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Abstract

Single magnetic impurities embedded in a superconducting host material represent a
microscopic interface between magnet and superconductor. Very locally around such
atomic-scale magnets, electronic quasiparticle resonances emerge at sharply defined ener-
gies close to the Fermi level and governed by the impurity spin-to-superconductor coupling
strength. These so-called Yu-Shiba-Rusinov states attract great interest in fundamental
research and technology as the initial ingredient for application proposals, e.g. in quantum
computers.

This thesis explores magnetic surface atoms on superconducting Nb(110) by scanning
tunneling microscopy and spectroscopy with normal metallic, superconducting and mag-
netic tips. Theoretical first-principles and tight-binding models are employed to shed light
on the complex phenomena observed in measurement data.

An initial comparison of single adsorbates from different elements correlates spec-
troscopy in the superconducting and metallic phase as well as Josephson supercurrents to
deduce well-defined trends. Chromium yields a particularly interesting candidate for the
creation of custom tailored nanostructures. Precisely controlling their relative positions
by atomic manipulation with the tip, two interacting Cr impurities are found to unfold
an unprecedented flexibility to be tuned on demand, facilitated by indirect mediation
through the anisotropic substrate structure. Artificially crafted spin chains are built to
explore the predicted emergence of topological superconductivity, thereby unraveling gen-
eral trends that effectively mimic sought-after Majorana zero modes. After evaluation of
different approaches to spin-polarized tunneling, single atom tip apex functionalization is
identified as a suitable tool to characterize the ordered spin textures under investigation.
Finally, an outlook into two dimensional tailored spin nanostructures with several real-
ized assemblies paves the way for fruitful future research on fundamental and device-based

concepts.
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1 Introduction

"Through measurement to knowledge"[!!, a motto that Heike Kamerlingh Onnes expressed
as paramount for experimental research in his visionary speech at Leiden University. This
dates to about thirty years before he discovered the phenomenon of superconductivity!?,
a phase of matter where electrical current flows without resistance and magnetic fields
are expelled, usually showing up at very low temperatures.

Fundamentally driven by curiosity, scientific research is often spurred based on prospects
to greatly impact modern technology. This is particularly true for the field of supercon-
ductors where Onnes’ early vision of high current density magnet coils brought us levitat-
ing trains, magnetic resonance imaging (MRI), large-scale particle accelerators and many
more.

Recent interest in the interface between magnets and superconductors is motivated by
the young field of spintronics striving for energy efficient information storage devices/?!
augmented by spin-triplet superconductivity® as well as the technological quest of infor-
mation processing with quantum computers demanding new candidates for fault-tolerant
qubits. Concerning the latter, high hopes are lying on Majorana zero modes®! that are
predicted to emerge at the quantum spin-to-superconductor interface under suitable con-
ditions %7 involving topological superconductivity 9. Despite those clear visions, it is a
long way to actual realization which requires scientists to start from fundamental research.

The ground breaking achievement of Bardeen, Cooper and Schrieffer in unraveling a mi-
croscopic theory about superconductivity [!? enabled theoretical physicists to describe this
state of electrons, called a coherent macroscopic matter wave, on the quantum level. That
way Yu, Shiba and Rusinov were able to analytically describe the scenario of a magnetic
moment originating from just a single atomic impurity present within a superconducting
condensate. They found that the competition of fundamental electron-electron interac-
tions of superconducting and magnetic nature induces sharp resonant states locally bound
to the impurity 12131,

In experiments, it was only the scanning tunneling microscope (STM) that, operated
at very low temperatures, allowed for the direct observation of such Yu-Shiba-Rusinov
(YSR) states!' around single magnetic surface adsorbates on a superconductor. After
the proposal of Majorana modes arising from hybridized YSR states or Shiba bands!6!, a
true flood of STM research was triggered, addressing both fundamental properties!15-31]

and the possible realization of Majorana zero modes in spin chains®2-39. However, up to
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date experiments have by far not reached the desired goal of controllably manipulating
such exotic states, rather is their actual observation still a matter of debate[40].

In their 2013 published seminal proposal, Nadj-Perge et al. pointed out the necessity to
experimentally explore a wide parameter space. They suggest a "systematic experimental
approach', using magnetic atoms with different spin, characterizing the single-impurity
states and their modification when impurities are brought close enough to interact and
building chains with different spacing!®l. To prevent Shiba bands from overlap with the
quasiparticle continuum outside the energy gap of a condensate, the ideal foundation for
topological superconductivity phase is described as having 'an s-wave superconductor
with large gap A", YSR states that are "deep' inside the gap with energies near the
Fermi level™ and dilute chains where "adatoms are spaced sufficiently far that direct
overlap of their d orbitals is negligible, yet close enough that their Yu-Shiba-Rusinov
(YSR) states hybridize."[*!] Under this premise, a maximum variety of parameters can be
tuned to find suitable conditions for topological superconducting phases. Exactly these

guidelines well outline the aim of the present thesis.

In this work, single magnetic atoms are deposited on superconducting Nb(110) samples
and probed by low-temperature STM. The goal is to establish a platform offering an
unprecedented control and tunability of YSR systems. Therefore, in-depth investigations
are conducted following a systematic bottom-up approach and using a rich workbench
of characterization methods offered by STM, atomic manipulation facilitated assembly of

spin nanostructures and with support by ab initio and tight-binding calculations.

In chapter 2, after giving a general introduction to the historical relation between
superconductivity and magnetism, a basic outline of essential results from BCS theory
up until the assumed ground state of magnetic impurities in superconductors shall lay
out the foundation for the understanding of measurement results. This is followed by
a brief review of the research field of experimentally probing magnetic adsorbates on
superconductors without the claim for completeness.

Chapter 3 will start providing a general overview of the STM working principle and a
description of the actually used laboratory system. This is followed by an explanation of
tip preparation methods, in particular the effect of primarily employed superconducting
tips as well as magnetic tips. Next, sample preparation will be shown, from obtaining
a clean Nb(110) surface to the manipulation of single adatoms. Finally, a list of theory
methods is given used to obtain presented calculation results, however, performed by
external collaborators.

Results will be presented in chapter 4. Section 4.1 starts from an investigation of
single and isolated adatoms of V, Cr, Mn, Fe and Co on Nb(110) that compares their
topographic appearance, spatially resolved multi-orbital YSR spectra, impact on super-

conducting order parameter and normal conducting spectra. Data is interpreted by con-
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sidering theoretical results about basic properties of those elements on Nb(110) like their
density of states, magnetic moment, substrate screening effect and magnetic anisotropy as
well as a recently developed theory about unconventional spin excitations. Judging from
the obtained information about the orbital occupation dependent differences, chromium
is then chosen as being the most versatile element platform to continue with a systematic
study about interacting impurity spins.

Section 4.2 reports a superconducting substrate-mediated indirect interaction and hy-
bridization of YSR states. A sensitive effective measure of the coupling strength is pro-
posed which is found to oscillate with remarkable distance and directionality between
impurities.

By quenching superconductivity, a sharp normal conductance feature of Cr adatoms is
scrutinized in section 4.3 in the framework of unconventional spin excitations evaluated by
first-principles calculations with time-dependent density functional theory. Its dependence
on magnetic field and temperature is measured as well as the evolution in dimers and
trimers.

Continuing with superconductivity, the emergence of Shiba bands in one dimensional
assemblies is followed in section 4.4 building a chain atom-by-atom. The systematic ap-
proach probing direction, spacing and length dependence is consistently pursued. Obser-
vations matching the patterns predicted for Majorana zero modes are found to be nicely
reproduced by tight-binding calculations explicitly done in the trivial regime, pointing
out the difficulty for unambiguous interpretation in any such measurement.

Section 4.5 presents spin-resolved data on different Cr chains finding both ferro-
(FM) and antiferromagnetic (AFM) order consistently concluded from three distinct
spin-polarized STM techniques.

Finally, two dimensional magnetic nanostructures are explored in section 4.6. Boundary
modes and 2D Shiba band formation is recorded and compared to lower dimensional data.
Experiments on this topic remain still incomplete.

Lastly, conclusions shall be summarized and discussed in chapter 5 under the reservation
that not all obtained data are well understood. The presented work is believed to be a

valuable contribution for the field of quantum spin-to-superconductor interfaces.



2 Superconductivity and magnetism

down to the atomic scale

Since the dawn of superconductivity more than 100142 years ago, it seems inextricably
connected to magnetism in one way or the other. Shortly after he discovered the vanishing
electrical resistivity of 4.2 K cold mercury in 19112, Heike Kamerlingh Onnes envisioned
superconducting magnet coils that could reach fields of 10T which requires currents un-
thinkable for usual Cu coils with finite resistance. However, he found out that besides a
critical temperature 7, there is a critical current density j. and critical magnetic field H..
Exceeding one of these values leads to a loss of zero-resistance superconducting proper-
ties. These limitations proved obstacles very hard to overcome and therefore prolonged
the technical strive for magnet coils producing high fields to about 50 years of research 43
Meissner and Ochsenfeld understood in 1933144 that rather than zero resistivity, diamag-
netism is the more fundamental property of a superconductor. The well-known effect that
inherited their names demonstrated how a magnetic field below H,. is expelled from the
bulk of a superconductor up to a thin surface layer suggesting that superconductivity and
magnetism are mutually exclusive. Not giving up the efforts, Shubnikov and de Haas[45:46]
focused their research on alloys instead of pure metals and found superconductors with
two separate critical fields: H.; where perfect diamagnetism is lost, and H., when finite
resistance sets in. The transition between these so-called Type-II superconductors and
those of Type-I, where both values fall together, can be identified by the relation between
two fundamental properties: the London penetration depth A7 of magnetic fields and
the Ginzburg-Landau coherence length (g1, of the superconducting state, expressed as the
parameter x in the 1950 formulated phenomenological Ginzburg-Landau theory of super-
conductivity 8. Solving the equations derived in this theory, Abrikosov could explain
the partial penetration of magnetic field in Type-II superconductors by quantized flux
tubes running through the material while keeping superconductivity intact in between
those normal conducting vortices!®9. Around that time, in 1957, Bardeen, Cooper and
Schrieffer came up with an all-embracing microscopic theory of superconductivity 1%, ex-
plaining its origin in the coupling of electrons to pairs, so-called Cooper pairs, occupying
a collective quantum state and hence, the creation of a macroscopic wave function. Up to
date, it provides the best fundamental understanding of superconductivity and could also

explain the competition with magnetic phases microscopically 1131, However, it was only
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20 years later that experiments again got ahead of theory in finding superconductors with
unexpectedly high T,.. The most peculiar problem is the coupling mechanism forming
Cooper pairs. It was nicely shown for most metallic, later called conventional, supercon-
ductors that this mechanism is explained by electron-electron interactions via phonons.
As more materials with unprecedented values of T, were found, most prominently the
cuprates in 1986059 with up to 135K, 2008 Fe based compounds[ or just recently in
2020 hydrogen based superconductors with 7, of 15°C under extremely high pressure 52,
their properties could not be explained with the BCS theory so that they are called uncon-
ventional. Interestingly, magnetic interaction seems to be a likely candidate to facilitate
Cooper pairing based on the observations of immediate proximity of the superconducting
to an antiferromagnetic phase in both the cuprate as well as the Fe based compounds[53/.
Moreover, modern research even forces the marriage of magnetism and superconductivity
by creating artificial interfaces on the nanoscale where exciting physics occurs. It was
found that Cooper pairs can indeed carry spin current ) by forming spin triplets which is
called p-wave instead of the conventional spin singlet s-wave superconductivity, that way
spintronics devices could greatly benefit from spin supercurrents. Finally, theoretical re-
search realized the potential of low dimensional magnet-superconductor hybrid structures
to bear topological phases, e.g. inside vortices of proximitized topological insulators 54 or
in chains of magnetic atoms embedded in a superconductor!®. In particular, exotic quasi-
particles called Majorana fermions, predicted 1937 by Ettore Majoranal®! to be both
particle and its own antiparticle, are expected to appear in such topological superconduc-
tor systems, attracting great interest for the use in fault-tolerant quantum computation

by utilizing their non-Abelian exchange statistics[5:56],

2.1 BCS Theory

The BCS theory is a milestone in the history of superconductivity. It is treated with all
its complexity in several textbooks5759. Here, some basic idea shall be given providing
relevant results for the understanding of tunneling experiments involving superconductors
and quantum magnets that are a major part of this work. The description will be restricted

to a conventional s-wave isotropic superconductor[60-61].

2.1.1 Cooper pairing and energy gap

Thinking of forces between electrons, what comes to mind is Coulomb repulsion due to
their negative charge. However, the fundamental origin of superconductivity according to
the BCS theory is an attractive potential V' between electrons inside a solid matter. This
intuitively concerns only electrons at the Fermi level Er since the rest reside around their

atomic nuclei. What causes the attractive force is not essential for superconductivity. In
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the conventional materials, mostly elementary or alloyed metals, it was shown that the
interaction between electrons through exchanging quantized lattice vibrations, phonons,
can lead to such an attraction. A prominent analogy is the bond between two protons via
exchange of their electrons to the Hy molecule®]. It can be shown that however small
the attractive potential, it is energetically favorable for two electrons at the Fermi level to
form a bond, a Cooper pair. Under the condition that the momentum of their center of
mass is at rest, they should occupy states with opposite momentum k and their Cooper
pair wave function must fulfill the Pauli principle, hence for even (odd) spatial symmetry
a spin singlet (triplet) state is occupied. Here, the more common case of opposite spins
is considered, so that the Cooper pair is described as {k 1, -k |}. Further, the attractive
potential has a characteristic length scale which is defined as the BCS coherence length
(o and can be interpreted as the average size of a Cooper pair, usually in the order of

100 nm. The effective Hamiltonian of the system can be written as
Hpcs = Ho + Hing (2.1)
with the Hamiltonian for an electron band with dispersion relation e

Ho = Y (e - 1)l i (2:2)
ko

where p is the chemical potential and CLU is the fermionic creation operator for an electron

of momentum £ and spin ¢. The interaction part is given by

1
). Z kaICTchile—k’le'T (23)

H int =
2 kk’

and can be decoupled by the mean-field approximation, so that
Hip ) A <CLTCikl> - (AkCLTCikL + Al*cckrc—ki) (2.4)
K K
where () denotes the mean value and the function
1
Ak = —5 Z kal (C—k/ick/T> (25)
k/

has been defined. The resulting Hamiltonian Hgcg from equation 2.1 can be solved in

different ways, one is to employ the so-called Bogoliubov transformation

_ o * T _ T *
Crp = U Vir T V7V Cxp = UV xy ~ Ykt (2.6)
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with the fermionic operators Vkaﬁla and the coefficients uy, vy satisfying the condition
lure|* + |oe? = 1. (2.7)

A physical interpretation is that Cooper pairs constitute a mixed state around the surface
of the Fermi sphere where a pair state is simultaneously unoccupied with probability
|u|?> and occupied with |vk|?. The function Ay containing the potential Vi after the

tranSformatiOn becomes
1
Dic=—3 ; Viae it (Vo e, ) = (e ) - (2.8)

Substituting 2.6 into 2.1 leads to the Bogoliubov-de Gennes equations (de Gennes 1989)
in momentum space
(6 = Bx)ux + A = 0 (2.92)

(gk + Ek)vk + Aliuk =0 (29b)

with & = ex—p being the non-interacting quasiparticle energy with respect to the chemical

potential. The solution yields the probability functions

(Z;‘:) - % (1 + 2—‘;) (2.10)

and with |Ag|? = A? in the isotropic superconductor the quasiparticle energy relation

By =\/&2 + A2, (2.11)

The latter expression has interesting implications on the spectrum of interacting electrons
shown in figure 2.1. Their energy E never reaches zero but has a minimum value A,
below which no states exist any more in an unperturbed superconductor. In other words,
conduction electrons condense into Cooper pairs with binding energy A and in order to
break them a minimum energy 2A is needed recreating two quasiparticles. For the density
of states in a superconductor, this means that there appears an energy gap of 2A around
the Fermi level. The BCS result for the density of states (DOS), i.e. the number of

quasiparticle states per energy interval, is given by

5
[e2_A2 §2A

prcs(€) =1 VS ! (2.12)
0 €] <A

with the normal conducting state DOS py = p(§ = 0) which is taken as constant in a small

energy interval around the Fermi level. It is depicted in figure 2.1c. Integrating over
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Fig. 2.1: Important BCS results: a The functions |u|? and |v|?, b the unpaired electron
energy and c the density of states over the normal state electron energy £ = e—p
in a range of £+10meV and with A = 1meV.

the function gives the same result as would be obtained in the non-superconducting state
which means that the missing states inside are redistributed to outside the gap, resulting
in the so-called quasiparticle coherence peaks at the gap edges. This characteristic shape
can be nicely observed in tunneling experiments and defines the energy range of interest
for the present work, where the energy spectrum is "clean" of fermionic states.

The BCS theory describes a state where all Cooper pairs have equal quantum numbers,
hence they have the same wave function and form a macroscopic matter wave. The
probability of scattering events on normal non-magnetic scattering potentials is extremely
low making the Cooper pair wave function insensitive to defects, thus accounting for zero
resistance. What happens at magnetic impurities, however, shall be sketched in the

following.

