated to the cobalt rod and heated it. Evaporated Co atoms
were ionized by an electron beam and their flux was monitored by an electrode outside of
the evaporator. Thermionic emission current, I, was used as a parameter to reach the
desired flux. Before the deposition, to remove contamination of the Co rod, we out-gassed
it for several hours by slowly increasing the emission current to reach a flux slightly higher
than the desired value and decreasing it after a while to reach a stable flux. e~ 12 mA,
Iqux~ 3.8 nA and Vg = 1 kV were adjusted. Evaporation duration was 12 seconds.

Depositing single Co atoms with mK STM was more challenging. As shown in figure 2.1,

the tip and the sample are positioned vertically leaving us two options for evaporation.
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The first option was moving the sample out of the cryostat to the exchange chamber as
fast as possible and after a short time of evaporation, inserting it back down into the STM
stage. We observed that the transfer was not fast enough to avoid thermal diffusion; the
temperature of STM stage rose up to ~ 30 K, and all Co atoms moved to step edges and
formed clusters. We concluded that the Co atoms need to be evaporated from the exchange
chamber through the long stainless steel cylindrical chamber (length ~ 1 m and diameter ~
5 cm) down on the crystal surface. Evaporation from the top was also not possible with the
initial design of STM stage because the surface of the crystal was faced down. Therefore, we
redesigned the tip holder and the sample holder and switched their positions. In this way,
we were able to evaporate from the top on the cold sample. To make the crystal surface
available for the evaporation, the tip needed to be transferred up to the exchange chamber
(room temperature) and inserted again after the evaporation was finished. Introducing
the tip close to the sample increased its temperature. To avoid this temperature rise, we
pre-cooled the tip for 30 minutes on the 1K pot and He-3 pot before re-inserting it in the
STM stage. Finally, after numerous attempts we were able to obtain single atoms with the
mK STM machine.

2.4 Results and Discussion

A STM constant current topograph of the prepared Cu(111) surface prior to the Co evap-
oration is shown in Figure 2.3(a). From the cross-section of the topograph, the step height
of 208 pm was extracted which was in agreement to the previously reported value [76].
Moreover, STS measurement done on a terrace showed the surface state of the Cu(111) at
~ —430 mV (figure 2.3(c)).

Upon deposition of cobalt on Cu(111), isolated atoms with the apparent height of ~ 60 pm
were observed (Figure 2.4). Depending on the shape of the tip (blunt or sharp) their height
had ~ +10 pm tolerance. There are two possible adsorption sites for the evaporated Co
atoms on Cu(111) surface: fec site and hep site. The fcc site is more energetically favored
over the hcp site for Co adsorption because there is no Cu atom in the lower layer. In
the absence of the tip, the calculated energy barrier for Co adatom to hop from fcc to the
nearest hep site is approximately 37 meV [77]. Bringing the tip close to the surface affects
the potential profile of the environment. Positioning the tip above either hcp or fcc site at
tip-surface separations lower than 4.1 A reduces the energy barrier between the sites and
make it possible for Co atom to hop to its nearest adsorption sites [77]. For that reason,
we observed unstable and mobile Co atoms even during normal surface scanning. To avoid
that, one has to minimize tip-sample interaction by adjusting the tip sufficiently far from

the sample.
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FIGURE 2.3: (a) Constant current STM image of prepared Cu(111) with steps acquired

at V.= 100 mV and I = 36 pA (124.7 nmx124.7 nm). (b) The height profile along the

dashed line in (a). It shows the step height of ~ 200 pm. (c) STS data obtained on a

Cu(111) flat terrace with its surface state at V'~ —430 mV. Current feedback was opened
at V = 600 mV and I = 320 pA.

To investigate the electric properties of the deposited adatoms, differential conductance
spectra were measured. Figure 2.5 shows typical spectra acquired atop the Co adatoms.
They all exhibited a narrow resonance close to the Fermi energy with offset of ~ 3.3 meV
[34]. This shift to slightly positive values remains an unsolved puzzle, as the Kondo reso-
nance should be centered at slightly negative values for more than half-filled orbitals [78].
In March 2020, an alternative interpretation for the observed zero bias anomalies of Co
adatoms on Cu(111) was proposed which was calculated to be at positive voltages and
could also be the reason for the disagreement between the measured resonances and Frota
line-shapes [65]. However, as this is still an ongoing discussion in the surface science com-
munity, we will term the observed spectroscopic feature a Kondo resonance throughout this
thesis.

The observed small differences in the slope, strength and line-shape of the spectra may re-
sulted from different phenomena. In figure 2.5(a), we measured the Kondo resonance of Co
adatom at different positions on a large terrace (black lines). Measurements were also done

at the same positions on surface in the absence of the Co atoms (blue lines). As shown, the
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FIGURE 2.4: STM image of evaporated Co adatoms with apparent height of ~ 60 pm on
Cu(111) substrate. The image was acquired at V = 30 mV and I = 30 pA.

Kondo resonances have the same slope as the spectra obtained on the bare surface. This
indicates that the slope is mainly originated from the surface LDOS variations.

Also, it was reported that the resonance line-shape depends on the ratio between the prob-
ability of tunneling into the Kondo resonance and the probability of tunneling directly into
the empty states of the host metal [34]. The lateral position of the tip affects this ratio.
Experiments showed when the tip is positioned directly above the Co atom, the Kondo res-
onance has its maximum amplitude and there is an overshoot in the line-shape at positive
energies. Small lateral displacements of the tip from the topmost position of the adatom
weakens the strength of the Kondo resonance and the resonance dies off over a lateral length
scale of ~ 10 A[59].

In addition to different background slopes for the Kondo resonances, in some cases we also
observed small overshoot in the line-shape at positive energies. We interpreted the different
line-shapes of our Kondo resonances as the variations in the surface LDOS and the lateral
position of the tip with respect to the adatom. To assure the measurement process has not
changed the tip, before and after every STS measurement on Co atoms, a spectrum was

acquired on the bare Cu(111) terrace.
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FIGURE 2.5: (a) Two measurements representing the Kondo resonances of two Co adatoms
on different positions of a large Cu(111) terrace (black lines) and spectra at the same
position of the surface in the absence of Co adatoms (green lines). The Kondo resonances
show the similar background slopes as their corresponding spectra on the bare surface.
Current feedback was opened at V =20 mV and I = 500 pA. The spectra of measurement 2
are offset by 10 nS for clarity. Same tip was used for both measurements. The surface
spectra are subjected to low-pass FFT-filtering for noise removal. (b) Kondo resonances
of two Co adatoms measured with two different tips. The small overshoot of the resonance
obtained with Tip 1 (red arrow) is interpreted as the higher tunneling probability of the
electrons from the tip into the Kondo resonance.



Chapter 3

Kondo Effect of Co Atoms at Long
Cu Chains

In this chapter the unique part of this project will be described: fabrication of long atomic
chains and investigating the Kondo resonance of cobalt atoms attached to these chains.
Firstly, the fabrication procedure of atomic chains on Cu(111), their characterization, and
manipulation of cobalt atoms to build Co,,Cu,, are explained. Secondly, the results of STS
measurements on cobalt atoms at different positions of the chain in the absence and the

presence of an external magnetic field are showed and analyzed.