2.1.2 Magnetic impurity induced states

When a local magnetic impurity, e.g. lattice defects such as interstitials or substitutions
as well as surface adsorbates, with a residual spin moment S is positioned inside a su-
perconducting condensate, the exchange interaction .J between the impurity spin and the
spin of the conduction electrons potentially aligns the spin of electrons that form a Cooper
pair. This mechanism is called the paramagnetic effect and results in breaking the Cooper
pair, however, without supplying the elsewise needed excitation energy 2A. Therefore,
magnetic moments pose an effective scattering potential for Cooper pairs and quasiparti-
cle states are created inside the energy gap of the superconductor. They are named after
the persons who first investigated this scenario theoretically, Yu-Shiba-Rusinov (YSR)
states['113. Here, a derivation of their energy and eigenstates given in Balatsky et al. (6%
shall be outlined. The impurity is chosen at the origin of a BCS s-wave superconductor

with the unperturbed Hamiltonian of the form

Hy = Z £kcLacka + Ao Z {CLTCiki + c—k,LCkT} (2.13)
ko k
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with spin index a and the scalar gap size Ay. Additionally, a scattering potential U and

the magnetic scattering term

Hex Z J(k kl)CkaUQBSCk/B (214)

2N W

are considered where o denotes the Pauli operator. Only the classical spin case is consid-
ered for the moment where S > 1 or T' » Tk with Tk being the Kondo temperaturel62,
i.e. the unscreened spin regime. In this limit the localized spin acts as a local magnetic
field. After a Bogoliubov transformation like in 2.6, expanding the impurity potentials in
spherical harmonics in k space, U; and J;, and the introduction of scattering phase shifts

9; for spin up (+) and spin down (-) electrons in each angular channel
tanof = mpo(U, £ J;.5/2), (2.15)
the energies of the in-gap states become
g1 =Agcos(d —6;). (2.16)

The following cases can be identified: (i) Non-magnetic scattering (6] = 6;, &, = Ag) leads
to bound states at the gap edge, (ii) weakly magnetic scattering (|0 — 6;| < 1, g, & Ay)
still gives energies very close to the gap edge, (iii) critical scattering (|0; —d; | ~ 7/2, &, ~ 0)
yields localized states deep in the superconducting gap and (iv) very strong scattering
(|0 = oy ~ m, e ~ =A) when the state reaches the opposite gap edge. An equivalent

result is obtained by a Green function formalism, yielding the bound state energy as

1- (JSirnpﬂ-lOO)2
1+ (Jsimpﬂ'po)Q

g = A() (217)
and the wave functions obtained from the Bogoliubov transformation are found to vary
as n(k 5)
sin(kpr — . _
u(r)v(r) o # exp [-r|sin(d§ - 9g)|/Co] (2.18)
F
for particle and hole part and with the superconducting coherence length (;, governing

the characteristic length scale of the YSR wave function exponential decay

Co
rg~ —————. 2.19
" Jein(h; ) 21
Note that the injection of an electron with s, = —=1/2 at energy ¢¢ is equivalent to the

extraction of a hole with s;, = 1/2 at —¢¢ and lead to the same quantum mechanical state,
therefore YSR states come in pairs symmetric around the Fermi level. Their intensi-

ties, however, are generally different due to the Coulomb potential and energy-dependent
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Fig. 2.2: Yu-Shiba-Rusinov states: a A magnetic impurity couples to a supercon-
ducting condensate with exchange coupling J, breaks Cooper pairs due to spin
alignment and induces YSR quasiparticles. b The YSR quasiparticle energy e
depending on J. ¢ Local density of states with energy-symmetric YSR state
pair and different spectral weight.

normal state DOS p. Moreover it implies that the pair is fully spin polarized with op-
posite spin. In conclusion, the magnetic impurity locally suppresses superconductivity
by aligning Cooper pair spins. The situation is summarized in figure 2.2. This induces
quasiparticle resonances called YSR states particle-hole symmetric inside the supercon-
ducting gap at energies depending on the impurity spin state S and particularly on the
superconductor-impurity magnetic coupling strength J. The YSR wave functions oscillate
in space with the Fermi wave vector kg. Their spatial decay is governed by 1/(kgr) for
short distances and on the long range by an exp [-r|sin(d; — d5)|/Co], hence it can range

longer than (; in this model.

2.1.3 Many-body ground state and quantum phase transition

In a conventional (BCS-like) s-wave superconductor, within the quasiparticle energy gap
at T = 0 the many-body ground state |¥y) has the quantum spin S%P = 0. As described
above, a magnetic impurity locally induces quasiparticle states inside the gap that can
be excited, thus adding or removing a spin 1/2 from the system and changing the spin
quantum number. Note that only the quasiparticle quantum spins are considered, the
impurity spin can be a classical spin with Siy,, > 1, however this is not essential for
the discussion. The fundamental question is which total spin number has the ground
state of the superconductor in the presence of a magnetic impurity, i.e. whether it has
integer or half-integer value. It was found[®3 that it can be either way depending on
the exchange coupling strength J between the impurity spin and the superconducting
condensate. Since the quantum spin state distinguishes only two possible configurations,
S(%P =S and S%P =S+ 1/2', a first order transition occurs at a critical value of J, also

called quantum phase transition (QPT). This value is found to be at the crossing of the

1(+) and (-) sign for FM and AFM coupling, respectively. Only AFM exchange is considered here.
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YSR quasiparticle energy through zero which means (from equation 2.17)
Jcrit = ]./ (Simp’ﬂ'pg) . (220)

At this point there is a balance between magnetic exchange and superconducting pair
potentials. The situation is sketched in figure 2.3. For weaker coupling J < Jui the
ground state remains the BCS-like S(%P = (0 where all electrons are paired. The YSR state
induced by the impurity can be excited by applying the energy ¢ to S(SP = -1/2. For
stronger coupling J > J., an electron is bound to the impurity by magnetic exchange
thus prohibited to form a Cooper pair. That means for the ground and excited state that
S(%P =-1/2 and S(SP =0, hence at J = J; they cross and change roles. The QPT crossing
is expressed in the density of states as a continuous approach of particle- and hole part
of the YSR resonance towards the Fermi level as J increases, merging at zero energy for
J = Juy followed by separation with exchanged roles, i.e. retaining their spectral weight
imbalance despite not staying strictly constant 60

Noteworthy, a closely related phenomenon is the screening of the impurity spin by the
so-called Kondo effect62. In a normal metal, conduction electrons in an energy interval
of approximately kgTk around the Fermi level, where kg denotes the Boltzmann constant
and Tk the Kondo temperature, reduce the impurity spin moment by antiferromagnetic
coupling, thus screening it. However, if this energy interval competes with the gap size in
a superconductor the screening is suppressed due to a depleted density of states leading
to YSR states inside the gap. In the weak coupling regime, i.e. kgTix < A, one speaks
therefore as of a free spin state. Correspondingly, the strong coupling regime kgTx > A
where a particle is bound antiferromagnetically to the impurity, thus (partially) screening

its spin, is referred to as the screened spin state[1].

More theory on YSR states

The analytical results given in this section can provide a good grasp about basic con-
cepts and dependencies within the single magnetic impurity-superconductor system. A
fully quantum mechanical, more general approach requires more complex and numerical
methods to account for realistic scenarios. In several theoretical works, mean-field calcu-
lations!65:66]  perturbation theory67-68] numerical renormalization group theory#-71 are
employed. Further, complex scenarios are considered including Andreev processes!66:72)
spin-orbit coupling26:73.74 skyrmions(™, external magnetic fields[", crystal field split-
ting (7677 temperature[”® and vibrational degrees of freedom!™. Consequently, calcula-
tions went beyond single impurities and studied the interaction between individual quan-
tum spins(™33) e.g. pointing out the enhancing effect of superconductivity in substrate
mediated coupling between magnetic impurities®2 compared to conventional Ruderman-
Kittel-Kasuya-Yosida (RKKY) 8499 interactions in metallic substrates.
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Fig. 2.3: Many-body quantum state: Ground state |¥y) and excited state |¥;) for
weak and strong (antiferromagnetic) impurity-superconductor coupling J. At
critical coupling J., i.e. when the YSR resonance energy e crosses zero, a first
order quantum phase transition occurs between free and screened impurity spin
state with quasiparticle spin Sqp = 0 and Sqp = —1/2, respectively, exchanging
their role as ground and excited state. Figure adopted from Heinrich et al. 64

2.2 Quantum spins at superconductor surfaces probed by
STM

Early experiments with paramagnetic impurities in superconductors showed that 7, grad-
ually decreases with increasing impurity concentration, eventually suppressing supercon-
ductivity in favor of a paramagnetic or ferromagnetic phase®. Tunneling experiments
with superconductors between metal plates could verify ideas of the BCS theory showing
effects of magnetic impurities on the quasiparticle spectrum spatially averaged over the
whole superconductor 92,

However, while the elaborate theory on localized single impurities outlined in the pre-
vious section was formulated already in the 1960’s shortly after publication of the BCS
theory, experimental techniques at that time had very limited means to put them to test.
Only the development!3] and advances!®¥ of scanning tunneling microscopy (STM) gave
researchers the possibility to access physical properties like the electron density of states
at the atomic scale. It became possible to measure clean surfaces prepared in ultra-high
vacuum at the temperature of liquid helium to improve the energy resolution below 1 meV,
so that in 1997 enhanced spectral intensity inside the superconducting gap around single
Mn and Gd atoms adsorbed to an in vacuo prepared superconducting Nb crystal sur-
face at 4K could be observed . Another ten years passed before the next investigation

of YSR states were published observed around Mn and Cr adatoms on superconduct-
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ing Pb9:96] invigorated by new STM technical standards like commercial instruments
reaching 400 mK temperature and combined with the use of a superconducting tip probe,
demonstrating ultra-high energy resolution of ~ 0.1meV. That way, Franke et al. were
capable to experimentally trace the coexistence and competition of magnetic and su-
perconducting coupling mechanisms as well as the two ground states (see section 2.1.3)
determined by the balance of Kondo screening and pair-breaking interactions™®. The
intrinsic potential to achieve ultimate energy resolution limited only by energy exchange
of tunneling electrons with the electromagnetic environment 7, at that on the nanometer
scale, makes STM the perfect tool to study atomically localized effects happening within
the small energy intervals typical for superconductivity.

However, the true awakening of wide experimental interest in this field of research
happened 2013 when 'easy-to-build easy-to-detect scheme[s] for realizing Majorana
fermions' ) were proposed, following the seminal work of the so-called Kitaev-chain 98]
and giving prospects to make quantum computation more fault-tolerant 556, Hybridiza-
tion of YSR states in ferromagnetic or helical spin wires was identified as a viable route to
topological superconductivity with p-wave pairing, thus regarded as spinless, and hosting
Majorana zero-energy boundary modes[6-9:7499-101]  Shortly after, enhanced zero-bias
intensity at the end of self-assembled Fe chains on a Pb single crystal could be observed
and were interpreted as signatures for Majorana zero modes in agreement with theoretical
predictions32. Whether these findings evidence the observation of Majoranas is a matter
of debate in the community®3l. Anyhow, although an elegant way of creating ferromag-
netic wires on Pb where it is unfeasible to use tip atomic manipulation, the self-assembly
approach strictly limits the experimental parameter space and gives rise to clustering of
surface contaminants at the adatom chain, creating disorder and uncontrollable variables
in the experiment.

In order to get a fundamental understanding of the problem and with the goal to ef-
fectively manipulate YSR states to create topological in-gap bands, ultimately to realize
braiding concepts for Majorana modes®192 it is inevitable to take a step backward and
to start with in-depth investigations on single impurities. Combining theoretical anal-
ysis with measurements of isolated Mn adatoms on Pb(111), specific sub-gap features
like Andreev reflections and YSR peak thermal replica were characterized as relaxation
and excitation channels for the STM tunneling current!!6l. Eliminating all such spectral
features by measuring at outrivaling low temperatures and in the single-electron current
limit, recently, direct tunneling between YSR states was demonstrated and finding the
relative spin orientation between them freely rotating down to 7mK[B%. Researchers
found even more information in the sub-gap structure arising from Cooper pair instead of
quasiparticle tunneling 193], the so-called Josephson effect194 and directly demonstrated,
atomically resolved, a weakening of the superconducting pairing interaction around mag-

netic impurities by reduced Josephson current between Pb tip and Pb(110) substrate 5.
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Further, the already mentioned quantum phase transition, fundamentally intriguing
and relevant also for the emergence of topological superconductivity, has been inten-
sively studied and controllably crossed using the spin anisotropy in Mn-phthalocyanine
molecular arrays on Pb(111)[106:197 " the attractive force of the STM tip on Fe-porphyrin
molecules 1920 or varying the normal state conductance having a magnetic impurity on a
superconducting vanadium tip on V(100) 108,

It was again on the Pb(111) substrate where invaluable insight into the spatial shape
of YSR states was obtained, ascribed to atomic d-orbitals of the transition metal ele-
ments Mn'7l and Cr[2Y. The orbital nature of spatially resolved YSR states became very
clear despite the influence of the substrate crystal field that lifts degeneracy and modifies
their shape in correspondence with the substrate Fermi surface. It further supported the
identification of multiple bound states on one impurity, each related to an individual or-
bital with non-vanishing magnetic moment coupled to the superconductor and creating a
scattering channel for quasiparticles.

In contrast to the observed orbital shapes within barely 1nm radius, theoretically ex-
pected was a lateral extend of the YSR wave function comparable to the superconducting
coherence length. It turns out that the direct trace of the decaying wave function is only
detectable under certain conditions. It has indeed been observed for Mn on Pb(111) 7 up
to 4nm along certain crystallographic directions due to focusing effects of an anisotropic
Fermi surfacel!09110] Probably the best way to visualize the long range oscillations of
YSR wave functions is to use a quasi 2D superconductor like NbSe, 24 or a proximitized
La(0001) layer with intrinsic magnetic impurities?”l. An anisotropic Fermi surface com-
bined with reduced dimensions available for decay, i.e. changing the lateral factor 1/kgr
(3D) to 1/v/kpr (2D), allowed for the observation of phase shifted particle and hole parts
up to several tens of nm away from the embedded impurity sites.

A natural consequence of the lateral extend is an interaction of the impurities by overlap
and hybridization of their YSR states. It results in a shift of YSR energies and a split
into bonding and antibonding states. Moreover, it can mediate magnetic exchange as a
form of RKKY interaction. Such coupling was studied for Mn dimers on Pb(111)[8], Co-
phthalocyanine on NbSe, 23, Cr adatoms on 3-Bi,Pd 22 Gd adatoms on a six monolayer
proximitized Bi film on Nb(110)[1" and Mn adatoms on Nb(110) >,

Among the above mentioned experiments on impurity dimers, only the first was done
without employing atomic manipulation with the STM tip. This technique was first
demonstrated in 19901112 and is perfectly suited, in contrast to self-assembly methods, for
a bottom-up approach to study artificially and precisely designed adatom configurations
and to tailor their, i.e. magnetic, properties©%:113-115] - However, not on every substrate
it is feasible since the adsorbates need to be sufficiently decoupled from the substrate
in order to move them. For example, Pb has a large superconducting gap well suited to

study YSR states, yet the cohesive energy between lattice atoms is relatively weak so that
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adsorbates relax deeply into the surface unable to move without damaging the surrounding
substrate lattice. Similarly, weakly coupled layers in Van-der-Waals materials make them
less favorable for atomic manipulation since flakes of substrate material itself can be
drawn to the STM tip. Therefore, the trend for investigating adatom nanostructures
consisting of multiple impurities went towards substrates that allow rather easy adatom
manipulation, initially forcing experimentalists to make compromises regarding the gap
size or surface defects.

Most experiments performing atom-by-atom construction of spin chains on superconduc-
ting surfaces have been published very recently, bearing high hopes to finally find un-
ambiguous evidence for Majoranas and to be capable of manipulating them. Although
suffering from aforementioned drawbacks regarding gap size, exploring Fe chains on ox-
idized Tal* and Fe+Co chains on Rel3? paved the way for manipulating end states of
proximitized magnetic chains, being of trivial or topological origin. Even on the layered
NbSe, chains assemblies have recently been realized[38!, taking advantage of the slow
spatial decay of YSR states in 2D superconductors to craft dilute impurity chains that
retain their quantum nature while a sufficient YSR hybridization is ensured. Ultimately,
however, the presence of the well-known NbSe, charge density wave, despite exhibiting
interesting effects, is a limiting factor for the controlled parameter tunability of herein
assembled chains.

Finally in 2019, the preparation of sought-after clean Nb(110) surfaces was demon-
strated 116l and made the highest-T. elemental superconductor available as a substrate
which combines a large gap (A = 1.53meV) and easy atomic manipulation, featuring an
anisotropic Fermi surface and Type-II behavior in external magnetic fields. Since then
several groups focused on Nb(110), depositing Mn 28293637 and Fe[31:39 adatoms on the
surface. Momentum resolved analysis of the close-packed ferromagnetically coupled Mn
chain along the crystallographic [001] direction[?8! was found to exhibit a topologically
non-trivial p-wave gap3® providing strong indications for the realization of topological
superconductivity. Recently, a substrate spin-orbit-coupling dependence was investigated
by direct comparison of Mn atoms on Ta(110) and Nb(110) [117:118],

The latest reviews and studies on the progress of finding topologically protected zero-
bias end modes in spin chains on superconductors[40:41,64,119,120] acknowledge accumulating
evidence for Majorana zero modes, ultimately conclude that there are still many open
questions and a long way to go before these first steps can bear fruit in the application
for quantum computation.

As a final remark, predictions for topological boundary modes in two dimensional mag-
netic nanostructures coupled to superconductors (25121124 even proposals for Majorana
state manipulation192l, have been thought of, however, so far they were not experimen-

tally investigated on artificially crafted assemblies.



3 Methods

This chapter will mainly cover experimental techniques used in this work and provide a
brief description of the numerical calculations that yielded valuable insight to interpret
experimental results. After a basic introduction to scanning tunneling microscopy (STM),
essential features of the employed laboratory system shall be presented including the
cryostat and ultra-high vacuum (UHV) components indispensable for surface science.
Next, for the present work particularly important tip functionalization methods will be
shown together with examples of their respective effect on STM measurements. After that,
the process of sample preparation, including in situ surface cleaning, adatom deposition
as well as atomic manipulation, will be explained in detail. Finally, theoretical methods
employed by collaborators from Forschungszentrum Jiilich and University of Basel shall

be mentioned without going into detail.