3.1 Copper Chain Fabrication

The Cu(111) surface is formed by a hexagonal arrangement of atoms with lattice constant
of 2.54 A. An external force can induce shear motion and change the material geometry.
Depending on the type of lattice, different slip systems exist in the materials. A dislocation
is a boundary between the slipped and the unslipped parts of the crystal lying over a slip
plane [79]. Slip in fcc crystals occurs along the close-packed plane and close-packed direc-
tions, because they have the most number of atoms per area (or per length) and the energy
required to move them is minimum. Long chains of Cu atoms were fabricated following
the procedure of Sperl et al. [80]. Dipping of the STM tip into the crystal surface leads
to the formation of different kinds of dislocations. Figures 3.1(a,b) illustrate the indention
area and the produced dislocations close to the indention area. One of the most observed
dislocations was screw dislocation (shown in figure 3.1(b)). Among different kinds of dislo-
cations, we also observed straight and long (lengths up to 200 nm) atomic chains of various

widths (figure 3.1(c)). These atomic structures can be used to investigate the evolution of

29
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FIGURE 3.1: Constant current images of (a) the tip indention area, (b) generated disloca-
tions close to the indention area, and (c) fabricated long (up to 200 nm) copper chains on
Cu(111).

the Kondo effect and also to study the spin interaction between magnetic atoms.

To characterize these atomic chains, dI/dV measurements were performed on top of them.
Figure 3.2(b) shows the result of STS measurements along a line perpendicular to a
monatomic chain. By getting close to the chain, the Cu(111) surface state gets weaker
and a state at ~ 1.5 V appears. Using atom manipulation Folsch et al. showed long
Cu chains on Cu(111) exhibit an unoccupied state at 1.5 eV above Fermi energy [81]. In
addition to the cross-section in topographs, we used this state to discriminate chains of
single-atom width from wider chains. The apparent height of monatomic chain is approxi-
mately 100 pm.

Besides monatomic chains, we also observed chains with two or three atoms in width.
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FIGURE 3.2: (a) Constant current image (41.1 nmx41.1 nm) of a monatomic Cu chain
on Cu(111) (V =50 mV, I =42 pA). (b) dI/dV spectra along a line perpendicular to the
chain. Current feedback was opened at V=3 V and I = 1.27 nA.
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FIGURE 3.3: (a) Constant current image of two crossing chains with different widths on

Cu(111) surface (left topograph: 65 nmx65 nm, V.= 100 mV, I = 50 pA. Right topograph:

19.3 nmx19.3 nm, V = 60 mV, I = 47 pA). Green dots represent the STS measurement

positions shown in figure 3.4. (b) Height profile along the white dashed-line in the right

topograph. The two-atom wide chain has ~ 175 pm apparent height and the crossing point
has the apparent height of ~ 275 pm.

Figure 3.3 shows two crossing chains with different widths. According to the height pro-
file along the white contour, the two-atom wide chain has ~ 175 pm apparent height and
the crossing point has the maximum height of ~ 275 pm in this structure. The dI/dV
measurements on three different positions of the crossing structure, namely the monatomic
chain, the wide chain, and the crossing point are shown in figure 3.4. Each dI/dV spec-
trum in figure 3.4 is the average of two measurements which were performed at different
positions of the same chain (shown by green dots in figure 3.3(a)). We observed that for

the two-atom wide chain the unoccupied state at ~ 1.5 V decreases in intensity and shifts

—~
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F1GURE 3.4: STS data obtained on different positions of the structure shown in figure 3.3,
namely on (a) the monatomic chain, the two-atom wide chain, and (b) the crossing position
(measurement positions are shown as green dots in figure 3.3(a) right topograph). For the
two-atom wide chain, the unoccupied state of the monatomic chain at ~ 1.5 eV decreases
in intensity and shifts downwards in energy (shown by red arrows). A sharp state at ~ 3
eV was also observed for the crossing position. Current feedback was opened at V = 2.5
V and I = 800 pA for the monatomic and the two-atom wide chain and at V=4 V and I
= 800 pA for the measurement on the crossing position.
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downwards in energy (shown by red arrows). The crossing point showed a constant LDOS
up to & 2.5 V and by further increase of energy, we observed an unoccupied state at ~ 3 V
interestingly similar to the data of Cu adatom on Cu(111) [81]. These results correspond to
a confinement of the 2D surface state to one (chains) and zero (crossing point) dimensions,

respectively.

3.2 Atom Manipulation and Co,,Cu,, Chains

To move a cobalt atom, the tip was brought close to it. The adatom was trapped in the
highly localized potential well under the tip. Moving the tip laterally while maintaining
constant current kept the adatom trapped in the potential well. Finally the adatom can be
released at the destination by increasing the junction resistance to values used in normal
imaging.
For atom manipulation, we used a reduced tunneling resistance (V. = 30 mV, I =1 pA)
and moved the Co atoms to either side of the chain and at one of its ends. Figure 3.5 and
figure 3.6 show topographs of the manipulation process where Co atoms were attached to
the side and the end of a monatomic chain, respectively.

Before investigating the effect of the second Co atom attachment to the Kondo resonance

of the first Co at the chain, we started our study by the basic measurement: the Kondo

FIGURE 3.5: Manipulation process of Co adatoms to a monatomic chain. The manip-

ulation directions are shown by arrows. Six Co atoms were attached to the chain from

different sides and at different distances from each other. STM images were acquired at V
=30 mV and I = 30 pA (image size 19.8 nmx19.8 nm).
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4 nm

FIGURE 3.6: (a) Before and (b) after topographs of Co atom manipulation to the end of
a Co4Cu,, chain. Images were acquired at V.= 30 mV and I = 54 pA (image size 15.2
nmx15.2 nm).

effect of a single Co atom attached to the side of a long monatomic chain. For that pur-
pose, we made sure that there are no other Co atoms or dislocations such as kinks nearby
at the chain. The possible adsorption sites for Co at the side of the chain are illustrated
in figure 3.7(a). Repp et al. showed that Cu atoms assembled by atom manipulation in
monatomic chains at 5-21 K are stable with the Cu atoms residing on fcc sites [82]. If we
also consider the fcc adsorption site is more energetically favored for the long monatomic
chains, then there are three likely sites for a Co atom to sit at the side of the chain. It
can be positioned at fcc site or two possible hcp sites. We assumed one of the possible hcp
sites (position B) is far from the chain and the adatom is not attached. The other hcp site
(position C) also appears ”"too close” to the chain. In the manipulation process, we tried
to change the position at which the Co atom was released from the tip to see whether it
is possible to create both fcec and the ”too close” hep configurations. But we observed no

difference in their distances from the chain and also in their dI/dV signals (figure 3.7(b)).

O Cu first layer (bottom) A: fcc site

‘ Cu second layer (top) B: hcp site "far from" the chain

' Cu atom in chain C: hcp site "too close" to the chain
Co atom

FIGURE 3.7: (a) Sketch of the Cu(111) surface illustrating the three different adsorption

sites for a Co atom at the side of a fcc Cu chain. (b) Topograph of a monatomic Cu chain

with Co atoms attached to its side (V = 30 mV, I = 28 pA, 20 nmx20 nm). During

the manipulation, Co atoms were released at slightly different distances from the chain to
study the possibility of obtaining the configurations shown in (a).
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We assumed the fcc site is the energetically favored site for Co atoms at the fcc chain.

The Cu substrate and the chain provide different environments for Co atoms. The Co
atoms were probed by spectroscopy with the tip centered above them. The dI/dV signals
of the Co atoms attached to the right and left of the chain showed no reproducible dif-
ferences. However, we observed clear spectroscopic differences between three Co positions,
namely on the (111) terrace, at the side, and at the end of a monatomic chain (figure 3.8).
When the Co atom was attached from the side to the central part of a monatomic chain, its
dI/dV spectrum exhibits a complicated structure, which neither matches a Fano nor Frota
line-shape. It exhibits a small resonance at Fermi energy with depressions at ~ +10 mV
(red arrows). The amplitude of the resonance is ~ 60% lower than the Kondo resonance of
Co on the (111) terrace and its width is reduced by &~ 30%. Results obtained with different
tips revealed the step height of depressions at ~ £10 mV varies for different tips. However,

they were always interestingly symmetric with respect to Fermi energy.
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FIGURE 3.8: dI/dV spectra of Co atoms at three different positions namely on the (111)
terrace, attached to the end of a Cu chain, and attached to the central part of a Cu chain.
The data of Co at the central part of the chain exhibits depressions at ~ 10 mV indicated
by arrows. While the energy of the resonance minimum for the end configuration is similar
to the Co on terrace (~ 3.3 mV), it was shifted to Fermi energy for the side configuration.
For the spectroscopy on Co atom on terrace and at the end of the chain, the current
feedback was opened at V = 30 mV and I = 70 pA and for Co atom attached to the side
of the chain, it was opened at V = 30 mV and I = 110 pA. The spectrum from the end of
the chain is offset by 0.5 nS for clarity.
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FIGURE 3.9: (a-c) STM images of manipulating two single Co atoms to a two-atom wide

Cu chain (V = 30 mV, I = 100 pA). White dashed circles show the positions of Co

attachment. (d) dI/dV spectra acquired above the Co atom on (111) terrace and attached
to the side of the wide chain.