3.1 The scanning tunneling microscope

The idea of STM dates back to the 1980s when Binnig and Rohrer at IBM Zurich observed
electron tunneling between a sharp tungsten tip and a platinum sample in vacuum 3
Quick advancement as a tool to study conductive solid matter sensing structural proper-
ties with ultra-high resolution lead to the Nobel prize 1986 awarded to its developers. The
widespread fascination for STM stems from visualizations of physical properties in real
space and on the nanometer scale, i.e. atomic lattices, oscillations of interfering electronic
wave functions, magnetic textures to name just a few, the precision to characterize single
atoms and molecules, only outrivaled by the ability to manipulate and move them in or-
der to craft self-designed artificial nanostructures. The working principle, aside from the
classically unthinkable quantum mechanical tunneling effect, is not hard to understand
and became an inspiration to numerous scanning probe microscopy (SPM) techniques.
Yet STMs are complex machines that could only succeed through engineering ingenuity,
combining utmost vibrational decoupling from the environment and sophisticated elec-
tronic low-noise circuitry sensing currents on the femto scale, not least to mention the
enormous effort necessary to reach sub-Kelvin temperatures at the tip-sample junction for
ultimate energy resolution. Despite limitations with regard to sample conductance and
surface roughness, it can be operated not only in vacuum but also in air or even in liquid,

a general advantage of SPM compared to other common ultra-high resolution scanning
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microscopy techniques using electron currents like scanning electron (SEM) and tunnel-
ing electron (TEM) microscopy. Offering a rich workbench of spectroscopy techniques
probing electronic, magnetic, even optical properties etc., makes STM a powerful tool for
interdisciplinary research. Aside from being a natural choice for solid state physics, it is
attractive for surface characterization on chemistry and biology samples as well. Nowa-
days, ultra-low temperature ultra-high vacuum STM systems are commercially available

making nanoscale high-energy resolution measurements a research standard.

3.1.1 Working principle

Detailed descriptions about STM and other scanning probe methods can be found in
various literature125:126] a5 well as condensed summaries127:128] Here, a short introduction
to the basics of STM shall be given, focusing on essential aspects for the interpretation

of results presented in chapter 4.

Tunneling junction

The tunneling effect is one of the most prominent quantum mechanical phenomena. Often
metaphorically depicted as macroscopic objects going through walls, it applies however
only to microscopic particles like electrons. Their position in space is given by a probability
amplitude |¥(7)|2, determined by their wave function (), which can be rather smeared
out, e.g. around atomic nuclei referred to as electron orbitals. At the interface of a
metal to an insulator, i.e. vacuum, electrons in the metal with the Fermi energy Fp
would usually need an energy supply given by the work function ® to exit the metal and
enter vacuum. Otherwise their probability amplitude decays exponentially away from the
metal surface. If, however, within this exponential tail another metal is present which
offers unoccupied electronic states at the corresponding energy, there is a non-vanishing
probability that the particle can cross the vacuum barrier without losing energy. For
very small distances z between both metals and with an applied potential difference, or
bias voltage Ui, this results in a detectable electrical current Iy between both electrodes
without mechanical contact or any electrons actually existing in the vacuum in between.
One can say they remain quasiparticles, leaving one crystal band structure and entering
another without ever being free electrons. From the above considerations, the following
assumptions about the tunneling current can be made: (i) it depends exponentially on
z, (ii) particles tunnel only within the energy window where occupied states on the one
and unoccupied states on the other side overlap, determined by Er and Eg +eU; (e is the
elementary charge) and (iii) it depends on the number of available states on each side,
i.e. the energy dependent density of states p(F).

A quite general situation is depicted in figure 3.1 with a tunneling junction between

metallic tip and sample with non-trivial density of states. In the following, indices for



CHAPTER 3. METHODS 23

A /_\f(e —elU,T) - f(EéT)

. /
b tip D,
- P — \ m
t I

U z Uy >0,7>0 l Fon

“/\"[\/\/\
( ) o \g/\/“
sample Er Ep+el;

Y
&

Fig. 3.1: STM tunnel junction: A bias voltage U; between metallic tip and sample
results in a measurable tunneling current [; for small tip heights z. Example
density of states p,(E) and ps(E) for tip and sample, respectively, are occupied
up to the Fermi level Er which has the offset elU; between tip and sample.
Electrons tunnel elastically from occupied to unoccupied states within the energy
interval framed by the temperature dependent Fermi functions f(E,T") through
the vacuum barrier with E,,. over the work functions ®,; and ..

bias voltage and tunneling current will be omitted, indices t and s for tip and sample,
respectively, are used, and € = F — Er. The tunneling current can be calculated by first-

order perturbation theory to[29

I-= f: de pu(€)pe(e - eU) x [f(e - U, T) - f(e,T)] x T(z,¢,eU, o, U, Wy) . (3.1)

The first factor is a convolution of tip and sample density of states. The second defines
the energy window for the integral with the Fermi function f(E,T) = (1+exp [E/kgT])",
which is essentially a step function with values f(e < 0) = 1 for occupied states, f(e >0) =0
for unoccupied states and f(e = 0) = 1/2, however, the step is progressively smeared
out with increasing temperature 7', allowing unoccupied states below the Fermi level
and vice versa. The third factor is, what makes the situation more complicated, the
tunneling matrix element or transfer function T and includes a weighting of the integral
with respect to energy, the exponential z-dependence and other geometrical factors like
the shape of tip and sample as well as the wave function distributions of tip and sample
states participating in the tunneling process. An analytical solution for T can only be
obtained by simplification through assumptions about the system. For example, in a

one-dimensional case, it can be written as

Me .
T =exp [—22\ / ﬁ@eﬁ‘] with ~ ®eg = Dy + Py — (2¢ —el) (3.2)
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Fig. 3.2: Wave function geometries: Intuitive picture of s-(left) and d.2 -level (right)
states on sample atoms. The d,» geometry reaches farther into vacuum and
favors atomic resolution. Figure adapted from C. Julian Chen 131,

with the free electron mass m,.. The z-dependence is recovered and the integral 3.1
is weighted with respect to energy so that the highest contribution is obtained for the
maximum e possible, corresponding to the Fermi level of sample or tip for U < 0 and
U > 0, respectively. This is suggested in figure 3.1 with different sizes of the blue arrow
that indicates elastic electron tunneling. As a consequence, this means that for high bias
voltages eU < ® information about the energy dependent density of states is obtained
with higher signal in the unoccupied states in both directions. As a consequence for real
measurements when the sample DOS is of interest, results at positive bias yield a more
accurate projection whereas at negative bias the highest contribution comes from the
sample’s Fermi level and the tip DOS has bigger influence. In the limit eU <« ®, variation
of T with € can be neglected.

A more practical assumption for STM application is a sharp tip, which after all de-
termines the lateral resolution of the microscope, featuring a single atom on the apex
which is solely responsible for the tunneling current due to the exponential z-dependence.
It can be modeled by an s-orbital-like spherical shape at 7o with radius R, Further
simplifying by setting zero temperature T' = 0, constant tip density of states p;(€) = p(0)

and considering the low bias limit, the tunneling current condenses to

eU
I= C’f de ps(€,70) (3.3)
0

with C' = const. ps(€,7¢) is the local density of states (LDOS) of the sample at the position
of the tip. Note that

8m,d
A2

ps(€,79) = Z [, (10)[?0(€e, —€)  with |Wg,(rg)|* o< exp [— (z+R) (3.4)

retains the exponential z-dependence.

Finally the influence of wave function geometries shall be discussed based on a, not
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accurate but intuitive, picture shown in 3.2. The example of atomic s- and d.» -levels
are shown on the sample side, |Ug ((r)|? and |U, 4(7)|?, respectively. Assuming equal tip-
sample distance and non-local density of states, i.e. [ dr |V (7)|? = [ dr |V, (r)|?, their
separate contributions to the tunneling current would be different: I < I;, just because
the d.» state has a larger extension in the z-direction, i.e. into the vacuum between the
electrodes. In particular, the long and thin shape of a d,2 orbital favors the resolution of
single atoms in STM which can be intuitively grasped from figure 3.2 and has been shown
by theory[31, This is equally valid for the orbital wave function at the tip apex and is

crucial for ultimate lateral resolution, e.g. with a tungsten tip which is a d-shell metal.

Reducing noise

One of the biggest challenges that has to be faced in experiments is noise of vibrational
and electronic origin that would render STM operation impossible if not strongly damped.
Especially floor vibrations, acoustic and electromagnetic noise have to be considered. By
mechanical decoupling from the environment, z-noise can be very effectively reduced to the
order of 1 pm. In short, the combination of a rigid STM head mechanically connecting tip
to sample stage and a suspension with long springs results in strong damping of both low
and high vibrational frequencies, respectively. On the electronic side, sophisticated STM
controllers are constructed especially for low-noise application. The ground-potential must
be well distributed in order to avoid ground loops, i.e. by individual direct connections
from all electronics to a central mass. Moreover, voltage signals entering the microscope
system should be low-pass filtered and wires effectively shielded, e.g. by coaxial cables.
Finally the outgoing current signal is amplified as close as possible to the STM junction
by the so-called preamplifier usually attached directly to the STM system. It converts I;
into a voltage signal. This reduces the noise level and facilitates detection of tunneling

currents around 1 pA.

Scanning operation

The above repeatedly highlighted relation I o e™** (k = const.) is responsible for the
incredibly high topographic sensitivity of the STM. For typical metallic work functions,
1 A tip height difference changes the tunneling current by an order of magnitude resulting
in sub-picometer vertical resolution. A sufficiently sharp tip scanning the sample surface
can thereby easily detect mono-atomic steps and even the protrusions of individual atoms
inside the surface lattice.

To move the tip over the surface it is mounted on a tube exhibiting the piezoelectric
effect translating an applied voltage into spatial extension or contraction. Electrodes are

attached in a way that three separate high voltage supplies can control x, y and z co-
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Fig. 3.3: Scanning operation: a The STM tip is mounted on a piezo tube scanner. An
electronic real-time feedback loop compares the measured tunneling current I;
to the setpoint I, and gives a corresponding voltage to the z-electrode of the
piezo tube. x and y electrodes are used to scan the tip over the sample surface.
b Constant current mode: the tip is moved along a line on the sample while the
feedback controls z to keep I; ~ I;. Adsorbates can either enhance or reduce
ps in the relevant energy interval, appearing as protrusion or depression, respec-
tively. ¢ A two dimensional matrix of recorded z-values generates a topography
map, here a 100x100nm area on Ag(111) with mono-atomic steps. Notice that
electronic effects appear in topography as well (Friedel oscillations).

\-

ordinates individually and with sub-picometer precision'. Before the tip is in tunneling
contact to the sample, which happens only at distances in the order of z ~ 1 nm for mea-
surable currents well above the noise limit (I ~30pA), it requires a controlled approach.
This is done by a coarse motor moving the whole tube scanner in steps smaller than the
z-range of the tube. In most cases the coarse motion is realized by piezo stacks in so-called
slip-stick operation. After each coarse step the scanner sweeps the whole z-range before
the coarse motor continues. This is repeated until a tunneling current is established. In
order to stabilize the z position of the tip, a fast electronic feedback controls the z scanner
voltage such that the tunneling current is kept at a certain setpoint.

An image of the surface topography is then usually acquired in the so-called constant
current operation depicted in figure 3.3. The z and y piezo voltages produce a raster
movement of the tip over the sample surface where a 2D area is scanned line-by-line along
which is the fast scan direction (~ 100nms=). At any time, the feedback aims to stabilize
I around Iy by acting on the tip height z. For very fast scan speeds the feedback might
not react fast enough to avoid mechanical contact between tip and sample so that an
appropriate choice of operation parameters is essential. An example line profile of tip
height z is sketched in figure 3.3b. An atomically flat surface is scanned featuring two
adsorbates of different species and a mono-atomic step. As long as the sample density

of states does not change locally and the tip is a point probe, the topographic structure

Tt is also possible to mount the sample on a tube scanner instead.
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of the surface is caught exactly. However, chemically different defects can change the
LDOS such that a topographic protrusion might even appear as a depression in the z-
profile. There are generally many possible effects that spatially modulate the LDOS and
become visible in STM images. For example, scattering at steps and defects of surface
state quasiparticles in Ag(111) lead to Friedel oscillations 132! like seen in figure 3.3c. The
computer generated image corresponds to a 2D matrix of recorded z values during an

STM constant current scan referred to as topography.

Spectroscopy

It became clear that by changing the bias voltage U one can control at which energies
around the Fermi level electronic states of tip and sample contribute to the tunneling
current /. Therefore, measuring how much the current varies with an incremental change
dU, i.e. dI/dU , should yield information about energy dependent local density of states
on the sample. That is the main interest of scanning tunneling spectroscopy (STS). Taking
equation 3.3, then obviously 9I/0U (eU) = Cps(eU, 1), i.e. dI/dU is directly proportional
to the sample density of states. However, for real measurements this might be oversimpli-
fied. Therefore the derivative of equation 3.1 shall be analyzed by staying in the low-bias
limit:

=1 [Zdep () {2 DD (e ev) - @) e -t TEE )
From there, again assuming the desirable scenario of p; = const., dp;/OU vanishes and what
remains is a convolution of ps with 0 f/0U. The derivative of the Fermi-Dirac distribution
corresponds to a peak around eU with its width depending on T'. Therefore this yields
basically ps broadened by finite temperature. If T'= 0, then 9 f/0U becomes a d(e — el)
and again d//dU o ps. This ideal scenario is of course never reached in experiments. In
order to get accurate information about the sample electronic structure with best possible
energy resolution, STM measurements are done at lowest possible temperature and the
tip is usually prepared and characterized before the measurement. If p; and T" are known,
one can numerically calculate a matrix that corresponds to the expression in braces in

equation 3.5:

8pt(E Us)

af(E] - QUZ)
8U ‘

Aij = oU

[f(E; - eUs) = F(Ej)] + pe(Ej - eUs) (3.6)

Then the convolution is evaluated by a matrix multiplication of A;; with a column vector

[ps] and a measured dI/dU signal can be deconvoluted like

[pe] ~ A [dI/dUT . (3.7)
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Fig. 3.4: Inelastic tunneling: Excitation of spin-flip events in magnetic adsorbates with
energy Feo, can lead to inelastic tunneling giving an extra contribution to the
current. Tip and sample DOS are assumed constant and 7" = 0. Purely elastic
(dashed line) and combined elastic and inelastic spectra (solid line) are com-
pared. The latter shows two symmetric steps around Ep in dI/dU .

However, exact knowledge of the tip density of states is nearly impossible so that a
deconvolution is often not very useful. Still, the numerical convolution can be used to
simulate effects of different tips that might produce very useful results. This will be shown
in section 3.2 about the preparation of tips.

Further, in addition to hitherto considered elastic tunneling, electrons can also partly
lose their energy during a tunneling process by exciting a state existing between tip and
sample states, referred to as inelastic tunneling. Those states can be vibrational modes,
e.g. in a molecule on top of the sample surface, or spin-flip events in magnetic adsorbates.
In the simplest picture shown in figure 3.4 with non-saturated relaxation paths, this affects
the dI/dU spectroscopy measurement by introducing step-like increases symmetrically
around the Fermi level when the excitation energy E., is overcome. Much more complex
scenarios are possible, potentially hampering data interpretation. In-depth studies can

be found in the literature[133:134]

Data recording

In the following, the acquisition of spectroscopy data shall be explained. To obtain an
1-U curve, first the tip is positioned at a desired spot on the sample surface and stabilized
by the piezo feedback loop with parameters Iy, Uy. Then feedback is opened, z is held
constant and the bias is ramped in linear steps while recording the current readout. After
ramping the bias back to Uy, the feedback is switched back on.

Despite all efforts, a computational derivation of [ in typical measurements leads to

rather low signal-to-noise ratio which would necessitate lengthy averaging of numerous
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Fig. 3.5: Signal detection in tunneling spectroscopy via lock-in technique: Feed-
back control is turned off, tip height is held at initial stabilization parameters.
Bias voltage is ramped to acquire an I — Uy curve (upper left box). Lock-in: an
AC modulation Uy,,q with frequency fioq is added to the bias which modulates
I; with f.q. Phase matching the resulting [; signal with the U,,q reference
and subsequent multiplication yields a DC signal proportional to dI;/dU;. A
low-pass suppresses all higher frequencies to generate a low-noise dI/dU output
signal. It is proportional to the sample LDOS, here the onset of the Ag(111)
surface state around e = —60meV is observed.

sweeps. Therefore it became STM standard to use the lock-in technique. It offers sig-
nificantly enhanced signal-to-noise ratio and has the advantage of directly measuring
dI/dU without data processing. A schematical picture of the lock-in principle is given in
figure 3.5. Basically, the bias voltage becomes modulated by an added AC signal? U,,q
which defines the interval U + AU/2. The modulation is transferred to the tunneling
current I+ AT/2 and shifts the desired signal in frequency space to fin.q Where it is sepa-
rated from uncorrelated signals. Multiplication with phase matched U,,.q selectively picks
the frequency fuoq in the power spectrum and shifts back to zero producing a DC sig-
nal proportional to AI/AU. Subsequent filtering of higher frequencies yields a low-noise
dI/dU measurement. To successfully use the lock-in technique, two crucial factors have
to be considered: (i) Capacitive coupling at the STM junction and parasitic capacities
between wires produce out-of-phase components at f,,q so that a correct phase match-
ing is essential. (ii) The variation of junction bias induces a lower limit for the energy
resolution of approximately eAU. Therefore it should be chosen appropriately so that
AU « Uy. Presented data in this work shall be labeled with respective parameters for
Uy, Iy, AU.