For Co atoms at the end of monatomic chains, a reduction of ~ 55% in the resonance am-
plitude and an increase of 10% in the resonance width with respect to its Kondo resonance
on the terrace was observed. In contrast to the shift of the central resonance to Fermi
energy for Co atom at the chain side, the weakened resonance of Co at the end had it’s
minimum at approximately 3.3 mV; same as the Kondo resonance on the bare terrace.

We did the same experiment on wider chains. Figure 3.9(a-c) shows the manipulation pro-
cess of attaching two Co atoms to a two-atom wide chain. The dI/dV signals of Co atoms
at wide chains revealed a step-like line-shape (figure 3.9(d)). This result was reproduced

with two tips on two different chains and four attached Co atoms.
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3.3 Magnetic Field Measurements on Co Atom at the Side

of a Monatomic Chain

As mentioned before, spin excitations represent themselves as symmetric steps with respect
to Fermi energy in differential conductance. The position of the central resonance at Fermi
energy and the symmetry of the observed steps at £10 mV for Co at the side of the chain
gave us the idea of spin excitations as their origin. The change of the conductance due to
spin excitations is usually 10 to 50 percent of the average conductance [6].

To understand the origin of the observed features, we studied them in the presence of an
external magnetic field. The key approach was to observe the Zeeman shift of the excitation
in the presence of an external magnetic field. For that purpose, Co,Cu,, chains were
reproduced in the STM operated at millikelvin temperatures. All the spectra were recorded
using a lock-in detection at 812 Hz with 200 uV peak-to-peak modulation amplitude. The
B-field data analysis is explained in Appendix.

3.3.1 Magnetic Field in Z Direction

Figure 3.10 illustrates the evolution of the measured spectra for a Co atom at the central
part of the chain in the presence of an external magnetic field perpendicular to the crystal
surface. While the step-like features at +10 mV showed a small variation in their energies
at different field values, we observed a significant broadening of the zero-centered resonance
by increasing the magnetic field strength.

In order to analyze the splitting and the amplitude of the resonance quantitatively, we used

four Fermi functions as a fit to our resonances [3]:

. A11 A12
F(l’) - e—(l‘—Al—xl)/k’BTl _|_ 1 + e(z+A1—$1)/kBT1 + 1 (3 1)
+ A21 A12 '

e($+A2*x2)/kBT2 + 1 + 67(I7A27x2)/kBT2 + 1

where Aq; and Aqs are amplitudes of the inner steps, Ay is the step position, xp is its
energy shift with respect to Fermi energy, and T is the extracted effective temperature for
the inner steps. Agq, Ago, Ao, xo, and Ty are their equivalents for the outer steps.

Obtained fits shown as red lines in figure 3.10 reproduce the experimental data very well.
The extracted values are listed in Table (3.1). When the magnetic field was increased up
to 9 T, the central resonance was broadened by =~ 44% and weakened in amplitude by ~
43%. Second derivative of dI/dV spectra are shown in figure 3.11. The changes in the
energy position and the step height are more visible in the second derivative. Magnetic

field dependence of the Aj for three individual Co atoms at chains are illustrated as an
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FIGURE 3.10: dI/dV spectra of Co atom at the central part of a Cu chain in the presence
of applied out of plane magnetic field, Bz. A significant shift of the symmetric low energy
steps by increasing the magnetic field was observed. The spectra were fitted by four Fermi
functions shown as red lines. Current feedback was opened at V. = 20 mV and I = 5 nA.
The spectra of Bz equal to 4, 8, and 9 T are subjected to FFT-filtering for noise removal.

TABLE 3.1: Extracted values from the fits for the resonance of Co atom at the side of a
monatomic chain in the presence of external out-of-plane magnetic field.

Bz;=0T|Bz=2T|By;=4T |Bz=6T|B;=8T|Bz=9T
A1p (nS) 0.21 0.19 0.19 0.17 0.13 0.13
A1z (nS) 0.2 0.16 0.16 0.15 0.13 0.10
Ay (mV) 1.57 1.57 1.81 1.87 2.14 2.27
T (K) 3.4 3.4 3.9 4.0 3.5 3.7
Ag1 (nS) 0.23 0.20 0.25 0.25 0.20 0.25
Agg (nS) 0.23 0.20 0.22 0.25 0.28 0.25
Ay (mV) 11.9 12.0 12.5 12.6 12.1 13.6
Ty (K) 23 23 22 23 23 24

inset in figure 3.11. They showed a hyperbolic dependence on the field strength. The outer

steps shifted slightly to higher energies by increasing the field up to 9 T (with exception of

8 T) and their amplitude did not alter in a systematic manner.
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FIGURE 3.11: Derivative of the dI/dV spectra in figure 3.10 for Co atom at the central

part of a Cu chain in the presence of applied out-of-plane magnetic field, B,. The inner

steps positions in the dI/dV signal (A) appears as extrema in d?I/dV?2. Its variation as a
function of the magnetic field is shown in the inset.

3.3.2 Magnetic Fields in X and Y Directions

Same measurements were performed with the applied magnetic field in two in-plane direc-
tions: parallel (X) and perpendicular (Y) to the chain. Obtained dI/dV's are shown in
figure 3.12. When the magnetic field is parallel to the chain (X direction), same energy
positions of the inner steps and an amplitude reduction of &~ 10% were observed compared

to the spectrum with no applied magnetic field.
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FIGURE 3.12: dI/dV spectra of Co atom at the central part of a Cu chain in the presence
of no external magnetic field, and applied magnetic field in the in-plane directions, B, and
B,. Current feedback was opened at V = 20 mV and I = 5 nA. For the B, direction, no
change in the width of the resonance was observed, while its amplitude decreased by ~
10%. An increase of =~ 13% in the width and ~ 19% in the amplitude of the zero-centered
resonance was observed when the magnetic field B, =2 T was applied.

However, despite the small variation of the steps energy positions in the B, field, when
the magnetic field was perpendicular to the chain (Y), the width and the amplitude of the

zero-centered feature increased by &~ 13% and ~ 19%, respectively.

3.4 Interaction Between Co Atoms at Long Cu Chain

Several experiments were conducted to understand the short-range or indirect long-range
interactions between spins in magnetic structures [83-87]. Interaction between two indi-
vidual Co atoms was studied on Au(111) [88]. For distances less than 6 A, a disappearance
of the Kondo resonance was reported.

We also investigated the interaction between two individual Co atoms via the long
monatomic copper chain. To do that, they were attached to the chain from the same
side or the opposite sides of the chain with different separations. Figure 3.13(a) illustrates
a CogCu,, chain where Co atoms were attached from both sides to the chain. The bulge
of Co atoms at the chain indicates the side of its attachment. Cos and Co4 atoms were

attached close to each other in a way that it was neither possible to see individual atoms in



40 Kondo Effect of Co Atoms at Long Cu Chains

~
(@]
~

50

w
o

App. Height (pm)

[ure
o

(b)

FIGURE 3.13: (a) Topograph of a monatomic CogCu,, chain acquired at V. = 30 mV, I
= 30 pA and T = 4.6 K. Co atoms were attached to the Cu chain from different sides
with separations ~ 1.2 nm, ~ 1.8 nm, and less than 6 A. Dots represent the simulation for
the adsorption sites of Cu chain and Co atoms at chain. Both Cu atoms of the chain and
attached Co atoms are assumed to be at fcc sites of the surface. (b) Schematic plot of the
simulation (dots in (a)) for adsorption sites of the Cu chain and the attached Co atoms.
(c) Height profile along the white dots shown in (a). The closely attached Cos and Coy
appeared as one single peak with an apparent height of approximately two times larger
than the pairs with large separations.

the topograph nor in the height profile. The large bulge in the middle of the chain shows
the closely-attached Co atoms. The smallest distance between Co atoms on Au(111) at
which they can be resolved individually was reported 6 A [88].

To determine the distance between Co atoms, we superimposed the atomic arrangement
of a Cu(111) surface. First, the maximum apparent height of the chain was found (white
dotted-line in figure 3.13(a)). Cu atoms of the chain and attached Co atoms were assumed
to be at fcc sites of the surface. By considering lattice constant of Cu(111) and the scan-
ning piezo constant, we defined two rows of fcc adsorption sites parallel to the chain (black
dots in figure 3.13(a)). According to this procedure, we obtained the schematic plot shown
in figure 3.13(b). The height profile along the white dots is shown in figure 3.13(c). The
apparent height of the closely attached pair is approximately two times larger than the
pairs with large separations. The separation between Co atoms in the other two Co pairs,

(Coy, Cog) and (Cos, Cog) were ~ 1.2 nm and ~ 1.8 nm, respectively.

3.4.1 Co Atoms at Chain with Large Separation

To see whether there is a coupling between Co atoms via the chain and whether this coupling

depends on the distance between them, we varied their separations up to 10 nm. dI/dV
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FIGURE 3.14: (a) Constant current image of a monatomic Cu chain with two Co atoms

attached to the same side of the chain with separation ~ 1.5 nm (V = 30 mV, I = 40

pA). (b) dI/dV spectra of Co; before and after attaching Cos to the chain. No change of

the Cop resonance line-shape was observed after attaching Cos to the chain. The current
feedback was opened at V = 30 mV and I = 100 pA.

spectroscopy was performed on the first Co atom at the chain before and after adding the
second Co atom to the chain.

Figure 3.14(a) shows a topograph of CosCu,, chain fabricated using the 4 K STM. dI/dV
signals were obtained on the first Co atom (Co;) before and after attaching the second Co
atom (Cog) to the same side of the chain at ~ 1.5 nm distance from Co; (figure 3.14(b)).
We observed no indication of coupling between Co atoms regardless of their attachment
sides. The dI/dV signals for both Co atoms were similar to the resonance of single Co
atom at chain showing a small resonance at Fermi energy with depressions at ~ £10 mV.
Measurements were performed on more than twenty CooCu,, chains with different large
separations between Co atoms. They all showed no evidence of coupling between Co atoms.
We also fabricated the CoyCu,, chains in mK STM and repeated the measurement at a lower
temperature with applied magnetic field in Z direction (figure 3.15). The observed steps
in the resonance of Co atoms at these chains also evolved in the same manner as a single
Co atom at a monatomic Cu chain in the presence of magnetic field. By increasing the
magnetic field strength up to 7 T, the central resonance of both Co atoms were broadened

by ~ 38% and weakened in amplitude by = 46%.
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FIGURE 3.15: (a) Topograph of a CosCu,, chain acquired at V. =20 mV, I = 1 nA, and
T ~ 400 mK. (b) Height profile along the dashed line in (a). The distance between Co
atoms was ~ 1.23 nm. (c) dI/dV spectra obtained on top of the Co atom in (a) in the
presence of applied Bz magnetic field up to 7 T. The current feedback was opened at V
=20 mV and I = 5 nA. Despite the presence of a second Co atom at the distance =~ 1.23
nm at chain, both Co atoms showed the same behavior as a single Co atom at chain in the
presence of an external By field. At Bz=7 T, the width of the central resonance increased
by ~ 38% and its amplitude decreased by ~ 46% with respect to Bz=1 T. The spectra of
Bz equal to 3 T and 7 T are subjected to FFT-filtering for noise removal.

3.4.2 Co Atoms at Chain with Small Separation

Figure 3.16(a) illustrates a CosCu,, chain. Co; and Coy were attached to the chain from
opposite sides close to each other. In contrast to the CosCu,, chains with large separations
between Co atoms, we observed a different resonance line-shape for the two closely-attached
Co atoms. The amplitude of the central resonance increased by ~ 130% and it broadened
by ~ 61% (figure 3.16(b)).

In the presence of the out-of-plane magnetic field, by increasing the field strength up to
7 T, the width of the central resonance did not change and its amplitude decreased by =
10% with respect to B, = 1 T (figure 3.17).
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FIGURE 3.16: (a) STM image of a monatomic CosCu, chain acquired at V = 58 mV
and I = 50 pA. Co; and Coy were positioned similar to the (Cosz,Co4) configuration in
figure 3.13(c). (b) dI/dV spectra on Co; before and after attaching Cos to the chain.
Current feedback was opened at V = 30 mV and I = 490 pA. For the closely-attached
configuration, we observed a significant increase of the width and the amplitude of the

central resonance by ~ 61% and ~ 130%, respectively. Spectra labeled as (1), (2), and (3)
were shifted by 1.5, 1, and 0.5 nS for clarity.
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FIGURE 3.17: (a) dI/dV spectra obtained on top of Co atom in the closely-attached

configuration (figure 3.16(a)) in the presence of applied magnetic field in Z direction up

to 7 T. The current feedback was opened at V. = 20 mV and I = 5 nA. (b) Derivatives of

dI/dV signals shown in (a). By applying magnetic field up to Bz=7 T, the amplitude of

the central resonance decreased by ~ 10% and its width increased only by = 0.6%. The
spectrum of Bz=3 T is subjected to FFT-filtering for noise removal.
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3.5 Discussion

A simple model for the directional quenching of d-orbital momentum of an atom on a
surface is shown in figure 3.18. In the gas phase, the atom has five degenerate d-orbitals.
When this atom is deposited on a surface, the electrons of the d-orbitals pointing towards
the sample will experience an energy shift due to the crystal potential of neighboring atoms.
The electric field originated from the surrounding charge distribution (crystal field) aligns
the d-orbitals into favored directions and defines a quantization axis. The electrons in the
aligned d-orbitals closer to the nearest neighbor atoms experience a higher crystal field.
This breaks the degeneracy of d-orbitals and they split in energy. This phenomenon is
known as the crystal-field splitting of the energy levels and the orbital momentum in the

aligned directions is ”quenched” [89].
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FIGURE 3.18: Orbital and spin magnetic moment of Co atom with d* electronic configu-

ration for (a) the gas phase, and (b) deposited on Pt(111) surface. Crystal field induced

by the surface Pt atoms leads to a strong magnetization of the Co atom. Adapted from
[90].
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3.5.1 Selective Hybridization of 3d Orbitals

Many experiments have been performed to achieve the maximum magnetic anisotropy en-
ergy (MAE) and fabricate stable nano-magnets. The deposition of magnetic atoms on a
surface results in orbital quenching and creation of magnetic anisotropy. To detect it, one
has to eliminate other types of many-body scatterings such as the Kondo effect. In princi-
ple, the Kondo effect and the spin excitation are both based on the spin-flip process. The
main difference is the energy cost of this flipping process. While the spin-flip scattering
is an elastic process for the Kondo effect, in the spin excitation the energy of the system
changes after the spin is flipped.