The lock-in measurement additionally enables the simultaneous acquisition of dI /dU dur-

2The modulation frequency should be chosen to be much higher than the rate of piezo feedback control
and below the preamplifier cut-off frequency. For this work it was always set to ~» 730Hz.
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ing an area scan, thereby visualizing the sample LDOS at the energy given by eU in real
space, so-called dI/dU maps. In flat areas, it can be helpful to switch off the feedback
and operate in constant height mode. That way, z-induced intensity changes in the
dI/dU signal can be avoided, referred to as the setpoint effect. Alternatively, a grid of
full point-spectroscopy sweeps in one or two space dimensions can be taken acquiring full
spectral information on a specific line or area. These powerful but lengthy measurements

necessitate a great stability in « and y coordinates.

Energy resolution

In low-temperature STM the energy resolution in STS is crucial for the performance.
If AU « U, is fulfilled, the limit is given by finite junction temperature and remaining
electromagnetic noise, e.g. coupling in from piezo voltages close to the tunneling junction
or ground carrying 50 Hz mains frequency. In the sub-Kelvin regime they are often at a

comparable level.

In conclusion, both the realization and interpretation of STM measurements is not
straight forward and requires knowledge about the individual instrumental setup, data
acquisition parameters and the different physical properties that influence the tunneling
current. In turn, the variety of information about the sample that can be extracted is one
of the big advantages of STM.

3.1.2 The laboratory system

For all presented experiments, a low temperature ultra-high vacuum (UHV) STM system
has been used shown in figure 3.6. A commercial high-performance STM head from Sci-
enta Omicron in the "Tribus'-design is installed into an Oxford Instruments bath cryostat
featuring a 100L “He tank, 1 Kelvin pot and 3He refrigerator!35:136 This is schemat-
ically depicted in figure 3.7. It allows 6 days of measurement without interruption to
refill helium at a base temperature of 1.9 K and roughly 8 h at 500 mK in 3He single shot
mode. Inside the helium tank superconducting solenoids are installed for applying exter-
nal magnetic fields of up to 1T in the measurement plane (B,,) and up to 6T out of
plane (B,).

The cryostat is connected to a UHV chamber. The whole insert can travel down via a
motorized vertical manipulator into the UHV chamber where the thermal shield around
the STM head is opened and a wobble stick is used to exchange tip and sample. In
that position also in situ material deposition can be performed via two electron-beam
evaporators directly shooting at the sample stage inside the STM.

Clean sample surfaces can be prepared using an ion gun for sputtering and e-beam
heating stage inside a preparation chamber connected by a gate valve to the STM chamber.

Epitaxial films can be grown using several e-beam evaporators. In order to preserve clean
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Fig. 3.6: The UHV system: Schematical view of the used laboratory system together
with photographies of STM head, cryostat and connected UHV chambers for
sample exchange and basic preparation. The whole system stands inside a hous-
ing for acoustical damping, on a separated flooring, and can be lifted by air
damping legs for mechanical decoupling.

surfaces during transfer and measurement, ultra-high vacuum has to be maintained at
all times. A combination of turbo molecular pumps, ion getter pumps and titanium
sublimation pumps keep the pressure at around 3 x 10719 mbar in both UHV chambers.
The horizontal travel range was chosen specifically to reduce degassing during sample
transfer. An additional small ion getter pump is installed on top of the cryostat to pump
the long tubular volume inside which is thermally shielded by gate flaps at its bottom.
The inner cryostat wall is thermally connected to the so-called UHV sock which is cooled
by pumping on liquid helium below 4 K so that it creates a powerful cryo vacuum pump.
The actual pressure around tip and sample during measurement is therefore expected to
be significantly lower, ensuring that even reactive samples can be measured up to several
months without notable contamination from adsorbates.

The STM is operated using the combined controller electronics and software package
Nanonis sold by SPECS. Data analysis has been done using MATLAB.

3.2 Tip preparation

Large-scale laboratory systems are built in order to reach lowest possible pressure, tem-
perature and to apply high magnetic fields, requiring much effort to reduce mechanical

and electronic noise. Having achieved all that, eventually it is time to take a closer look at
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Fig. 3.7: 3He cryostat system: “He system: 100L bath cryostat provides LHe to UHV
sock (directly at the inner wall to UHV) and 1K pot (connected to STM shield,
sorption pump). Both are cooled below 4 K by combination of needle valve and
pump. 3He system: 3He condenses in 3He pot (connected to STM head) cooled
by 1K pot through STM shield. Sorbtion pump is held at 40 K by heating and
keeps pressure in 3He volume high. When switching off heat, it cools down and
pressure is reduced, causing bellow to contract, lifting thermal contact of 3He
pot to shields. 3He evaporates and cooles 3He pot to 500 mK until it is empty
after some hours. LN, provides thermal shielding against radiation from the
side and below by cooled gate flaps. Heat load from STM leads is reduced by
baffles in contact to the *He exhaust capillary.
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a) b)

Fig. 3.8: Making STM tips by electrochemical etching: Metal wire is connected to
a ring electrode by NaOH solution. Applied voltage leads to local etching and
yields sharp tips. a) For tungsten wires placing the ring electrode inside the
solution works fine. b) Cr rods could only be etched locally with a lamella of
solution.

the actual microscopic tool to collect information about the sample surface, the tip probe.
First, the geometrical shaping will be shortly discussed, before tip functionalization meth-
ods, acting on the tip density of states, shall be introduced, particularly superconducting
and also magnetic tips.

It was pointed out previously that the ideal probe geometry is only a point in space, so
that it should be made as sharp as possible in real experiments for good lateral resolution.
The majority of tip probes in this work were made by electrochemically etching a tungsten
wire? in 8 % NaOH solution and using a ring electrode immersed in the liquid. In order to
make Cr bulk tips used for spin-polarized measurements, pure Cr rods have been etched
which works much better, although more tedious, by using the lamella method (see figure
3.8) where only a thin section of the rod is in contact to the solution. Resulting tips
are perfectly sharp under optical microscopes and even scanning electron microscopes
(SEM) cannot distinguish the shape of the very last atomic cluster at the apex which
is ultimately the decisive part for STM. Therefore probe characterization and also final
shaping is best done in situ inside the STM head on well-known samples. Here, in the case
of tungsten tips, the Ag(111) surface has been used (already shown in figures 3.3 and 3.5)
which is rather easily cleaned to show atomic steps suited for testing the tip sharpness and
features a Shockley-like surface state!!37 producing a characteristic step in the otherwise
quite featureless DOS close to the Fermi level. As an alternative to topography steps,
single surface adsorbates are a good test for the apex shape. Anisotropic apex clusters
distort surface features systematically like shown in figure 3.9a.

Feasible in situ preparation techniques on most metal surfaces are (i) short (~ 200 ms)
bias voltage pulses of £3 to 10V, (ii) poking the tip into the surface mechanically or
(iii) picking up single atom or molecular (e.g. CO) surface adsorbates to the tip apex.
The more frequently used methods (i) and (ii) are repeated until a satisfying quality is

obtained. Figure 3.9 gives an example before-and-after tip shaping STM topography on

3Wires with 0.375mm and 1 mm diameter have been used without significant differences.
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1;=500pA ; Uy=5mV. 1;=500pA ; Ug=5mV.

Fig. 3.9: Shaping the tip in situ: Two STM topography images of the same sample
area containing several adsorbates. a Before and b after an intentional change
of the tip apex shape induced by bias voltage pulse or picometer scale tip-
sample mechanical contact (poke). Lateral resolution is significantly improved
indicating a sharper and more sphere-like apex in b.

the same sample area.

Those methods are of course not restricted to topographic imaging quality, they can also
influence the tip DOS. An energy independent p; is often aimed for to obtain scanning
tunneling spectroscopy (STS) dominated by the sample. Methods (i) and (ii) can be
applied e.g. on Ag(111) until the dI/dU signal recovers the reference curve sufficiently
well. However, in some cases it can be advantageous to intentionally manipulate the
tip DOS, e.g. to gain spin-sensitivity or to improve the energy resolution beyond the
Fermi-Dirac limit.

The latter is not quite intuitive and shall be clarified by an example. Consider a
constant tip DOS with a delta peak at the Fermi level: pi(e —eU) = pg + d(e —eU). Then
from equation 3.5 and using the relation [ dzd'(z - xo)F () = F'(x0)

Of(el)

[£(0) = F(e0)] = pu(e0) 255

ol (az) _9ps(eU) (3.8)

ou “\au U

The first term is the usual temperature broadened sample DOS. The third term gives only
a temperature broadened peak around zero for non-vanishing sample DOS. The most in-
teresting is the second term. It adds a contribution proportional to the derivative of the
sample DOS while the Fermi functions only change the sign around zero. Remarkably,
this contribution is not broadened, only damped around zero, by finite temperature and
therefore breaks the Fermi-Dirac resolution limit. For the measurement with such a tip
and a fictive sample DOS, the resulting dI/dU signal is compared in figure 3.10 to a
standard constant DOS tip at two different temperatures using the numerical convolution
matrix expressed in equation 3.6. A pair of peaks that is not resolved with the standard
tip at elevated temperature retains the double-peak information with the delta-peak tip

DOS. Such a tip surely does not exist, however, the example shows that any sharp peak



CHAPTER 3. METHODS 35

al . 5 [e]
= sample = standard tip = 10 8 tip
c 2 s s
5 s 2 E
o o o
B 15 s 1 3 5
0 0 0
o 1
8 8 8
0.5 0 0
-4 -2 0 2 4 -10 0 10 -10 0 10
E-E (meV) E-E- (meV) E-E¢ (meV)
f
@ 1 @2.5 4
—T=05K|| € » < 2
< _ o) el
w05 TTEKR N S5 5 4
= ) >
1 S
o © _1
0 0.5
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
E-E- (meV) bias (mV) bias (mV)

Fig. 3.10: Tip DOS peak effect on STS: a Fictive sample DOS with two peaks closeby.
b Fermi function plotted for two different temperatures. ¢ Energy independent
constant tip DOS yields d, the numerical result for d7/dU using this tip at two
different temperatures. At 2K, the double peak cannot be resolved. e,f Tip
DOS with ¢ peak at Er and resulting d//dU signal. Temperature broadened
peak at zero appears and peaks originating from sample DOS derivation are
not broadened.

in the tip DOS can enhance energy resolution by partially circumventing temperature
broadening. For peaks that are not at the Fermi level the whole sample DOS becomes
shifted in dI/dU by the difference*. Therefore to correctly interpret measured data, the
exact knowledge of such impacting tip DOS features is crucial. Actually, this hypothet-
ical situation is indeed similarly found when using superconducting tips which will be

demonstrated in the following.

3.2.1 Superconducting tips

For all measurements with superconducting tips in this work, etched tungsten tips have
been functionalized with a superconducting Nb cluster by deeply (~ pm) driving them into
a Nb sample. An insufficient cluster size does not establish superconductivity, therefore
this was repeated until approximately bulk-like gap size was detected. Nevertheless, shape
anisotropy leads to slightly different density of states for each individually prepared tip,
in particular different gap sizes 2A;. As outlined above, sharp quasiparticle coherence
peaks at £A; improve the effective energy resolution for probing the sample DOS beyond
the Fermi-Dirac limit by a formally temperature independent contribution®. Another

advantage for probing with a gap is the vanishing density of states around zero which

4A peak in the unoccupied tip states only affects the occupied sample states and vice versa.
5The gap function itself is somewhat temperature dependent, however, sufficiently far below T¢ the
influence is small.
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Fig. 3.11: Simulating STS with a superconducting tip: a Modeled tip DOS with
1.42meV gap. b,d,f Model sample DOS for pure superconductor, additional
peak at zero and two peaks symmetrically around zero, respectively. f plots
additionally Fermi functions for 0.5 K and 2 K multiplied by 2. c,e,g Respective
result of d//dU signal simulation. ¢ Coherence peaks shift to Ay + Ag, e zero
bias peak is split to £A; and g thermally excited states appear inside +/\; at
+(A¢ - €9) as replica of states at F(A +€).

suppresses the first temperature broadened term. Additionally, all spectral features of
the sample are thereby also shifted about +A; away from the Fermi level.

According to the relevance of this aspect for the understanding of measurement data,
the characteristic shapes in superconductor-insulator-superconductor (SIS) junction spec-
troscopy is presented in figure 3.11 from numerical simulation, before in figure 3.12 actual
STS data is shown. Predicting the outcome by simulation is especially instructive since
all input ingredients are known from equation 3.6. Superconducting gap functions are

calculated using a Dynes-formula [138]

E il
V(B -il)2 - A2

N(E) = (3.9)

with a broadening factor I'. Figure 3.11a depicts the modeled tip DOS with A = 1.42meV
and ['y = 0.1 peV. It probes a superconducting sample with Ay = 1.53meV and I'y = 0.1 meV
having three different sub-gap structures plotted in panels b,d and f featuring a flat DOS,

a Gaussian peak exactly at Erp and two peaks close to Ep, respectively. Below, the
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Fig. 3.12: Metallic vs superconducting tip on superconducting sample with sin-
gle magnetic impurity: a STS on Nb away from impurities with tungsten
(black) and Nb (blue) tip. b Metallic tungsten tip probing a magnetic Cr
adatom showing in-gap YSR states. ¢ Equivalent STS with superconduct-
ing Nb tip. d Result of deconvolution of c¢. Data was published on arXiv
(2021) (1391,
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corresponding d//dU signal is shown illustrating the effects described above. Note that
due to the convolution involving sharp peaks d//dU can become negative which is not
interpreted as a (unphysical) negative density of states. Panel f,g further distinguish
T =0.5Kand T = 2K. States above the Fermi level can thereby be partially occupied and
vice versa, giving rise to thermal replica peaks in dI/dU , i.e. peaks at U = £(A; —€p)/e
appear as replica of states at U = F(A; + ¢9)/e. Those vanish for T — 0.

Measurement data on a superconducting Nb(110) with a superconducting Nb cluster
at the tip yields results very similar to the presented simulation. It is compared to STS
taken with a normal metallic tungsten tip in figure 3.12. The width of coherence peaks
is predominantly limited by finite temperature and electromagnetic noise for the metallic
and superconducting tip, respectively. Panel b shows STS taken on a Cr magnetic impu-
rity with a tungsten tip. Within the Fermi-Dirac limited energy resolution it suggests an
asymmetric peak around the Fermi level. The enhanced resolution of the Nb tip reveals at
least one additional peak and clearly gives a means to quantify the particle-hole asymme-
try of the overlapping YSR pair at the Fermi level by splitting it away from zero bias, in

that, with particularly high sensitivity. Finally, a deconvolution can be done using equa-
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Fig. 3.13: Josephson current around zero bias: a Simulated superconductor-
superconductor junction not considering Cooper pair tunneling. b Same data
like in a zoomed to a small signal within +2mV. c,d Corresponding measure-
ment shows additional zero bias peak originating from Josephson current.

tion 3.7 and a modeled tip DOS like in figure 3.11a. The result should be proportional
to the sample DOS only and take advantage of the improved resolution beyond tempera-
ture broadening. Indeed, in contrast to the W tip measurement, two peaks close to zero
are resolved and sharper. However, one part of the deconvolution still produces negative
values which is unphysical for a signal that should purely depend on density of states
of the sample. Despite a quite accurate estimation of the tip superconducting gap can
simply be extracted from the position of the coherence peaks, i.e. A¢ = Acon — Anp, only
small mismatches in the modeled shape produce incorrect signals in the deconvolution
that could be misleading the interpretation as ps. Therefore, in this work processing of
raw data shall be reduced as much as possible, i.e. also data taken with superconducting
tips is not deconvoluted. Hence it is important to always keep the effects explained in
figure 3.11 in mind for presented data in chapter 4, especially since the term zero energy

is used for signals appearing at a bias of +A/e.

Cooper pair tunneling

So far, only quasiparticle tunneling was considered in d//dU simulations of SIS junctions.
The 1962 predicted Josephson effect 104 however, describes the possibility of tunneling
Cooper pairs. A resulting supercurrent between superconducting electrodes alternates

with a frequency depending on the junction bias U 53l

fr = U%. (3.10)
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Therefore an effective DC current signal can be measured at U = 0. It was calculated to
be proportional to the superconducting order parameter of the involved superconductors,

i.e. the gap size A, and to the inverse junction resistance 1/Ry = I/Uy 140

Y

Iy=—
J 2€R0

(3.11)
assuming identical A for both electrodes. This expression was demonstrated to be in good
agreement with STM results 105,

Figure 3.13 compares the previously shown unperturbed finite temperature SIS junction
simulation to measurement d//dU data. Zooming in to investigate the sub-gap structure,
one finds maxima close to +A; corresponding to the Fermi-Dirac broadened tip gap. The
data clearly features an additional peak at zero whose physical origin was not considered
in the simulation. It is the d//dU representation of the Cooper pair supercurrent. Its
intensity is therefore also a sensitive indicator for the superconducting order parameter.

It can be used to measure variations of A with high precision.

3.2.2 Magnetic tips

Using magnetic tips in STM to obtain a spin-polarized tunneling current is an intriguing
way to investigate magnetic nano-textures. Detailed information about this technique
can be found in the literature*41,

For a tunnel junction between two electrodes with non-vanishing spin polarization P;, P
and corresponding magnetization vectors m; and my, respectively, the tunneling current
has been derived in the vanishing-bias limit and under the assumption of free electrons
to[142]

I =1y(1+ P, Psmymy) (3.12)

with the non-polarized current [,. This simple equation clearly describes the increase or
decrease of the normal tunneling current for parallel or antiparallel alignment, respectively,
by the amount P;FP; following a cosine function from 0° to 180° depending on the angle
between my and m.

In this work, magnetic tips were made from pure Cr rods by etching them to sharp tips
like shown in figure 3.8. After inserting them to the STM, their spin sensitivity has been
tested on the well-studied iron double layer on W(110)!127 like depicted in figure 3.14b-d
before using them on samples of interest. Alternatively, picked-up magnetic atoms also

yielded tip magnetization. This will further be discussed in section 4.5.
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Fig. 3.14: Spin polarized measurements using magnetic tips: a Simplified picture
of spin polarized tunneling. The last tip atom is magnetized and two magnetic
domains with opposite magnetization on the sample are drawn. Density of
states is dissimilar for electrons of opposite spin in both tip and sample leading
to higher tunneling current for parallel magnetization. b,c Topography and

d//dU map with a Cr bulk tip on islands of 2 monolayer Fe on W(110) showing

spin sensitivity on red and blue magnetic domains. d STS on the two monolayer

Fe on neighboring domains.
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Fig. 3.15: Sample cleaning: Electron beam heating stage (right) with sample surface
facing the filament, filament current Iy, acceleration voltage U,.. and emission
current lo,,. Disappearing-filament pyrometer (left) for temperature measure-
ment.

3.3 Sample preparation

In this section the experimental steps necessary to study magnetic impurity adatoms on
the Nb(110) surface by low temperature STM will be explained, including the cleaning of
Nb(110) substrates after introducing them to UHV, basic characterization in accordance

with previous work and deposition as well as manipulation of adatoms on the surface.

3.3.1 The substrate surface

A surface of clean Nb is a crucial requirement for the experiments performed in this
work. Despite being a natural substrate choice for the field, with the largest gap among
elemental superconductors, experimentalists failed to obtain clean surfaces until as recent
as in 2019. The preparation of a clean Nb(110) surface by heating a single crystal close
to the melting point (2477°C) has been demonstrated nicely and described in detail by
Odobesko et al. 116,

For this work, niobium single crystals with (110) surface normal aligned with an accu-
racy <0.5°, polished to a roughness of <0.03um and cut to the dimensions 7 x 7 x ITmm
have been commercially purchased from Surface Preparation Laboratory. They were fixed
to a tungsten flag style sample plate featuring a 5mm hole below the crystal to reduce
heat dissipation. Four small pieces of tantalum foil between plate and sample prevented
the alloy formation at the Nb to W interface, reducing also the imminent strain due to
fast heating. Wire of either tungsten or niobium was used to rigidly strap crystals to the
holder.

To reach sufficiently high temperatures the sample was mounted on a home-built elec-
tron beam heating stage like depicted in figure 3.15 where it rests on top of only two
straight pieces of tungsten wire providing the high DC voltage U,.. necessary to accel-

erate electrons emitted from a tungsten filament to the sample. When electrons hit the
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surface they rapidly dissipate their kinetic energy eU,.. and thereby heat up the target.
Very limited thermal contact to colder parts supports the accumulation of heat in the sam-
ple. A commercial halogen lamp filament provided free electrons by heat induced emission
at typical supplied filament power between 25 to 35 W. High vacuum is a strict require-
ment for an efficient electron beam current I, to hit the target where high temperatures
are quickly reached at relatively low power. The temperature on the sample surface was
measured using a disappearing-filament pyrometer which is an analog technique relying
on the human eye to compare the color of the glowing specimen to a calibrated filament in
the optical line of the pyrometer (see Figure 3.15). Depending on the sample temperature,
the black body radiation spectrum shifts according to Planck’s law so that the setpoint
temperature is reached when the filament optically vanishes into the background of the
glowing sample. However, it turned out that measurements underestimate the real tem-
perature, presumably because of additional wavelength selective absorption at the UHV
chamber’s viewport which the light has to pass before measurement. The values given
correspond to the pyrometer readout and do not represent the real temperatures on the
sample.

Initially a careful degassing at moderate annealing temperatures of about 1300 °C over
several minutes and keeping the pressure below 10~®mbar is done, followed by a series
of short heating flashes up to 1900...2000°C in 12s yielded an ordered Nb(110) crystal
surface suited for STM study, the obtained STM topography image is shown in Figure
3.16a. However, the observed structure does not correspond to a pure Nb crystal lattice
(compare Figure 3.16j). Instead, a superstructure of linear rows consisting of niobium
atoms surrounded by oxygen atoms forms a highly stable surface reconstruction of NbO
type144145] - Oxygen will only dissociate when the surface temperature reaches a value
close to the Nb melting point. Subsequent electron bombardment was applied to the
sample in many short flashes limited to 12s with 3 min separation in order to reduce the
heating of surrounding parts and resulting bad vacuum pressures. Temperatures above
2000°C were achieved by high voltages U,.. ~ 2.2kV and electron beam currents of I, »
240mA. After several tens of flashing cycles, a topography image (Figure 3.16b) reveals
a partially clean surface with big patches of oxygen arranged in stripe-like structures still
covering about 50 % of the surface. Only after more than a hundred cycles sufficiently
clean Nb as shown in Figure 3.16¢ was obtained, however, some surface contaminants, very
likely oxygen and hydrogen, remain and appear as depressions in the topography scan.
They presumably adsorb to the surface during transfer of the sample from the preparation
chamber to the STM head in the analysis chamber. Hydrogen remains rather mobile even
at the cold surface and can be removed from an area by applying a bias voltage pulse
of around -2V, whereas oxygen contaminants limit the maximum clean square area to
typically 12x12nm . Larger areas (see Figure 3.16d) feature parallel atomic steps typical

for metal surfaces with flat terraces over tens of nanometer width. A line profile over a
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Fig. 3.16: Nb(110) preparation: a-c STM topographic images of a 50nm x 50nm flat
area on the Nb(110) surface, after: a flashing with 7'<2000°C (100mV /100pA),
b with T>2000°C about 50 times, ¢ more than 100 times. d Cleaned surface
area with several atomic steps. The dashed line indicates the position of the
height profile in e. f STS in a clean areal'43]. g Atomic resolution image ['39]
with indicated unit cell and high symmetry directions, line profiles along dashed
lines are shown in h and i. j Bulk unit cell of the bce lattice with indicated
(110) plane and crystallographic directions.
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Fig. 3.17: Adatom deposition. Schematic illustration of an electron beam evapora-
tor used for depositing single atoms. The loaded material to be evaporated is
drawn as a rod but can also be inside a Mb crucible. A voltage U,.. accelerates
electrons emitted from a tungsten filament by heat induced from a current Ig
towards the rod which creates an emission current /., leading to very high
temperatures at the end of the rod. The resulting vapor flux is partially ion-
ized and measured at the exit as Ig,. To prevent contamination from heated
surrounding parts, a water cooled copper block encloses the rod. Atoms hitting
the cold surface of the substrate rapidly relax to an energetically favorable po-
sition and lack the thermal energy to migrate. Typical values for the deposition
are listed in the table.

step can be seen in Figure 3.16e, where the step height of 2.4+0.1A matches the bulk value
anp/V2 = 2.3A with an, = 3.3A. Additionally, STS over clean areas (see Figure 3.16f)
feature a characteristic peak in the density of states at —435meV corresponding to the
d.2 state of Nb(110)M6l. Further evidence for a clean surface is provided by the observed
atomic lattice shown in Figure 3.16g with two high symmetry directions featuring lattice
constants 4.9 + 0.2 A (see line profile in Figure 3.16h) and 3.3 + 0.2A (Figure 3.16i) in
agreement with the crystallographic directions [110] with /2any, = 4.7A and [001] with
axp = 3.3 A of the Nb(110) plane highlighted in Figure 3.16;.

3.3.2 Deposition of single adatoms

The next step after acquiring a clean surface is the deposition of a sub-monolayer of
isolated adatoms. Figure 3.17 shows a sketch of the electron beam evaporator technique,
employing the similar heating principle used in the e-beam heater. Five different elements
have been loaded for evaporation, i.e. vanadium, chromium, iron and cobalt as a rod and
manganese inside a molybdenum crucible. By controlling the emission current I, a vapor
stream is stabilized creating a flux current Ig,, = 100nA, a value used for all elements.
Typically this yields a concentration of approximately 6 to 12 adatoms per 100 nm?. In
order to prevent a migration of adsorbed atoms resulting in the formation of clusters, the
surface temperature must not overcome 20 K during the process. Therefore the Nb(110)

sample is inserted into the microscope head and cooled down to 1.9 K before the deposition
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Fig. 3.18: Adsorbtion of single atoms: a STM topography image showing Cr adatoms
on the clean Nb(110) surface. b Atomic resolution image showing the adsorp-
tion site as the hollow site , ¢ as the top site. Images b and ¢ have been
processed by Fourier filtering and enhancing the Nb lattice corrugation43. d
[Mustration of the hollow site configuration assumed throughout the thesis.

is done in situ by traveling out from the cryostat and shortly opening the radiation shield
for about 7s. Temperature reading close to the tunnel junction indicates that during this
process the sample does not warum up to more than 12 K.

An example topography image is given in Figure 3.18a with a concentration of 11
atoms/100nm?, all of which are chromium atoms. One observes the same appearance for
all isolated adatoms of a single element. Enhanced apparent height occurs for atoms in
immediate proximity to oxygen, or for clusters of two or more atoms in nearest neighbor
position due to a different electronic configuration. Moreover, STS taken on the adatoms
is consistent throughout all isolated single impurities of equal species. These facts strongly
indicate that all adatoms relax into a single adsorption site after deposition that is ener-
getically most favorable. Theory predicts this is to be the hollow site in the center of 4
Nb surface atoms illustrated in Figure 3.18d in agreement with reported data in the lit-
erature (28], However, STM scans over adatoms while simultaneously resolving the atomic
lattice of Nb seen in Figure 3.18b,c can be misleading, showing adatoms in either top or
hollow site. This is due to the so-called corrugation reversal effect, i.e. atom sites appear
as depressions in STM imaging. It was theoretically predicted for (110) surfaces of bee
lattices in metals due to their electronic orbital structure close to the Fermi level 146 and
can occur depending on the tip apex configuration and the setpoint used for tunneling,
especially for low biases that are needed to get sufficient sensitivity to observe the atomic

lattice.
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Fig. 3.19: Adatom manipulation: Illustration of the atom manipulation process. The
STM tip is brought close to an adatom by using a low bias and high current
setpoint (typical -5mV and >40nA). Attractive forces enable the tip to drag
the adatom laterally in the form of consecutive jumps from one stable site to
the next. The right diagram shows the typical tip height feedback behavior
during this process. First the tip height lowers continuously while moving away
from the protrusion center of the adatom followed by a sudden tip retraction
when the adatom moves to the available lattice site closest to the tip.

3.3.3 Moving adsorbates over the surface

An intriguing way to craft nanostructures at the atomic scale is the use of an STM tip
to manipulate atoms on top of a surface as was first demonstrated by Eigler et al.[112],
Nb features a high cohesive energy preventing adatoms from relaxing far into the surface
and therefore making their manipulation feasible. To illustrate the process as observed
in the experiment, Figure 3.19 sketches a typical tip height profile when a single adatom
is dragged over the surface. It becomes clear that only specific stable lattice sites are
occupied by the adatom, indicated by jump-like behavior during the manipulation. On
the one hand, this poses a limitation in the positioning of atoms to specific sites, on the
other hand brings the big advantage of exact knowledge over relative atom distances,
fail-proof even under slight miscalibration of the piezo scanner or lateral drift between tip

and sample.

3.4 Theoretical methods

Theoretical results shown in sections 4.1 as well as 4.2 are first-principles calculations
based on density functional theory (DFT) in the framework of the scalar-relativistic full-
electron Korringa-Kohn-Rostoker (KKR) Green function augmented self-consistently with
spin-orbit interaction 147148 Details are described in corresponding publications [143:149]
Section 4.1.4 and 4.3 about anomalous spin excitations have been treated by time-
dependent DFT including spin-orbit interaction. Many-body effects triggered by the

presence of spin excitations are approached via the many-body perturbation theory ex-



CHAPTER 3. METHODS 47

tended to account for relativistic effects. It was used to successfully describe spectral
shapes for magnetic adatoms on noble metals[34. Details are found in the publication
by Brinker et al.[159. In section 4.4, a tight-binding model is used to calculate the LDOS
on magnetic impurity chains by neglecting spin-orbit interaction, details can be found

online[139],



4 Results

In this chapter, experimental findings of the actual STM study will be presented and
discussed following an order where subsequent results build on top of each other for a
better understanding of follow-up experiments wherever possible. A coherent picture of
magnetic impurity adsorbates on Nb(110) shall be established, systematically starting
from zero dimensions, progressively expanding to one and ending with two dimensional

structures.

4.1 Single magnetic adatoms on Nb(110)

This section contains a detailed investigation of five
different 3d transition metal elements on Nb(110)
illustrated in figure 4.1, namely vanadium V,
chromium Cr, manganese Mn, iron Fe and cobalt
Co. Each element progressively adds one electron
to the orbital structure, all of them feature a par-
tially filled atomic 3d shell, thus they bear the po-

tential to retain magnetic moment when interfaced

to a metal surface. They are found diluted with
Figure: STM image of an isolated sub-monolayer coverage which allows to study sin-

chromium adatom on Nb(110). gle isolated adatoms.

After a basic topographic comparison of apparent height, mainly three distinct ways to
scrutinize the coupling between magnetic impurities and the superconducting condensate
are employed, all of them rely experimentally on STS. First, the spectral fingerprints
and orbital dependent spatial distributions of YSR in-gap states were measured. Second,
the reduction of the Josephson current and hence the superconducting order parame-
ter was quantified and third, for observed metallic responses in a non-superconducting
regime different possible interpretations are considered, i.e. either attributing measured
dI/dU signals to inelastic spin excitation tunneling events or assuming a Kondo resonance
and assigning a Kondo temperature by fitting the curves with Frota functions. At the
end, a preliminary evaluation of inter-impurity coupling behavior is shown and the ele-
ment choice for continued exploration is justified. The majority of Data shown here was

published in Nature Communications[43],

48
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Fig. 4.1: Elements used for single atom deposition. The table shows respective
electron configurations after [Ar]. The colorcode for the elements will be used
consistently throughout this section.
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Fig. 4.2: Adatom height profiles: a Topography scan showing Co and Mn adatoms on
Nb(110). b Height profile corresponding to dashed line in a. ¢ Height profiles
for all five elements. Measured raw values have been adjusted by keeping ratios
of elements measured in one run to account for different microtips.

4.1.1 Adatom apparent height

By simultaneous deposition of more than one atomic species, a direct comparison of their
properties becomes possible while excluding the influence of different tip conditions. Since
a deposition of all five elements on one surface was not practicable because of inevitable
disorder and simply because only two evaporators are attached to the STM chamber,
usually two different species were deposited on the same surface. Cross-referencing the
results and checks of reproducibility made sure that comparability is maintained and that
the observed trends are real. The first observation from topography scans is a varying
apparent height for all five elements shown in figure 4.2. Note that here the corrugation
does not only depend on the setpoint used for stabilization in constant current mode
but also the tip shape can have significant influence on the measured height. Therefore
each element has been referenced to Mn, which was measured several times with different
tips yielding an average height value of 1 A, the highest corrugation, followed by Cr, Fe,
Co and V. Different heights are a consequence of individual electronic configuration as
well as surface relaxation to minimize the energy of the adatom-substrate system through
formation of hybridized states. It will become evident in the following that this can already
be an indication for the adatom’s coupling strength to the superconductor, however, there
is not an unambiguous correlation to the magnetic properties of the adatom-substrate

system.

4.1.2 YSR spectroscopy

The energy eysgr of induced in-gap resonance pairs is governed by the spin magnetic mo-

ment and coupling strength, SJ, to the superconducting condensate (see section 2.1.2).
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Fig. 4.3: YSR spectroscopy: STS measured on top of five different adatoms. Gray
areas mark the tip superconducting gap. Above, corresponding dI/dU maps
are depicted at specific energy positions indicated by thin black lines. Spatial
distributions in dI/dU maps resemble atomic d orbitals.
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Since multiple d orbitals of each adatom contribute to the overall spin, consistent with
theoretical predictions shown in figure 4.6 finding high spin states for all elements except
Co, it is possible to observe several YSR pairs as long as each spin S has an appropriate
J to result in an energy inside the superconducting gap. With the spatial resolution of
the STM the shapes of YSR states can be visualized that strongly resemble atomic d or-
bitals['7l. Regarding intensities, particle-hole asymmetry in energetically symmetric pairs
is expected 5. Additionally, the STM technique favors orbital geometries that extend
further into vacuum away from the surface, in this case especially the d.2 orbitals that
are therefore showing a higher d//dU signal intensity. Note also that these measurements
have been conducted at temperatures as low as 1.9K, yet thermal replica peaks within
the elsewise forbidden tip gap zone [-Ag, +A] are detected 16,

Considering those effects it is possible to understand the results summarized in figure
4.3, where dI/dU spectra over the center of each of the five different adatoms are plotted,
together with dI/dU maps showing the intensity distribution of respective YSR peaks in
real space. All spectra are very reproducible and could be detected over tens of atoms
of the same kind without large deviations. Starting from both ends of the investigated
selection of elements, i.e. V and Co, the sub-gap signal is featureless. Co shows no differ-
ence to the substrate at all within the limit of our experimental resolution and sensitivity,
while the data for V suggests a weak enhancement at the edge of the superconducting
gap in the unoccupied states with a circular shape indicative of a d.2 orbital. In contrast
to that, clear traces of magnetism induced YSR pairs can be detected on Cr, Mn and Fe.
The latter has only one set of peaks far away from the Fermi level and nearly overlap-
ping with the coherence peaks of the superconductor, signaling either very weak or strong
J. The shape is again d,» -like with approximately isotropic shape. Next in line is Cr
featuring 3 non-degenerate pairs detected within experimental limits, corresponding to
d., dyy and d,, orbital shapes. A comparison of their intensities verifies the expectation
that d.» orbitals dominate the signal. Particularly its low energy, almost exactly at +Aq,
i.e. corresponding to the Fermi level or zero energy, identifies a coupling very close to
the critical value J.y of a quantum phase transition and will become important later on.
Finally, Mn also induces YSR states from three orbitals, i.e. d,2, d,. and d,. , however,
in the data an additional set of peaks d}, appear because of thermally populated states at
energies Eyep, = +(A; —€,.) that replicate the d,, states at E' = F(A; +¢,.) as described in
section 3.2.1. Once more the d,» peaks appear with the highest intensity, yet in contrast
to Cr, far away from the Fermi level. The less intense d,, signal is again deeper in the gap,
yet still clearly distinct from zero. A thorough investigation of Mn adatoms on Nb(110)
can be found in the publication by Beck et al.[29.