There are experimental methods for maximizing MAE. A decoupling layer can increase the
spin-lifetime so that IETS signals become more pronounced. A good example is the exper-
imentally measured IETS signals for Co and Fe adatoms deposited directly on Pt(111) and
CuNN decoupling layer on Cu(100). Despite a clear appearance of the excitation steps in the
measurements on CulN/Cu(100), a second derivative was needed for a better observation
of the IETS signals for Co and Fe adatoms on Pt(111) [5, 40].

Co atom with L = 3 has the highest orbital moment among the transition metals and is a
good candidate to achieve a high MAE on metal surfaces [7]. We chose Cu(111) because
the Kondo effect of Co on this substrate has been previously studied with STM in a good
extend.

In collaboration with the group of Prof. Alexander Lichtenstein, multi-orbital many-body
calculations in the framework of continuous-time Quantum Monte Carlo (QMC) are per-
formed by Roberto Mozara for Co adatoms on a Cu(111) surface and at different positions
of a Cu chain. According to the preliminarily results, for Co on the (111) terrace, the d,»
orbital is mainly responsible for the Kondo resonance. The hybridization of dy, and d2_,2
orbitals are the weakest among all d orbitals because their wave functions are oriented in
the plane parallel to the surface and no adatoms on the surface are located nearby. The
dg> and dy. orbitals have overlaps with the underlying lattice atoms and are expected to
have a considerable hybridization with them [91].

By attaching the Co atom to the side or the end of a Cu chain, the hybridization of Co d
orbitals alters. Figure 3.19 illustrates the coordinates of different d-orbitals of Co atom at-
tached to the side (left column) and the end (right column) of a monatomic Cu chain. The
Cu chain introduces more spatial asymmetry to the environment. This spatial asymmetry
leads to anisotropy within the crystal field and modifies the hybridization of d-orbitals.
When the Co atom is attached to the side of the chain, as shown in figure 3.19(d,e), duy
and d,2_,2 in-plane orbitals are directed to the Cu atom of the chain. Thus, an enhanced
hybridization in that direction is expected. Specially, the two lobes of d,, orbital are point-

ing nearly directly to two Cu atoms in the chain. So we expect a higher hybridization for
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FIGURE 3.19: The ball model of a CoCu, chain with Co atom attached to the side (left
column) and to the end (right column) of the chain. The contour representation of Co 3d
orbitals illustrates the spatial dependence of their hybridization with the chain Cu atoms.

dzy compared to dg2_,2 with its only one lobe directed to the chain. Moreover, since d,, is
perpendicular to the chain, we expect a higher modification in its hybridization than d,
which is parallel to the chain (figure 3.19(b,c)).

Considering the in-plane orbitals for the Co atom at the end of the chain (figure 3.19(i,j)),
only one of d2_,2 lobes is pointing towards the chain. Also, the diagonal d.-orbital hy-
bridized with the last Cu atom of the chain. By adding Co atom to the chain end, the

spatial symmetry is less manipulated and Co orbital momentum is not as perturbed as
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when it is attached from the side. At the time of writing this thesis, further calculations
are performed to include the SOC effect in the many-body Kondo calculations. The initial
results show by considering SOC, which is needed for magnetic anisotropy, drastic changes
arise in the orbital-resolved spectral function. These first theoretical results promise that
the observed drastic changes at the tunneling spectra can be theoretically reproduced in
the near future.

In conclusion, we used STM to create nano-structures and manipulate adatoms to mod-
ify the substrate-impurity hybridization controllably. Long Cu chains were fabricated in a
much quicker way than atom by atom manipulation. The observed nano-structures such as
wide chains, vacancy lines with different widths, and observed kink dislocations in chains
can be used as perturbations introduced to the environment of the magnetic impurity. We
were able to engineer the energy cost of the spin-flip process of Co atom deposited directly
on a metal surface. This may eventually help us to fabricate systems with a large MAE in

the presence of other many-body scattering phenomena.
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Chapter 4

Apparent Tunneling Barrier
Height of Atomic Arrays

The results presented in this chapter were published in 2018 in the Beilstein Journal of
Nanotechnology [92]. The coauthors are Alexander Weismann and Richard Berndt. Using
STM, we experimentally showed that the apparent tunneling barrier height obtained from
STM measurements is not a correct representation of the local work function. The text in

this chapter is a modified version of the published work.

4.1 Introduction

The scanning tunneling microscope can be used to study local work function [93, 94]. On
the crystal surfaces, the spill-out of electrons results to a modified surface potential and
leads to an increase in ® [95, 96]. This electric charge spill-out can be influenced by the
atomic concentration and arrangement. The spill-out of electrons from a more densely-
packed (111) facet of crystals resulted in a stronger electric field on these surfaces and a
larger increase in the @ is expected for them compared to other facets of the crystal (origin
of local work function concept). In 1941, Smoluchowski suggested a variation of local work
function for the atomic steps [97]. A step and a flat terrace differ in the available surface
area for the electrons to spill-out. Considering a constant charge distribution, a step pro-
vides a larger area for electrons to spill-out and it has a lower charge density compared
to a flat terrace. As a result, the generated electric field at steps are weaker compared to
terrace. This effect is known as Smoluchowski effect and according to it, a lower local work
function is expected at the steps compared to terrace. Kelvin probe technique [98] and

photo-electron spectroscopy were used to probe this effect experimentally [99].

49



50 Apparent Tunneling Barrier Height of Atomic Arrays

To study local work function with STM, the most simple one-dimensional model was used.
According to that, at low bias voltages the tunneling current is proportional to the average
of the tip and the sample work functions [15, 100]. However, for a more precise study of
the local work function with STM, other phenomena such as image potential and Smolu-
chowski effect need to be included [101-104]. In practice, the concept of apparent barrier
height is introduced to include all the possible quantum effects in the potential barrier an
electron sees when tunneling from one electrode to the other. The tunneling current varies
exponentially with z, and ® is replaced with the apparent barrier height ®,,, [105]. In
STM measurements the unknown electronic structure of the tip introduces complications
in relating @, to the local work function of the sample ®. However, similar changes of the
local work function and apparent barrier height for different atomic structures is expected
[106-109].

It was proposed that the lateral confinement of the tunneling current in STM may cause
an increase in the barrier height [105]. The spatial geometries of nano-structures affect the
extension of the electron wave function [110]. Limot in Ref. [111] discussed the effect of
lateral confinement in the apparent barrier height in single-atom contacts. Au contacts of
two (001) surfaces, in a planar form or with an adatom or with a five-atom pyramid config-
urations were subjected to the atomistic transport calculations [112]. The extracted values
of apparent barrier heights were 5.7, 6.7, and 6.8 eV, respectively. The deviation of the
calculated value of the flat terrace from the experimentally obtained value was attributed
to a systematic calculation error in the local density approximation [112, 113]. Aside this
quantitative deviation, the trend of the barrier height increase for more laterally confined
tunneling paths is expected to be true. According to these results, the barrier height is
expected to be of the order of 1 eV larger for the electrons tunneling in a strongly confined
path.

Here we used fabricated nano-structures on Cu(111) to study the apparent barrier height.
Their unique atomic structures led us to decompose them into steps and compare the

experimentally obtained ®,;,, values with the expected theoretical trend.

4.2 Experiment

Cu(111) sample and tip were cleaned with the same procedure explained in section (2.2).
Atomic chains with different widths were also fabricated as described in section (3.1).
Among the fabricated dislocations, we also observed long vacancy lines (trenches) with
different widths. They have apparent depth same as the apparent height of the chains.
A clean Cu(111) surface with the fabricated nano-structures, namely monatomic chains, a

wide chain, and trenches with single-atom or wider widths are shown in figure 4.1. Also,
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wide chain

FIGURE 4.1: STM images of a Cu(111) surface with chains and trenches of monolayer

height. (a) A Cu chain approximately two atoms wide and a parallel trench. (b) Two wide

trenches (approx. 2 and 3 atoms) with deposited single Cu atoms. (c¢) Monatomic chains

and trenches. The images were acquired at (a) V =20 mV and I = 3 nA and (b, ¢) V =
100 mV and I = 5 nA [92].

single Cu adatoms were transferred from the tip to the surface [111]. To perform IZ spec-
troscopy, the current feedback was opened at a sample voltage of V = 20 mV and a current
of I = 200 pA. The tunneling current was monitored while the tip was brought close to the

structure under investigation (excursion rate 1.7 nm/s). According to the formula
I oc exp(—2k2) o exp(—1.025y/PoppAz)  (eVandA) (4.1)

one can extract ®,y, from the slope of the current-distance (I(Az)) data as

dlnI)2

Dypp = 0.952 4.2
=092 1" (a2)

4.3 Results and Discussion

The obtained data from IZ spectroscopy on a clean Cu(111) surface and the fabricated
nano-structures, namely a monatomic chain, a wide chain, and trenches with single-atom
or wider width and the deposited single Cu atoms are shown in figure 4.2. The terrace
data (black lines) is plotted with I(Az) data of each structure for an easy comparison.
Using equation (4.2), the apparent barrier height of the fabricated nano-structures were
calculated from the slopes of the I(Az) data (Table 4.1). To avoid any tip effect, all
the measurements were performed with the same tip apex. The maximum slope belongs to
single Cu atoms which results to the maximum apparent barrier height for them. Following
them, the apparent barrier height of monatomic chains were also larger than the value of
the (111) terrace. As the chain width increased, its @, value becomes closer to the terrace

®,pp- This reduction trend of ®,,, was followed for the trenches and the minimum value
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FIGURE 4.2: Current-distance data I(Az). Negative values of Az indicate reduced tip-

sample distances with respect to the initial separation defined by I = 200 pA and V =

20 mV. Data recorded from a (111) terrace (black), a Cu adatom, a monatomic chain, a

wider chain (= 2 atoms), and trenches of monolayer depth with single atom and wider

width (= 2 atoms) are displayed. The curves are arbitrarily offset along the ordinate for

clarity. The terrace data are shown with each curve for comparison. Small undulations of
the data are due to low-frequency vibration of the microscope [92].

was obtained for monatomic trenches. Measurements were also performed at a different
low bias voltage (V' = 10 mV). Regardless of the tip structure and the applied low bias
voltage, we observed the same trend of ®,,, variation for the fabricated structures.

To interpret the observed @, trend using Smoluchowski effect, the monatomic chain and
the single Cu atom were decomposed to normal steps as figure 4.3. According to these
simulations, the generated dipole moment on each step reduces the work function and since
there are more than one step in each structure, an stronger reduction of the work function
compared with a single step (and flat terrace) is expected for these bulges. However, an
opposite trend of ®,,, was observed. Not only higher ®,,, values were observed for them
compared to terrace, but also Cu adatom with more number of steps showed heigher ®,,
value to compare with monatomic chain with two steps in its simulation. Misalignment of
the local surface normal with the z direction of the STM may also affect ®p, [114]. Pgpp of
atoms and chains were measured on the topmost position of them where o =~ 0. However,

2

even if there was a degree of misalignment, it is expected to reduce @, by a factor cos“a.

Earlier theoretical works suggested the contribution of electrons kinetic energy in the ®),
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FIGURE 4.3: The ball model of (a) a single Cu atom and (b) a monatomic Cu chain

on Cu(111). The Cu chain and the Cu atom are simulated by two parallel steps and a

polygonal prism, respectively. According to Smoluchowski effect, a lower apparent barrier
height is expected at the upper edge of the steps.

[105, 111, 112]. The geometry of the fabricated structures define the lateral extension of
the tunneling current. For a Cu atom, the tunneling electrons are confined in a narrow
path between the tip and the sample. This path becomes broader for the chains and further
broader when one end of the tunneling path is a flat terrace. We observed the @, for these
nano-stuctures varies with the same trend as the tunneling current filament laterally extend
in them which was also predicted theoretically in Ref. [112]. The fabricated structures
manipulate the potential barrier in a way that an opposite trend of experimentally observed
®,pp variation was expected. This Contrary to expectation may be a consequence of kinetic-
energy contribution in the local work function.

The local work function for the trenches needs a more detailed analysis. From the lateral
extension point of view, when the tip is adjusted on top of a trench, the two sides terraces
are closer to the tip than the trench bottom. As a result, a considerable part of the electrons
are expected to tunnel to the edge atoms of the adjacent terraces and the tunneling path
widens laterally. A decrease of @), is expected from this widening. Moreover, there is a o
degree between the z direction of the STM and these edge atoms of the adjacent terraces
which leads to reduction of ®,,. Unfortunately, the lack of theoretical data for these
structures limits a more detailed analysis.

In conclusion, the atomic structure of the tip and the sample define the extension of the

Structure (eV)
(111) terrace 3.9
adatom 4.2
monatomic chain 4.2
wide chain 4.0
monatomic trench 3.3
wide trench 3.8

TABLE 4.1: Apparent barrier heights ®,,, extracted from Fig. 4.2 [92].
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tunneling current filament. The tunneling electron wave function is confined through the
tunneling path with respect to the their atomic structures. This different lateral extension of
the current add a kinetic-energy contribution to the ®,,, which was of the order of 1 eV for
our investigated structures. To make the apparent barrier height a reliable representation

of the local work function, the kinetic-energy contribution needs to be taken into account.
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Surface State Role in the Kondo
Effect of Co Adatom on Cu(111)

5.1 Introduction

Many-body phenomena are the quantum correlations between particles in a system. In the
case of the many-body Kondo effect, this correlation is between the magnetic atoms and
the conduction electrons of the supporting substrate. According to the Coqblin-Schrieffer

model, the Kondo temperature depends on the local density of states (LDOS), p, as [78]
Ty = De'/?7r (5.1)

On the (111) surfaces of noble metals, in addition to bulk states, surface states extend
parallel to the surface and are confined in the last few atomic layers. They are located
in a gap of bulk band structure and have a free-electron like dispersion along the surface
[115]. Techniques such as STM and angle-resolved photoemission spectroscopy (ARPES)
are used to detect them [116-119]. According to the equation (5.1), p is the sum of surface
and bulk LDOS. A fundamental and so far not clearly answered question is the contribution
of surface state electrons (ps) in the Kondo effect. Is the interaction mainly between the
magnetic atom and bulk electrons of the host metal or do the surface state electrons also
play a role in it?

This issue becomes more concerning when a magnetic atom is adsorbed on noble metal (111)
surfaces [120, 121], where bulk and surface electrons both can be a source of this many-
body interaction [120, 121]. Several experimental works were conducted to answer this
fundamental question, but their research did not come to similar conclusions [59, 67, 121—
129].
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To study the role of surface state electrons in the Kondo effect, step edges of a (111) facet of
noble metal crystals provide a convenient system. Inhomogeneities as step edges and point
defects can cause scattering of these states. Their interference with the incident waves can
be recorded as spatial oscillations of the LDOS in STM topographs close to steps [130-132].
This system can be treated as a two-dimensional electron gas scattered by a barrier. In the

presence of a scatterer, the charge density p(r) is the sum over all occupied states as

plry=e Y [Wu(r). (5.2)

|k|<kp

Friedel showed the result of this summation are standing waves known as Friedel oscillations

[133]. The local density of states for this 2D gas at step edges has the form of [134]
p2p = Lo[1 — rJo(2kz)] (5.3)

where Jy is the zero-order Bessel function, k = v/2m*E/h, and Ly = m*/wh? is the surface
LDOS without any scatterer nearby.