Concluding from YSR spectroscopy data, there are significant differences in the mag-
netic impurity-to-superconductor coupling between the elements and, in case of Cr and

Mn, between different angular wave functions carrying spin moment where degeneracy is
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Fig. 4.4: Josephson spectroscopy: a dI/dU signals (upper) and tunneling current
(lower) on the adatom (color) and on substrate (black). b Reduction of Joseph-
son dI/dU peak and c of Josephson current.

lifted by the substrate. Deep YSR states have been found on Mn and Cr, particularly
intense is the Cr d,» resonance having particle and hole part overlapping at the Fermi
level. If and how these observations are related to direct magnetic influence on Cooper

pair tunneling shall be elucidated in the next section.

4.1.3 Josephson spectroscopy

In this part, the Josephson supercurrent at zero bias between tip and sample has been
measured and quantified on magnetic impurities relative to the bare superconductor.
As explained in section 3.2.1, the reduction of Josephson currents caused by magnetic
impurities is a direct consequence of a weakened Cooper pair coupling and thus a reduced
order parameter A. Hence, by quantification it is possible to compare all five elements in
their direct suppression of superconductivity. Note that this effect is not measurable on
coherence peaks which do not change their position within the energy resolution.
Current and d//dU signals in a small window +0.7mV around zero are depicted in
figure 4.4. Measurements were taken by stabilizing the tip in a central position over
an adatom with high current setpoint of ~ 12nA and outside the superconducting gap at
5mV to avoid setpoint effects. Calculating the ratio between impurity and substrate peak
heights ([dl/dU Jatom —[dT /AU ) /([dI /AU b ~[dI /AU 32 ) and maximum current val-

max min max min

ues ([atom — fatom) /(fsub _ [sub) pegylts in panels b and c of figure 4.4, respectively. The
two plots show a very similar trend which is in general consistent with the observations in
YSR spectroscopy. Starting from V with a weak dI/dU peak (current) reduction of 93 %

(94 %) , maximum reduction is observed for Cr with 54 % (50 %), before lowering to 79 %
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(78 %) for Mn followed by Fe with 83 % (90 %) and arriving at Co with no reduction at
all. Moreover, spatially resolved maps yield an isotropic distribution of reduced current
around adatoms. Further, a tip height related origin correlated to the distance between
both superconducting electrodes can be ruled out for two reasons: First, despite a connec-
tion between magnetic properties and apparent height can be assumed when comparing
results to figure 4.2, current reduction is not directly correlated to corrugation. Second,
an identical Josephson signal is observed both on the bare substrate and on top of Co
adatoms, thereby confirming a non-magnetic configuration. In conclusion, the elements V
and Co that feature no YSR states consistently exhibit the lowest impact on Cooper pair
tunneling. Remarkably, Cr induces by far the strongest reduction of the superconducting
order parameter. The monotonic trend from Cr over Mn to Fe seems in good qualitative
agreement with the energetic position of their d,» states from very deep inside the gap
to more towards the gap edge. Regarding the overall trend, it suggests an oscillatory

behavior with increase in orbital occupation.

4.1.4 Metallic regime

After scrutinizing the effect of magnetic impurities on superconductivity, it is mean-
ingful to investigate the pure metallic response as well and to compare it to previous
works where dI/dU measurements explored Kondo resonances!'5151:1521 and spin excita-
tions[133:134,153,154] traced through inelastic tunneling events. On a superconductor the
gapped density of states around the Fermi level strongly hinders detection of the above
mentioned signals, therefore it becomes necessary to suppress superconductivity to facil-
itate their investigation. This can be done by raising the temperature above T, or by
application of an external field Ho > Heo. In the present case the former is not feasible
due to losses in energy resolution and a lack of temperature stability at elevated temper-
atures in the used system, thus an external field of 1T was applied out of plane so that
the critical field of Nb (~ 0.5T) is well exceeded.

The results are summarized in figure 4.5. Panel a shows experimental data for each
element normalized to the substrate background. Once more, V and Co do not differ from
the background significantly. Cr, Mn and Fe turn out to raise the dI/dU signal around
the Fermi level with a very asymmetric shape resembling a step. Particularly Cr features
a sharp step-like increase, Mn a broader step with considerably lower intensity and Fe a
very broad monotonic increase. A comparison of Cr, Mn and Fe is shown in panel ¢ with
a larger energy range in their respective colors, revealing a strong broad signal on Fe.

First-principles calculations of spectra shown in panel b follow a theoretical approach
that was recently used successfully to explain signals obtained on Co adatoms on no-
ble metal surfaces[!34 by unconventional spin excitations induced by finite magnetic

anisotropy energy, challenging previous interpretation as Kondo resonances!’. Tt re-
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Fig. 4.5: STS in the metallic regime: a Experimental dI/dU spectra normalized to
the substrate signal. b Theoretical inelastic tunneling spectra calculated from
ab initio. ¢ Experimental data for Cr,Mn and Fe in a larger bias range. d Frota
fits (black) to experimental data with corresponding Kondo temperature.

produces vanishing signals on V and Co as well as, with good agreement, the sharp step
on Cr. Spectra for Mn and Fe turn out being an order of magnitude broader in the exper-
imental data. However, theoretical spectra rely on very exact knowledge of the magnetic
anisotropy energy and any slight underestimation of the calculated value can result in con-
siderable changes of width in the dI/dU curve predictions. A generally good agreement
justifies the consideration of this quite recent theory, especially since it is intrinsically
independent of experimental input or fitting parameters.

A more conventional approach would be the interpretation as a Kondo resonance when
Kondo screening competes with the formation of Cooper pairs*?. The extracted Kondo
temperature Tk then gives the energy scale for the screening of magnetic impurities. A

Frota function for fitting can be written like

. 18
Frota = Fo + A x Re| ey [ ——2 41
Frota = 207 4 X e(e eU—E0+zT) (4.1
with the background offset Fj, the amplitude A, phase ¢, width I', energy offset E, and

bias U. The Kondo temperature can then be extracted with a proportionality constant

from the Frota width I’ -

" 1.455kg

with the Boltzmann constant kg 152, Best fits for Cr, Mn and Fe are shown in figure 4.5d

Tk (4.2)

with corresponding Kondo temperatures 9 K, 30 K and 842K, respectively, meaning an
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increase in Kondo screening energy scale from Cr to Fe which is in qualitative agreement
with both YSR and Josephson spectroscopy. A consistent interpretation would then be
that an increase in adatom-substrate coupling J from Cr to Fe leads to a more effective
screening of magnetic moments, limits the Josephson current reduction and shifts the YSR
energy towards the lower edge of the superconducting gap. However, while the discrepancy
in signal intensity between Cr, Mn and Fe could be explained by the difference in their
density of states at the Fermi level (theory calculation in figure 4.6), the exceedingly large
Kondo temperature obtained for Fe would be expected to result in vanishing YSR states
due to perfect screening rather than the magnetic fingerprints detected. One could argue
that multiple Kondo screening channels exist, in analogy to multi-orbital YSR scattering.
Then the broad Fe background signal might cover sharper resonances. Interestingly, Fe
dimers (compare figure 4.7a,e) feature lower YSR states and show a sharper peak in the
metallic regime!.

At the present stage, it is not clear whether one or the other approach describes
best what is observed in the experiment. Together with the group of Samir Lounis at
Forschungszentrum Jilich who performed all of the first-principles theory calculations,
the spin excitation approach was pursued and further explored in section 4.3. In the
following, a summary of their theory results concerning the magnetic state properties of
surface adatoms shall be shown that, together with the above experimental data, allow to
draw a comprehensive picture about the scrutinized five elements posing single magnetic
impurities on Nb(110).

4.1.5 Theory results and single impurity summary

Despite the experimental focus of this work, some theoretical results shall support, sup-
plement and help the interpretation of observations made in the measurements. Values
shown in figure 4.6b-e are published '3 and were graphically summarized. Panel a is a
spin resolved fully ab initio calculated energy dependent density of states for the previ-
ously discussed five elements as single adatoms on a Nb(110) surface. All elements except
Co differ in their majority and minority spin channel. It means that theory predicts Co
to be non-magnetic and the other elements to be magnetic which agrees well with ex-
perimental findings. The insert is a zoom around the Fermi Level and panel b depicts
the extracted number of states at zero, py which can influence the signal intensity of
features measured in a small range around this energy. For example, a high DOS at the
Fermi level would be a possible explanation for vanishing or weak signals in the metallic
regime on V and Mn, respectively, and as well for the strong signal detected for Cr with
a low DOS at the Fermi level. Further it can impact the YSR energy or critical coupling

Jerit = (SJmpg)~! which would also be consistently in favor of a deep YSR state on Cr even

INo data is shown since the focus in this work is not on Fe adatoms.
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Fig. 4.6: Theoretical results from ab initio calculations: a Spin-resolved local den-
sity of states for five atomic species on Nb(110) with minority and majority
spin channel drawn above and below zero, respectively. Inset: Zoom around the
Fermi Level. b Density of states at the Fermi level. ¢ Spin magnetic moments
calculated with (solid) and without (dashed) considering adjacent Nb surface
atoms. d Resulting screening effect of the Nb cluster for antiferromagnetically
coupled elements. e Magnetic anisotropy energy indicating in plane or out of
plane orientation for positive and negative values, respectively along x and y
direction. f Summary of calculated magnetic properties. Arrow thickness, di-
rection and length: magnetic moment value, orientation in or out of plane and
magnetic anisotropy. Half ellipses: Nb surface response: FM (green) or AFM
(red) with different transparency indicating magnetic coupling strength.

assuming similar values of J for d.» states of Cr and Mn. Panels ¢ and d theoretically
scrutinize magnetic moments both without the coupling to the underlying Nb cluster
(dashed line) and with consideration of the full interacting system (solid line). It can
be seen that the magnetic moment for V increases due to ferromagnetic coupling to the
substrate while it becomes reduced for the other elements because their initial magnetic
moment is partially screened by the antiferromagnetically coupled Nb cluster. On the one
hand this can explain vanishing YSR states on V since they are predicted to only appear
in the antiferromagnetically coupled casel6 on the other hand the reason for the small
reduction of Josephson current measured on V remains unclear. Nevertheless, the trend
observed in the reduction of the superconducting order parameter decreasing from Cr to
Fe does agree nicely with a decrease of magnetic moment after consideration of the whole
cluster. The screening effect, extracted from the ratio between filled and empty circles

in panel c, is plotted in panel d and shows a trend similar to the experimental increase



CHAPTER 4. RESULTS o7

in Kondo temperature fits from Cr to Fe, however, as already stated it does not fit the
large value of Tk that results from the Fe signal. Another important theory result is the
magnetic anisotropy energy Fyag. It provides information about the preferred direction
of magnetic moments in the ground state and how strong this preference is. The graphic
in panel e is interpreted as follows: positive values mean in plane orientation, negative
values out of plane, the orientation of the triangular marker stands for x or y direction in
plane. Therefore V as well as Cr should be weakly in plane oriented, Mn and Fe strongly
out of plane while the Mn moment is easier to cant in y direction that corresponds to
the crystallographic [001] direction. Finally, panel f shows an illustration to qualitatively
and graphically summarize the results. Arrows point in the magnetization direction, i.e.
either in plane or out of plane, their length means the strength of magnetic anisotropy and
their thickness corresponds to the magnetic moment. The more screened the moments
are, the more intense is the red semicircle inside the Nb crystal, whereas green means FM
coupling to the substrate. These calculations are in many aspects consistent and in good
agreement with trends in the experiment such as the oscillatory behavior of impurity spin
moment with orbital occupation from weak to strong and subsequently back to weak,
observed in Josephson spectroscopy and correlated to the measured YSR state energies.
They play an important role in understanding the measured signals and yield additional
information like the magnetic anisotropy.

Overall, Cr exhibits the YSR pair closest to the Fermi level, poses the strongest per-
turbation to superconductivity and shows the sharpest feature on metallic Nb(110) which
enables a sensitive investigation of its behavior. It indicates a balance of Kondo screening
and Cooper pair breaking interactions and bears the potential to develop energetically
low-lying Shiba bands in coupled structures. The next milestone, namely providing flexi-
bility in nanostructure creation through long-range interaction, shall be demonstrated in

the following.

4.1.6 Adjacent and non-adjacent dimers

Following the study of single adatoms, one naturally asks if, and in which way, the mag-
netic impurities can interact between each other. Since the more interesting case is an
interaction of indirectly coupled impurities that are not nearest neighbors in order to gain
higher tunability, here, only two contrasting examples are given, i.e. Fe and Cr.

After adatom deposition, round protrusions appearing higher than hitherto presented
single atoms, such as shown in figure 4.2, were usually also found on the surface (see
figure 4.7a,b) that featured additional different YSR spectra. As an explanation, unequal
adsorption sites would be thinkable, however, the observations could be reproduced in
most cases by controllably merging two single adatoms by atomic manipulation which

identifies those structures as nearest neighbor dimers or clusters of adatoms that are not
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Fig. 4.7: Investigating dimers: Fe left, Cr right. a,b topography of single atoms and
a close distance dimer. c,d line profiles corresponding to dashed lines in a/b.
e,f STS on dimers compared to bare Nb. Fe YSR states shift towards zero
while Cr YSR states completely vanish. g,h Topography of spaced adatom
pairs. i,j Corresponding line profiles for dashed lines in g/h. k,1 STS on adatom
pairs compared to single adatoms[49. Fe shows negligible differences while Cr

spectrum changes remarkably.
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atomically resolved in the topography scan.

Figure 4.7 compares them to the case of close-distance adatoms that are not positioned
on adjacent lattice sites (panels g-1). The line profiles for adjacent and non-adjacent pairs
are given in panels c¢,d and i,j, respectively, showing a significant enhancement of apparent
height at the closest distance for both Fe and Cr while only marginal changes are observed
for pairs with a small spacing. Very interesting are the quite opposite effects of dimer
formation on sub-gap states. In the case of Fe dimers (panel e), at closest distance the YSR
pair clearly shifts towards the Fermi level. From equation 2.17 a shift of eyggr is expected
since the second impurity changes the total spin moment Siyp. Looking at the merged Cr
adatoms (panel f), however, all in-gap states disappear, at that together with Josephson
current reduction and metallic response, making it spectroscopically indistinguishable
from the substrate. This indicates a complete canceling out of all spin moments between
the single Cr impurities rendering the dimer non-magnetic.

The situation is turned upside down once there is a small distance between the impuri-
ties. Now Fe adatoms (panel k) appear non-interacting yielding just the single impurity
spectrum with a separation of less than 5 A whereas the Cr pair (panel 1) shows a remark-
able change of its YSR features. Because of the strong perturbation that Cr creates in
the superconducting condensate it can influence other impurities by interaction mediated
through the superconductor over surprisingly large distances. This indirect coupling of Cr
adatoms is a very promising finding and shall be explored thoroughly in the next section.

As a remark, the study is limited to dimers consisting of only one unique element.
Mixing of species would largely exceed the time frame of the present work, despite surely
posing an intriguing topic for a future investigation, potentionally demonstrating even
more tunability of these microscopic quantum systems containing just a small number of

magnetic impurities coupled to a superconductor.
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4.2 Indirectly coupled impurity spins

From single non-interacting impurities in the pre-
vious section the attention is now turned towards
their mutual influence that becomes detectable
when the distance between the adatoms is reduced.
This is particularly interesting because it enables
one to tune the magnet-superconductor interaction
resulting in energy shifts of the induced YSR quasi-

particles to create a wide variety of possible sce-

narios on demand through controlled manipulation.

Long-range distance dependent and directional in-

Figure: Coupled Cr atoms on Nb
under the STM tip. teraction favor a maximum flexibility.

As reasoned in the previous section, among studied 3d transition metal elements, Cr
seems to be the most promising candidate to explore a wide parameter space. First,
in analogy to YSR spectroscopy of single adatoms, hybridized Cr next-nearest neigh-
bor dimers will be characterized via spatial mapping of their sub-gap states. In order
to systematically evaluate the interaction as a function of dimer angle and spacing, a
measurement and analysis protocol will be introduced before results are presented. Non-
negligible coupling to oxygen defects shall be mentioned and additional insights from
theory calculations are discussed, particularly with respect to the role of superconductiv-
ity in mediating an indirect magnetic coupling as was predicted by Yao et al.[% Presented

data has been published in Nature Communications49).

4.2.1 Hybridization of YSR orbitals

To be able to identify interaction induced deviations with a maximum sensitivity and to
correctly interpret them, it is meaningful to take another detailed look at the YSR states of
single isolated chromium given in figure 4.8. Like already seen previously (figure 4.3), three
different shapes of YSR states occurring in pairs symmetric around zero could be resolved
resembling d2 , d,, and d,. orbitals with d,2 being the dominating signal located very close
to eysr = 0. Not separately detecting the d,. and dg2_,2 orbitals does not mean that they
are necessarily without residual spin moment. The Nb crystal field may either leave them
degenerate, push them into the quasiparticle continuum, or the experimental resolution
and sensitivity is insufficient to detect them. By changing the measurement position
relative to the adatom center, indicated here by p1, p2 and p3, the detected intensity
for YSR resonances changes for the three orbitals individually. Nevertheless, d.» which
is most intense over the center remains the dominating peak even when measuring over

the maxima of other orbitals located in outer rim positions as can be seen from figure
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Fig. 4.8: YSR orbitals of isolated Cr adatoms: a STM topography of the measured
Cr atom. b-d dI/dU maps showing the same area like a at the respective
indicated energies. e STS at positions pl, p2 and p3 indicated by red crosses
in b-d. The grey area shows the energy range of the tip superconducting gap.