In 2004, L. Limot measured the Kondo resonance of Co adatom at three different distances
(8, 13 and 24 A) from a step edge of Ag(111). Using equation (5.3), ps varied in the order
of three in his manipulation process. At the distance of ~ 8 A from the step edge, ps
was ~ 0.5 increased to &~ 1.5 for 24 A. He observed the same Kondo temperature for the
adatom at different distances from the step edge. He concluded the Kondo effect is mostly
originated from the interaction between the magnetic adatom and bulk electrons of the
host metal [127].

In 2018, the group of Q. Li measured the width of Kondo resonance for the same system.
Their results showed a clear role of surface state electrons in the Kondo effect. According
to their findings, the LDOS oscillations close to the step edge led to the variation of the
Kondo resonance width in the order of three. Moreover, they observed the resonance width
variation has the same oscillation period as the half Fermi wavelength of the Ag(111) surface
state [129]. These contradictory observations motivated us to study this effect for the Co

adatoms on Cu(111).

5.2 Kondo Effect of Co Adatoms Close to a Step Edge on
Cu(111)

To compare our results with two previous contradictory observations, we also chose a step

on Cu(111) surface to study the Kondo resonance of Co adatoms. Analysis of the spatial
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FIGURE 5.1: Measured (solid line) and calculated (dotted line) dI/dV as a function of
distance from a Cu(111) step edge at different bias voltages. Adapted from [130].

LDOS oscillations for Cu(111) and other (111) metal surfaces were done previously. In
1993, using STM Crommie et al. observed these oscillations close to a Cu(111) step and
measured dI/dV as a function of distance from the step edge at different bias voltages. He
observed by increasing the energy above Fermi energy, the wavelength of the oscillations
decreases (figure 5.1) [130].

In our experiment, the sample preparation and Co adatom evaporation were done as ex-
plained in sections (2.2) and (2.3). Figure 5.2 (a-i) shows topographs of nine manipulation
processes where a Co adatom was positioned at different distances from a step edge. Fig-
ure 5.2 (j) is the top view of the same step region. From the height profile across the white
dashed line in (j), the LDOS variation at the energy of 250 meV is visible (figure 5.2 (k)).
Spectra of the differential conductance were measured using a lock-in modulation ampli-
tude of 1mVyys. dI/dV spectra of Co atom at different distances from the step edge are
shown in figure 5.2 (1). They showed the expected Kondo resonance close to the zero bias
[66, 68, 69, 135]. To determine the intrinsic line-width of the resonances, we removed the
broadening effects as explained in section (1.2.1) [18]. Fano fits were used to extract the

resonance width which are shown as red lines in figure 5.2 (1).

5.2.1 Distance Determination

After each manipulation process, the distance of the Co atom from the step edge was de-
termined. Since the step in the cross-section of the topographs was not straight, we used

the mid-rise point (MR) to define its distance from the Co adatom. An example for the
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FIGURE 5.2: (a-i) STM images of a single Co atom manipulation process on Cu(111)
(V =250 mV and I = 30 pA). Co atom was positioned at different distances from the
step edge and it has the apparent height of ~ 60 pm. (j) Top view of the same step
region (12.9 nm x 12.9 nm) to see the spatial oscillation of surface LDOS at 250 meV
above Fermi energy. (k) Height profile across the white line in (j). (1) dI/dV spectra with
their corresponding Fano fits (red lines) of the Co atom on Cu(111) terrace with different
distances from the step edge. The current feedback was opened at V = 250 mV and I =
420 pA.

distance determination is shown in figure 5.3. Using the cross-section of the topograph
in figure 5.3 (b), two lines were fitted with the lower and the upper terraces (horizontal
green lines). A third line was adjusted with the rise of the step (red line). The intersections
of the two horizontal lines (fitted with the terraces) and the third line were found (black
dots). The middle point of these intersections was considered as the mid-rise point, MR
(red dot). Finally, the adatom distance from the step edge was defined as the separation
between the highest point of the adatom and the MR point. The obtained distances with

this method were marked with red circles in figure 5.4.
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FIGURE 5.3: (a) STM image of Co adatom close to a step edge of Cu(111) surface (V =

250 mV and I = 30 pA). (b) cross-section along the dashed line in (a). The separation

between the adatom and the step edge was measured from the maximum apparent height
of the adatom to the mid-rise (MR) point of the step.

5.3 Results and Conclusion

The extracted resonance widths and the Kondo temperatures are listed in table (5.1).
The maximum variation of the resonance width was found to be ~ 10%. To find out the
observed ~ 10% variation of resonance width corresponds to how much variation in LDOS,
we need to see LDOS oscillation at the energy window of the effect under investigation
(Fermi energy for the Kondo effect).

Considering the values m* = 0.412 me, r = 0.5, and kp = 0.215 A~ for Cu(111) at the

Fermi energy and using equation (5.3), the oscillations can be calculated as [134]

S 0Zme Sin(2 x 0.215 )

4
wh? 2x0215x (54)

which are shown in figure 5.4. The positions of the Co adatom extracted with the mid-rise
definition are shown as red dots. We also shifted all extracted positions by +1 A and +2

A to consider a possible uncertainty in the distance determination. In our manipulation,

TABLE 5.1: Extracted values of the half width half maximum (I') and Kondo temperature
for different distances from the step edge. The maximum variation of ~ 10% was observed
in the width of the resonance.

d (nm) step edge 1.65 2.4 2.6 4.15 5.9 7.6
T (mV) 1 37 | 39 | 41 1 1 | 37
Tx (K) 16 3 | 45 | 475 | 46 | 46 | 43
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FI1GURE 5.4: Simulated ps oscillations at Fermi energy as a function of the distance from a
Cu(111) step edge. Red dots show the Co atom positions in our experiment. The distances
from the step were defined according to figure 5.3.

the first two points close to the step edge were the positions at which the Co adatom
experienced the maximum p, variation. In figure 5.4, for the MR oscillations, the Co atom
at x = 17.1 A was almost at a minimum of p, and the atom at z = 22.3 A was close to a
peak. This observation is also true for the MR—1 A and MR—2 A cases.

For the MR+1 A and MR+2 A cases, ps in the first two positions (x=17.1 Aand z =223
A) does not vary like the other cases. However, in these cases the positions with x = 49.3
A and 2 = 59 A are close to a maximum and a minimum of the oscillations, respectively.
The Kondo resonance of the first two points close to the step edge in MR oscillations are
plotted on top of each other in figure 5.5(a). They overlap each other with a good accuracy.
To illustrate the resonance width variation in the order of three, we simulated the same
resonance with the Fano fit (black solid line in figure 5.5(b)) and increased the width of

the resonance up to three times. With this simulation, one can compare the experimental
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results and the simulation for the order of three resonance width variation.
In conclusion, we observed for the Co on Cu(111), the Kondo resonance is not sensitive
to the ps variations and the surface state electrons do not have a strong impact on this

many-body phenomenon.
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FIGURE 5.5: (a) Kondo resonances of Co atom positioned at a minimum and a maximum

of ps oscillations. Despite the maximum variation of ps, the spectra overlay with a good

accuracy. (b) Black solid line represents the simulated Fano fit for the resonance in (a).

The width of resonance (I') was considered as the variable parameter and increased up to
the order of three.
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Conclusion and Outlook

In summary, distinct line-shapes were observed in the tunneling spectra of Co atoms on
Cu(111) flat terrace and attached to the Cu chains. The evolution of the observed feature
for Co atom attached to the side of the chain in the presence of an external magnetic field
demonstrates its inelastic origin. Breaking the symmetry of the adatom vicinity leads to
anisotropy in the crystal field. DFT and QMC calculations predict a modified hybridization
of the Co 3d orbitals upon its attachment to the chain. According to the calculations,
the hybridization of the Co in-plane orbitals are modified by introducing the chain to its
atomic environment. Further calculations are performing at the time of writing this thesis
to include the SOC effect in the many-body calculations. The initial results demonstrate
a significat effect of SOC in the orbital-resolved spectral function of Co adatom. These
findings may provide a deeper insight into the spin-flip processes in such Kondo systems.
Usually due to the computational costs, the SOC is neglected in the many-body calculations
of the Kondo systems such as QMC calculations [136]. Here, we showed how the SOC can
compete with the Kondo effect to define the final spin state of the magnetic atom. The
results demonstrate that a single orbital calculation of the Kondo effect without considering
SOC may be unrealistic.

Mostly in STM measurements, nano-structures are fabricated by atom manipulation. Here
we showed the potential of STM to fabricate interesting nano-structures in a much faster
and reliable way. The fabricated chains and trenches provide an excellent playground to
extend our understanding of the magnetic anisotropy and the Kondo effect. As a further
outlook, other magnetic adatoms can be subjected to this spatial asymmetry. By a proper
choice of the magnetic atom, it may be eventually possible to achieve a large magnetic
anisotropy energy on metal surfaces.

Moreover, it is also interesting to investigate the interaction between molecules via these

chains. Monatomic chains have an unoccupied state at approximately 1.5 eV. This state can

63



64 Conclusion and Outlook

C60

A
(b) A |
< 4F
o 3
s
T 2+ Monatomic Chain
o T }
< 1r

0 —

1 I 1 I 1 I 1 I 1 I >
0O 5 10 15 20 25 30
Linescan (nm)

FIGURE 6.1: (a) STM topograph of deposited Cgo molecules and a monatomic Cu chain

on Cu(111) (V = 125 mV and I = 35 pA). The triplet image is due to the multiple tip

asperities. (b) Height profile along the black dashed line in (a). The Monatomic Cu chain
is approximately five time smaller than the Cgy molecule in apparent height.

be used as a channel for coupling between molecules. Electronic and vibrational properties
of Cgp on Cu(111) were studied with STM [137]. Its STS spectrum has a broad peak at 1.8
eV which is attributed to its LUMO+1 molecular state. The overlap of this energy window
with the relatively broad unoccupied state of the monatomic Cu chain at 1.5 eV offers the
possibility of the coupling between Cgy molecules mediated by these chains.

We had already fabricated CgyCuy, chains on Cu(111). Figure 6.1 (a) illustrates a topograph
of a monatomic chain with deposited Cgg molecules. The main experimental challenge
was the manipulation of the molecules to these narrow chains. According to the height
profile in figure 6.1 (b), Cgg molecule is approximately five times larger in apparent height
compared to the monatomic chain. This large difference makes the manipulation process
less controllable.

As shown in figure 6.2, we were able to attach Cgg to the wider chains. STS measurements
were performed on a molecule on the (111) terrace, singly attached to the side of the wide
chain, and after attaching two other Cgg molecules to the chain. All the measurements
were performed close to the center of the molecule. Upon attaching it to the wide chain, its
unoccupied states at =~ 0.8 eV and = 2 eV were replaced with an state at =~ 1.7 eV. Adding
a second molecule to the chain weakened the 1.7 eV peak slightly. These initial results with
Cgo open promising perspectives for studying the coupling between other molecules via the

chains with different widths.
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FIGURE 6.2: STM topographs of deposited Cgy molecules and a wide Cu chain on Cu(111)

(V=10 mV and I = 25 pA). Molecules A and B were attached to the chain by atom

manipulation (¢) dI/dV spectra acquired on molecule A on (111) terrace, and attached to

the chain before and after the molecule B attachment. The current feedback was opened
at V= 2.5 Vand I = 180 pA.
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Appendix A

B-field Data Analysis

A.1 Tip Effect Removal

The tunneling current depends on the sample and the tip density of states (ps and p;). In
most STS measurements, prior to recording dI/dV signals on the desired structure, in-situ
tip preparation was performed to obtain a featureless dI/dV spectra on the bare surface.
In this way, the features observed in the dI/dV spectra measured on the desired atomic
structure can be attributed to that structure specifically.

However, in practice obtaining a completely featureless tip is a difficult task. The remain-
ing features in the tip LDOS usually vary from tip to tip. They can even change during
the measurement process. This becomes more concerning when the investigated feature is
comparable with the remaining tip features. The inelastic excitations in the IETS spectra
appear as steps of small intensity in a narrow energy window close to Fermi energy. To
remove the tip effect from IETS signals, data treatment methods have been introduced.
The tip LDOS can be approximated by the STS data obtained on a clean terrace. Its
effect can be removed from the dI/dVs in two ways: subtraction or deconvolution of the
tip LDOS from the measured signal on magnetic atom. The comparison between these two
methods showed the recovered signals are almost identical and the discrepancy between the
methods appears at high bias voltages (>300 mV) [138].

In our experiments with the 4 K STM, we removed large tip features by in-situ preparation.
The small remaining features were in the range of mechanical noise level of the machine.
Moreover, the Kondo resonances of Co adatoms on bare terrace were much stronger than
the noise level. Due to the small intensity of the zero-centered resonance observed for Co
atoms attached to the chain, we removed the tip effect from the measured dI/dV signals
by the subtraction method. For each Co,Cu,, structure, we recorded the dI/dV signal on

three different positions, namely on a clean area of the surface close to the chain, on the
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FIGURE A.1: (a) dI/dV spectra acquired on surface and on Co atom attached to a

monatomic Cu chain. (b) dI/dV spectrum resulted from the subtraction of the surface

spectrum and the spectrum of the Co at chain (subtraction of the two spectra in (a)). (c)

Final spectrum after removal of the linear background from (b). The current feedback was
opened at V=20 mV and I = 5 nA.

chain, and on the Co atom attached to the chain. We observed no difference in the spectra
of the clean surface and the chain (without Co atom). In our experiments with the mK
STM, despite several tip in-situ treatments, the tip spectrum was often structured close
to Fermi energy. To illustrate the background removal procedure of our data, we chose a
measurement where the tip had clear features. Figure A.1(a) shows the spectra acquired
on the surface and on the Co atom at the chain. The tip contribution was removed by
subtracting the surface spectrum from the Co spectrum (figure A.1(b)). The two original
spectra in figure A.1(a) were acquired on two different positions on the surface and as a
result, they are tilted with different slopes (also for the Co adatoms on Cu(111) shown
in figure 2.5(a)). These linear background slopes can be removed before or after the sub-
traction. Here we removed the linear background after subtraction (figure A.1(c)). The
subtraction method was performed on spectra of more that 10 atoms measured with at

least 4 tips and regardless of the tip structure, the resolved inelastic signals (figure A.1(c))
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were always identical and reproducible.

A.2 Noise Removal

Despite the great instrumentation efforts to eliminate noise sources in STM, still mechanical
vibrations may appear in the dI/dV signals. Most of the data presented in this thesis were
obtained in low-noise conditions. However, in few cases we measured signals which were
distorted by noise. To restore the noise-free signal from the original signal, we applied
FFT-filtering. Figure A.2 illustrates an original spectrum and the FFT-filtered signal. The
main features of the spectrum were not affected by the filtering and only the high frequency
noise was removed from it. In the main text, the spectra subjected to FFT-filtering are

pointed out in the figure captions.

5t — original signal

— filtered signal

dI/dV (arb. units)

-20 -15 -10 -5 0 5 10 15 20
Sample Voltage (mV)

FIGURE A.2: dI/dV signal obtained on a Co atom attached to the side of a monatomic
chain in the presence of applied out-of-plane magnetic field Bz;=8 T. Using FFT-filtering,
the high frequency noise was removed from the original signal.
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STS Scanning Tunneling Spectroscopy
TIC Thermal-Isolation Chamber

UHV Ultra High Vacuum
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