4.8e. Further one can note that particle and hole part of the d.» resonance are reduced
equally when moving away from the center, so that their relative spectral weight remains
unchanged.

An equivalent mapping has been done for pairs of close distance chromium atoms. Hy-
bridization of atomic orbitals generally leads to a shift plus a split in energy that poten-
tially results in a multiplet of peaks from bonding and antibonding states not symmetric
around the Fermi level '8:22] Figure 4.9 shows three different dimers, created by controlled
atomic manipulation and aligned along crystallographic directions [001] , [110] and [111],
each of them exhibiting very different spectra reflecting the low symmetry of the (110)
surface lattice. An assignment of bonding and antibonding states can be done by the
dI/dU signal distribution being either more intense between the pair or away from its
center, respectively. However, ascription to the original single atom orbitals is hindered
by limitations in energy resolution and the resulting strong overlap between individual
peaks preventing a complete reconstruction of all shifts and splits. It is expected that
in the majority of cases d,» derived YSR signals maintain higher intensity due to their
longer extension into vacuum which allows to track their shifted energy position inside the
gap. Starting from the [001] dimer in figure 4.9a, the dominant peak shifts remarkably
far towards negative energies suggesting significant impact of hybridization on impurity-
substrate coupling strength. In striking contrast, the orthogonal [110] dimer in panel
b shows opposite behavior. The strongest peak appears now in the unoccupied states
indicating a shift towards positive energies. It thereby crosses with its lower-intensity
counterpart through zero which signals a quantum phase transition between a free-spin

and a spin-screened ground state. An a priori determination of the initial state is not
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possible from spectral weight asymmetry 108 which is not essential here, however, it will
be further discussed in section 4.3. Finally, the [111] dimer in panel ¢ features a more
complex sub-gap structure after hybridization with many resulting states at different en-
ergies. This scenario may partially be enforced by a smaller adatom spacing, however, the
crystallographic direction alignment moreover brings different orbitals into play. While
the d,» peak appears to be shifted only slightly negative in this case, in particular the
dg, state undergoes a stronger shift and gains in intensity. This seems consistent by
considering the diagonal alignment.

To analyze a large number of dimer configurations, a limitation to the most intense
d,» peak seems feasible by keeping in mind that multi-orbital effects can give rise to minor
deviations. The error is small along high symmetry directions [001] and [110] , however
needs to be considered along mixed directions. The concept of systematic evaluation of
indirect dimer interaction via relative particle-hole intensities will be explained in the

following.

4.2.2 Indirect coupling

Observations of mutual influence between dilute magnetic adatoms are interpreted as
an indirect interaction mediated by the superconducting condensate of the Nb substrate
where the induced quasiparticle wave functions overlap, reaching higher length scales
compared to the direct magnetic exchange interaction which is rather short ranged 3]
or conventional RKKY interaction on metallic substrates®l. Remarkable findings have
been made on 2D superconductors?427 visualizing the YSR wave function with the STM
up to tens of nm around magnetic impurities embedded into the substrate due to a re-
duced decay into the third dimension, however, lacking the possibility to control impurity
positions.

Figure 4.10a-c shows an illustration describing the principle of substrate mediated cou-
pling. A single magnetic adatom sitting atop the surface of a superconductor induces
quasiparticle resonances inside the superconducting gap that can be described in quan-
tum mechanics by wave equations given in section 2.1.2. Due to their strong decay in
three dimensions they are not detectable more than a nanometer away from the impurity
within present experimental limits by just probing the bare Nb substrate. However, when
a second adatom is closeby their similar wave functions overlap, creating an interference
which results in an energy shift of the observed in gap resonance. The sharp and intense
local peaks on adatoms therefore serve as antennas with their sensitivity to small interac-
tion being orders of magnitude larger than the signal of actual quasiparticle traces in the
substrate. That way the YSR wave function originating from one adatom can be probed
with enhanced sensitivity by moving a second adatom to specific places around it, even at

distances up to several lattice constants. Adatoms in close proximity, i.e. only separated
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The experiment of two coupled impurities: a A single magnetic impurity
induces a quasiparticle into the superconductor by breaking a Cooper pair via
magnetic exchange interaction that has a spatially extended wave function. b
A second magnetic impurity is dragged closer to the first by STM atomic ma-
nipulation. Its YSR wave function interferes with the one of the first impurity
so that their energies shift due to purely indirect interaction. ¢ Two impuri-
ties closeby create hybridized orbitals and their magnetic moments are directly
coupled by exchange interaction. d STM topography of two Cr adatoms in a
clean Nb(110) area of approximately 10x10nm. Inset: atomic resolution image
of Nb(110). e STS on single Cr impurity (green) used as the reference for this
experiment with indicated negative and positive peak intensities P* and P-,
respectively, and their difference d,o;. The bare Nb signal is drawn in black.
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by one or two lattice constants, interact via direct and indirect hopping as well which was
calculated in an ab initio study and will be presented after the experimental data.

The following experiment, aiming to shed more light on the coupling between local
magnetic impurities on a superconductor, was carried out in a very systematic way several
times and with very good reproducibility. Two Cr adatoms placed inside a 10x10nm
clean Nb area were used?. One of them remained in a fixed position while the other
was moved around to precisely known lattice sites. In every position both atoms have
been measured to check consistent behavior, however, data used for interpretation was
taken only from the atom which was not manipulated to exclude environmental effects
other than the moving atom. A reference position (shown in figure 4.10d,e) was measured
before and after atomic manipulations to exclude tip changes during the experiment and
indeed confirmed consistency with perfect agreement. For analysis and interpretation of

acquired spectra, a spectral weight parameter
0=P - P* (4.3)

was defined, with in-gap maximum peak intensities P~ and P* below and above the Fermi
level, respectively, intended to track a shift of the d,» state. It shall become clear in the

following how it is useful to sense small changes in YSR energy.

4.2.3 YSR energy and spectral weight

To find out to which extend observed changes in peak intensities P* and P~ can be traced
back to shifts in YSR energies Aeygr, the correlation has been tested in a simple simu-
lation. It considers purely energy shifts of the d.» resonance around a Cr adatom on Nb.
The sample density of states is modeled by a Dynes function overlapped with two Gaus-
sian peaks symmetrically shifted Aeysgr = —0.2meV around zero and with very different
intensities drawn in figure 4.11a. Note that these initial peak intensities stay constant for
the whole the simulation, whereas in reality they are a function of YSR energy, however,
the variation is usually small and would trend to further enhance the desired effect that
shall be demonstrated here[!5:601. The sample DOS is then convoluted with the tip DOS
shown in figure 4.11b using the procedure explained in section 3.1.1. Despite adding only
one out of three YSR pairs, the model signal can be matched to a good approximation of
the experimental data as shown in panel c. In the next step, Aeygg is varied and it can be
seen from panels d and e showing several curves with different energy shift that, as Aeysg
approaches zero and both peaks overlap, their energy position becomes difficult to extract

while the intensity significantly changes. Owing to the separation of positive and negative

2There are two exceptions: next-nearest-neighbor dimers along [113] and [331] which were acquired
in different measurement runs. This does not impact the reliability of the present experiment since
coupling at this distance has obvious impact on the energy of in gap states so that the interpretation
does not rely on tiny effects possibly affected by different microtips.
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Fig. 4.11: Signal simulation for YSR energy shifts Acyggr: a Modeled sample den-
sity of states in a range +0.5meV around the Fermi level by considering only
the YSR pair originating in the d.2 orbital of a Cr impurity on Nb. b Modeled
tip DOS in £10meV. c¢ Convolution of a and b (black) overlapped with the
measured signal on isolated Cr. d,e Sample DOS and convoluted signal for
different Aeyggr from —5meV to 0. f Peak intensities P* and P~ as well as
their difference 0 as functions of Aeysr. The green area marks the region of
approximately linear correlation for energy shifts between +0.3meV.



CHAPTER 4. RESULTS 67

part of the spectrum by the effect of the superconducting tip, the values P* and P~ are ex-
tracted easily (panel f). Within a range of small energy shift —0.1meV < Aeyggr < 0.1meV
they are nicely anticorrelated representing the transfer of spectral weight between each
other. Their difference § even exhibits an almost linear correlation to Aeygg within the
full range of overlapping peaks which is approximately +0.3meV in the simulation. This
means that especially for small changes in YSR energy, the spectral weight parameter ¢ is
a valuable qualitative probe of high sensitivity. Additionally, sign changes are indicators
of a quantum phase transition and the referenced value Ad = §,.¢ — § should reproduce the

sign of Aeysr.

4.2.4 Directionality of the interaction between close distance dimers

The first set of data is displayed in figure 4.12 and investigates dimers with next-nearest-
neighbor spacing aligned along five non-equivalent crystallographic directions. The
Nb(110) substrate surface lattice offers a twofold symmetry which is also reflected in
its projected Fermi surface depicted in figure 4.12d calculated from DFT. The constant
energy contour in momentum space is in the literature sometimes simplified to a stadium
shape in first order approximation[%9, however, in general it suggests a more complex
anisotropic coupling whenever the interaction is mediated by the substrate. Note that
not only the angle but spacing varies as well due to the restriction of adatoms to hollow
lattice sites, still the focus in this comparison lies on directionality since it is presumably
the dominant factor. To support this assumption one can compare dimers [111] and
[113] giving significantly different spectra despite having nearly equal distance. This
is a first confirmation that indeed the substrate plays a crucial role for the interaction
of two non-nearest-neighbor magnetic impurity spins. On the contrary, as seen in the
previous section in figure 4.7, for nearest-neighbor adatoms only the direct antiferromag-
netic exchange matters leaving the superconducting condensate unaffected. Comparing
all five directions by looking at figure 4.12b and ¢, a remarkable impact of the dimer
angle on the coupling is observed, i.e. having two configurations versus three on either
side of the quantum phase transition between a free spin and spin screened ground state
regime. Interestingly, the high symmetry directions corresponding to angles 0° and 90°
mark also the two opposite extremes in YSR energy shift with [001] towards negative and
[110] towards positive energies. Mixed directions do not show a monotonic trend with
increasing angle, rather the QPT is crossed several times in an oscillating manner. This
is likely a manifestation of the complexity of the projected Fermi surface. The ability to
alter the angle by atomic manipulation on demand allows great tunability already in this
first step. Briefly revisiting the comparison to Fel3!l and Mn[?9 interacting Cr adatoms
have a considerably larger effect on the sub-gap structure at these spacings. It is likely

the only element making a distance dependence study to map the YSR wave function
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Fig. 4.12: Dimer angle dependence at next-nearest-neighbor distance: a Dimer
configurations on the Nb(110) lattice. b STS on five different dimers measured
on top of one atom of the dimer and vertically shifted for clarity. Crystallo-
graphic directions are indicated to the left and inserts show topography scans.
c Peak intensities P* and P~ and their difference 6 over the dimer angle where
0° means [110] . Reference values for the isolated Cr adatom are indicated by
respective dashed lines. Red shaded areas suggest angles of occurring quantum
phase transitions where P~ crosses the Fermi level from negative to positive.
d Fermi surface of Nb projected in the (110) plane from DFT calculations.

possible.

4.2.5 Directional and distance dependence

It shall be delightful to investigate up to which distances the superconducting condensate
mediates impurity-impurity interaction. One would conventionally expect a fast decay
since known metallic RKKY interactions should be restricted by the reduced number of
spinful free charge carriers through the formation of Cooper pairs.

Quite astoundingly this is not the case as it is demonstrated in the measurement data
shown in figure 4.13. Panels a,b,c show dI/dU signals subtracted by the isolated atom
reference spectrum. Separating the atoms step by step away from each other, despite a
clear decay of the coupling strength it does not cease and can be sensed up to 4 nm along
the crystallographic [001] direction which corresponds to eleven Nb(110) hollow sites in

between the adatoms. Considering the substrate being a 3D bulk superconductor this is
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g Ad = d,r — 0 over distance for all three directions. h,i Maps of various dimer
configurations where a fixed adatom is drawn in black and a second in colorscale
on corresponding lattice sites. The scale shows for h the value Ad measured
and for i the calculated value Aeygsg from theory.
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a remarkable distance[24. Note that, as explained previously, these results are robust and
reproducible, therefore there is no doubt about the observation of a long range coupling
effect.

The second unambiguous result is the confirmation of strong anisotropy in the coupling
expressed in clear directionality regarding the maximum interaction distance. Contrary
to [001], along the crystallographic [110] direction a short decay length brings both
adatoms close to the isolated case after only one step, corresponding to 1.39 nm spacing.
The reason for this large discrepancy is again likely rooted in the Fermi surface (figure
4.12d). Tts shape can act like a lens focusing propagating waves depending on their
energy to beams along certain directions of good momentum space nesting vectors10,
Energy conservation inevitably leads to intensity reduction along non-focused directions.
However, the direction of focused beams can differ between the various YSR states due
to energy, i.e. momentum vector, dependence. While along the high symmetry directions
[001] and [110] the dominant effect seems to be a shift of the d.» state, spectra along the
mixed [111] direction suggest that the observed long range coupling up to 3.5 nm happens
between d,, states (comapare to orbital mapping in figure 4.9).

A third observation is presumably related to the actual wave function representation in
real space. Despite a limited spatial resolution due to discrete lattice increments, both long
range vectors, i.e. [001]and [111], quite clearly exhibit alternating and periodic signal
variations. It can be grasped from figure 4.13a,b and is pointed out in panel d-f, plotting
intensities P* and P~ over distance, by dotted lines suggesting a damped oscillation. A
phase shift of m between electron- and hole-like peak signal demonstrates the transfer of
spectral weight between P* and P~. The aforementioned hollow site sampling restiction
makes an exact measurements of the oscillation period impossible, however, best fit values
Aoo1 = 0.82nm and A\7; = 0.68nm are on a meaningful order of magnitude compared to
the literature24. The frequency should be on the order of twice the Fermi wave vector
kg originating from two interfering waves in opposite directions. Given the complex and
non-trivial Fermi surface an extraction of the value kg is not meaningful.

Finally, the referenced spectral weight parameter A¢ is analyzed in panels g and h
which is within boundary conditions and tolerance connected to an energy shift of the
d,» YSR state Aeygr. In that, zero marks the border between positive and negative shift
compared to the reference and the red dashed line indicates the QPT. Interestingly, all
three directions have QPT crossings around 1nm. Further increasing the distance, for
[001] the sign stays positive, [110] weakly negative and [111] has alternating sign. Panel
h shows a map giving a color coded overview over A¢ in all 31 measured positions. The
equivalent plot for the theory results of Aeygg shows a remarkable agreement for the short
distance configurations, catching the correct signs of the shift, however, for higher distance
it becomes less accurate and the damping is predicted to be stronger than observed in the

experiment. The discrepancy can be explained in several ways: (i) the extremely small
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Fig. 4.14: Coupling to oxygen defects: a Topography scan of an area with oxygen
defects (white) and magnetic adatoms (10mV /500pA). Arrows indicate mea-
sured Cr adatoms. b STS on isolated Cr and Cr close to an oxygen structure,
corresponding to arrow with label (1) and (2) in a, respectively.

energy scales tackled by the theory highlight the cutting-edge computational methods in
use, however, longer dimer distance and small hopping terms make results progressively
susceptible to numerical errors, (i) both theory and spectral weight parameter analysis
omit multi-orbital effects and intensity changes due to normal state DOS and Coulomb
potential 0064 and (iii) although the calculation does consider indirect hopping through
the substrate, the macroscopic wave function and YSR quasiparticles are not included in
the model since a first-principles implementation is out of reach for today’s computational
resources. Nevertheless, this especially highlights a crucial role of superconductivity in
the substrate-mediated interaction leading to significantly higher range confirmed in the
experiment than theoretically predicted. Some more detail on the calculation will be given

in the final paragraph of this section.

4.2.6 Interaction with non-magnetic adsorbates

At this point, a brief remark about the influence of non-magnetic adsorbates, in particular
oxygen as the main contaminant on Nb(110) surfaces, shall be made. It is important to
note that YSR states are not exclusively influenced by magnetic interaction. Local changes
of the substrate surface can likewise have an effect on impurity-substrate coupling.

An example is given in figure 4.14. Measurements indicate a similar lateral range com-
pared to Cr-Cr coupling. In the topography (panel a) the adatom (2) appears very close
to an oxygen patch which is ordered in a typical NbO stripe-like formation 6], The exact
lattice position relative to the defect was not determined. dI/dU measurements reveal a
strong deviation from the isolated Cr atom (1). The dominating peak is shifted towards
positive energies and crosses the quantum phase transition indicative of a presumably
reduced impurity-superconductor coupling J in the vicinity of the defect. Remarkably,

this shift is even stronger than the largest positive shift observed for pure Cr-Cr coupling
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Fig. 4.15: Theory results on Cr dimer magnetic interaction: Real space map of
adatom pairs (fixed atom black, moved atom in colorscale) a Angle between
the magnetic moments resulting from combined exchange and DMI interaction.
b,c Result for the YSR energy shift assuming purely FM and AFM coupling,
respectively. d-f Role of direct and indirect hopping terms for the interaction:
d both switched off, e only indirect term on, f full model.

along [110] at a distance of 0.93nm. On the one hand, it is a clear sign that one needs
to pay attention to closeby oxygen defects when studying interaction between magnetic
impurities to avoid unwanted influences in the data. On the other hand, it demonstrates
that the range of tunability for YSR states at hand becomes even greater when consider-
ing surface defects. A systematic experiment in a similar style to the Cr-Cr interaction
might prove a fruitful study for a future work. However, strong constrains are given by
unfeasible atomic manipulation for oxygen which is strongly bound in NbO surface struc-
tures, hence it escapes the ultimate control that is the main advantage of the present
system under investigation. Therefore, close proximity of measured adatoms to oxygen

defects was avoided wherever possible.

4.2.7 Theoretical insights

To be able to elucidate the effect of single parameters separately, it is interesting to
calculate the resulting YSR energy shift assuming or forcing certain parameters instead
of using results from the fully realistic model for subsequent calculations.

This is visualized in figure 4.15 for the angle between the magnetic moments in the

upper and for the electron hopping in the lower panels. First, panel a shows the theory
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prediction of the real effective angle between the moments which will be in part verified
experimentally at a later stage. It is obtained by minimizing the generalized Heisenberg
model containing the on-site anisotropy, the exchange interaction and the Dzyaloshinskii-
Moriya interaction. The significance of this result becomes clear when comparing the
theoretical value for Aeygr by forcing a purely ferromagnetic (b) or antiferromagnetic (c)
coupling between the Cr adatoms which leads to very different shift with in many cases
opposite effect on the energy shift. While FM coupling tends to shift towards positive,
AFM alignment shifts more towards negative energies. Interestingly, it seems that the
real magnetic alignment prefers the respective stronger shift.

Looking at the role of direct and indirect coupling terms separately, the indirect sub-
strate mediated hopping term affects the Fermi surface focused [001] direction the most,
yet the dominant role in this model is played by direct hopping. The good agreement
with experimental data on next-nearest neighbor dimers confirms a crucial role of direct

hopping for these distances.

Summary

In summary, a coupling of two magnetic impurities could be observed and verified between
0.55nm up to 4nm. It shows a strong directionality explained by the anisotropy of the
superconducting substrate mediating the interaction through YSR quasiparticles which
have been probed by STS. Coupled YSR states undergo a shift in their energy which is
detectable as long as they stay below the superconducting gap edge. Inevitable limitations
of experimental energy resolution create peak overlaps which hinders the measurement of
energy shifts directly. Instead, evaluating the spectral weight asymmetry takes advantage
of the high sensitivity in signal intensity. This revealed an oscillatory character of the
interaction in space suggesting its origin to be quasiparticle waves with a period related
to the Fermi wave vector kr. Theoretical predictions for close distance interaction effects
show very good agreement demonstrating the capability of cutting-edge numerical calcu-
lations while at the same time limitations of the theoretical approach for longer distances
have been revealed. With a minimum number of 25 different indirect coupling config-
urations experimentally verified and presumably several possible cases more including
quantum phase transition crossings, the ability to manipulate coupled impurities in space
creates an unprecedented flexibility and tunability in a quantum spin-to-superconductor

interface.

4.3 Anomalous spin excitations

Switching off superconductivity, this section enters the field of atomic-scale magnetody-

namics in a metallic environment. Once more, research in this field poses a perfect match
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with high-resolution STM as a local probe. It allowed to investigate fundamental phe-
nomena such as magnetic133:156-164] "yibrational 165 polaronic16l, excitonic*%7l or Kondo
excitations 1911591681701 op single atoms. There is not always a straight forward way to
distinguish their spectral shapes, especially if different magnetic processes are expected
to occur simultaneously as it is the case for the present study where Kondo effect and
spin excitations are expected. Both mechanisms give a possible explanation for the ac-
quired data. Their spectral shapes share a similar origin involving magnetic interaction
of conduction electrons with defects, however, their fundamental nature is quite different
(see section 3.1.1). The recent discovery of unconventional spin excitations being at play
in the spectral signature for Co adatoms on Cu, Ag and Au surfaces around the Fermi
level 134 motivated the exploration of a similar mechanism for Cr on metallic Nb. There-
fore the experimental results will be discussed in the spin excitation framework, however,
the focus shall remain on the bare observations. Presented data has been published in

Science Advances!t?0l,

4.3.1 Magnetic field dependence

To create a clean and undisturbed environment for a single Cr adatom, it was isolated by
atomic manipulation to have a 6 nm clean radius around it as shown in figure 4.16a. The
systematic study of different adatom elements in the metallic regime already unveiled a
sharp step-like feature at zero bias with the onset within —1 mV from zero and a maximum
around 0.5 mV which appears stronger compared to features on other elements due to lower
density of states at the Fermi level. All spectra shown here were taken at 600 mK unless
stated differently.

Figure 4.16b compares the spectra taken on bare Nb and on top of a Cr adatom each
measured at zero magnetic field and an externally applied field of 1T out of plane to fully
suppress superconductivity and thereby revealing the zero bias feature otherwise covered
by the gap. According to theory the small in-plane anisotropy of Cr is overcome by the
applied field so that the magnetic moment changes direction from in plane to out of plane,
however, experimentally no difference in spectral shape was confirmed whether applying
the external field in or out of plane. Further, comparing both Cr curves, exactly the same
step height is confirmed away from the superconducting gap for both 0 and 1T. Therefore
it can be assumed that no considerable impact on the fundamental shape of this feature
is induced by the applied field.

To measure its evolution with increasing magnetic field, an out of plane field up to
6T has been used corresponding to the maximum field available in the used system.
As a remark, dI/dU maps at several different energies around the zero-bias feature (not
presented here) reveal it to be fully isotropic within the limit of experimental resolution.

The results presented in panel ¢ show a broadening effect with increasing magnetic field.
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Fig. 4.16: Magnetic response of Cr on Nb(110): a STM topography scan of the
measurement area. A black circle indicates a 6 nm radius free of other adatoms
around the Cr atom which provided the presented data. b STS on a Cr adatom
compared to substrate area each with superconductivity on (0T) and off (1T).
¢ Evolution of the signal on Cr with magnetic field. d Derivative of data in c to
help identifying a split into two separate features. e Calculated magnetic field
dependence of a spin excitation effect on the density of states. f Spin resolved
signal from e.

A closer look reveals the emergence of a splitting into two separate features, foreshadowed
as a double step in the raw data at 6 T. The occurrence of a splitting is better visualized
in the derivative (panel d) suggesting two separate peaks already at 3T.

Panels e and f of figure 4.16 present the results obtained from ab inito by combining
relativistic time-dependent density functional theory and many-body perturbation theory.
In that, the very low magnetic anisotropy of the Cr spin moment allows conduction
electrons to excite spin-flip processes at low energies in inelastic tunneling events. They
can be described by quantification of the excitation probability in terms of the density of
spin-flip excitations. This in turn affects the density of conduction electrons leading to the
spectroscopic signatures in tunneling experiments and which is theoretically reproduced
without relying on experimental parameters or fitting. It can be understood as the sum
of majority and minority spin channels, shifted to opposite directions by the magnetic
field eventually leading to a broadening and the emergence of two separate peaks. This

is shown in panel f with a peak-like and a step-like feature for the majority and minority
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Fig. 4.17: Temperature dependence of zero-bias feature: a Raw spectroscopic data
for various temperatures at a magnetic field of 1T and vertically shifted for
clarity. b Corresponding derivatives of a. ¢ The broadening in terms of the
full width half maximum (FWHM) over temperature.

spins, respectively. Their intrinsic broadening is connected to the lifetime of underlying
spin-flip excitations.

In conclusion, the trend observed in the experiment could be nicely captured by a theo-
retical ab inito model assuming spin excitations. It is especially a remarkable achievement
since the calculation produces all parameters self-consistently. However, despite providing
a valid explanation, it does not serve as an unambiguous proof that spin excitations are
the origin of the measured signal since a Kondo signature would also be expected to show

broadening and splitting with increasing magnetic field.

4.3.2 Temperature dependence

Another indicator with the potential to help distinguishing the origin is temperature.
The entanglement of the impurity spin with the electron bath of the underlying metal
leads to a screening in the Kondo picture within a certain energy scale defined by the
Kondo temperature. Above this temperature the conduction electrons would enter a
weak coupling regime to the spin moment of the impurity resulting in a breakdown of the
Kondo effect. In section 4.1 the Kondo temperature of Cr, Mn and Fe has been estimated
by a Frota fitting yielding a temperature of ~ 9K for Cr. Measurements of the Cr zero
bias feature at 1T at elevated temperatures are presented in figure 4.17. Both raw data
and derivative show the expected broadening due to thermal excitations following Fermi-
Dirac statistics. No sign of splitting appears in the data, ruling out artifacts related to
the experimental setup in the measurement of magnetic field dependence. Interestingly,
the step-like feature persists up to the highest temperature measured which is 15 K, well
above the estimated Kondo temperature of Cr on Nb. This simple finding supports and
justifies the spin excitation approach which is still rather unconventional in the magnetic

impurity-on-metal community. However, one can still argue that different Kondo channels
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Fig. 4.18: Dimers in the metallic regime: Normalized dI/dU spectra on Cr dimers
(color) each overlapped to the single Cr reference (grey) and displaced on the y
axis for clarity. Three crystallographic directions are shown each with several
distance steps where 1 means the next-nearest neighbor position. Topography
scans of the dimers are depicted as small insets and the atom separation r is
indicated.

corresponding to the d orbitals are overlapped and that only the sharpest of them vanishes

leaving the one with higher Kondo temperature persisting.

4.3.3 Dimer interaction

Similar to the experiment described in section 4.2.5 for the superconducting regime, the
interaction of two local spins has been investigated in the metallic regime. Substrate
mediated coupling can now be explained as conventional RKKY interaction. It becomes
clear from the data presented in figure 4.18 that the adatom’s mutual influence has a
significant impact on their dI/dU spectra, however, exhibiting a shorter range as compared
to the superconducting phase. Confirmed deviations from the isolated atom reaching
not longer than 1.4nm, the range is consistent to values reported in the literature for
RKKY interactions in a similar system[9. Note that this is another strong indication
for the crucial role of superconductivity in mediating an interaction between magnetic
impurities, enhancing the coupling distance by more than a factor 2. Anyway one has to
keep in mind that experimental sensitivity presumably receives a boost by the sharpness

of YSR resonances used for detecting these interactions which could also account for an
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enhancement in the detection range.

All presented data were again taken on the atom in a fixed position on the Nb surface.
The [001] direction dimer (figure 4.18a) exhibits the largest difference compared to the
single Cr reference in the closest, i.e. the next-nearest neighbor position, with a significant
broadening of the step and a dip close to zero. As a side remark, in case of a Kondo in-
terpretation, this would suggest an enhanced impurity-substrate coupling which, together
with the negative shift of eysg observed before, could identify an initial spin-screened
ground state for the d,= orbital of an isolated single Cr impurity. Additionally, the step
height is strongly reduced which is an effect not observed for the broadening related to
magnetic field and temperature. Already in the second step, corresponding to 0.99 nm
distance, the overall shape is very similar to single Cr with slightly reduced step height,
and for larger distances the deviation is below the detection tolerance. Next, [111] dimers
(panel b) yield a spectrum featuring still a sharp step at zero but without a peak fol-
lowing the step like on single Cr. Further, a broader weak feature appears at negative
energies before the step. A remarkable phenomenon along [111]is the observation of an
on-off behavior. It means that the third step looks almost identical to the single Cr case
whereas the following fourth step yields again a strong deviation similar to the second
step. This could be reminiscent of the oscillations typical for RKKY interactions, how-
ever, poorly resolved due to the hollow site limitation. Moreover, it leaves no doubt that
the coupling behaves differently along directions [001] and [111] which is an expression of
the substrate surface anisotropy therefore revealing its role in mediating the interaction.
Distances longer than 1.14 nm did not show significant effects. Finally, the [110] direction
shows the weakest effect when comparing all first step spectra which is at the same time
the one with largest separation between the atoms. It is no surprise that already the
second step having the atoms separated by 1.4nm returns to the single Cr spectrum.

This is confirmed by the theoretically obtained parameters for the exchange coupling J
for the case of next-nearest neighbor dimers with 7.94 meV, -8.95 meV and 1.24 meV along
[001], [111] and [110], respectively, where positive values correspond to antiferromag-
netic and negative to ferromagnetic coupling. For the theoretical analysis, the assignment
of ferromagnetic ([111]) and antiferromagnetic ([001] and [110] ) dimers is very impor-
tant. As already mentioned this was experimentally confirmed as will be shown in section
4.5. Based on the spin susceptibility over excitation energy obtained from the TDDFT
model it can be deduced that antiferromagnetic dimers are subjected to stronger electron-
hole excitations resulting in a larger broadening, i.e. shorter lifetimes, of spin excitations
in contrast to the ferromagnetic case (see Brinker et al.!'5%). Like shown in figure 4.16 for
the single Cr, individual alternation of the spectral shapes for majority and minority spin
electrons could explain the complex signals measured by STS that were indeed suggesting

two separately evolving features.
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Fig. 4.19: Trimers in the metallic regime: Normalized dI/dU spectra on Cr trimers
aligned in three different directions and with next-nearest neighbor spacing. In-
sets show topographic STM images with labels on each atom each correspond-
ing to a colored curve on top of the single Cr reference (grey). (-10mV/3nA)

4.3.4 Trimers

As a final investigation of coupled Cr adatoms on metallic Nb(110), trimers were formed
along the usual three directions while keeping a next-nearest neighbor spacing. That way,
inevitably a net magnetic moment is maintained that can respond to the applied field
for both ferro- and antiferromagnetic coupling. Due to symmetry equivalent results are
expected for the atoms A and A’ in figure 4.19 for each direction. For the directions
of antiferromagnetic coupling, i.e. [001]and [110], spectral shapes of atom B which
has its magnetic moment pointing antiparallel to the field proves a distinct behavior
from A and A’ In contrast to that, the ferromagnetically coupled [111] trimer keeps a
similar shape for all three atoms. This further supports the conclusion that distinct
spectral shapes are triggered depending whether the adatom spins are aligned parallel or
antiparallel. Interestingly, spectra on atom A along [001] have very similar appearance to
the [111] dimer whereas B hosts a large dip feature leading to a reversed sharp step at zero
bias which seems to follow the trend of the [001] dimer. Also the [111] trimer continues
the trend observed for the respective dimer. Lastly, even atom B in the [110] trimer
shows an indication of an evolving dip-feature which seems typical for the antiparallel

spin alignment. Overall, despite the complexity of the observed spectral shapes and
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the mechanisms at play, some reproducible trends can be grasped from the results which
might even enable identification of magnetic order in more sophisticated adatom structures

without the need of spin-polarized STM tips. This will be put to test in chapter 4.5.

Summary

Summarizing this section about low energy spectroscopic features measured for Cr
adatoms on metallic Nb(110), an intriguing wealth of phenomena can be observed by
driving the system in the metallic phase. The initial sharp step-like feature on Cr adao-
toms can be tuned by application of different external magnetic fields or coupling atoms
together with different spacing and crystallographic alignment, resulting in either AFM or
FM exchange interaction. Those phenomena seem to share a common fundamental origin
which is likely either inelastic tunneling via spin excitations or Kondo resonances. Here,
the path explored was assuming spin excitations as the underlying mechanism having
indeed some indications pointing in this direction. The magnetic field dependence and
dimer spectral signatures could be grasped by a theoretical model in the unconventional
spin excitation framework. Further, the observed feature persists up to a junction tem-
perature of 15 K. Ultimately, the technical interest in understanding such spin-flip events
regarding underlying excitation energies and lifetimes, for the use in e.g. spin-pumping
nanoscale devices for innovative spintronics concepts, is arguably higher than in case of a
Kondo feature. Finally, once more the tunability resulting from the combination of high
spin moment impurities, a highly anisotropic substrate and atomic manipulation offers
a well suited platform to study and identify trends in fundamental quantum mechanical

processes.

4.4 1D spin chains

Since several seminal proposals predicted the emer-
gence of Majorana zero modes hosted in spin chains
coupled to a superconductor, it literally triggered a
race between scientist groups all over the world to
experimentally identify those exotic states attract-

ing high technological interest due to their non-

Abelian exchange statistics ideal for quantum com-
putation schemes. Despite claims of their observa-
Figure: STM image of 5 Cr tion, control and manipulation to obtain proof of

adatoms forming a spin chain. their properties remains an open challenge.

Majorana modes are predicted to appear at the ends of sufficiently long chains as

particle-hole symmetric zero-energy peaks, a theory developed after the proposal of a
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spinless toy model chain by Kitaev[®l. Proximitized spin wires with ferromagnetic or
helical spin order with spin-orbit coupling to break time-reversal symmetry fulfill the
requirements for p-wave topological superconductivity, i.e. spin-split bands inside the gap
having a topologically protected crossing at the boundary.

Indeed, the efforts to create one dimensional structures of spinful impurities proxim-
itized to a superconducting condensate has led to a lot of progress in the field and the
discovery of traces from zero bias Majorana modes at the ends of such chains has been
reported repeatedly 323537 However, limited flexibility of previous setups left not much
room for changes of experimental parameters to rule out trivial explanations for observed
phenomena and to consequently proof the finding of Majorana modes, let alone the ability
to control them or to utilize their properties. In particular, most studies used exclusively
close-packed chains where adatoms are nearest neighbors due to limited coupling range.

In this work, with the ability to control a huge experimental parameter space as demon-
strated in the previous sections, 1D spin chains consisting of Cr adatoms on superconduct-
ing Nb(110) shall be scrutinized with a critical view on the identification of zero energy
boundary modes as the exotic particles predicted by Ettore Majorana in 1937. Atomic
manipulation of Cr atoms, their long ranged indirect interaction, anisotropy of the me-
diating substrate and YSR states close to zero enable the following control knobs to be
turned: (i) chain length via the number of atoms N, (ii) inter-atomic coupling strength
via (iia) crystallographic direction or (iib) distance between adatoms, (iii) magnetic order
being FM or AFM as well as (iv) creating Shiba bands crossing the quantum phase tran-
sition. It will be presented systematically in the following sections how the spectroscopic
signature is altered at different positions of the chains in single point spectroscopy (SPS)
data, cross sectional plots showing the energy-resolved d//dU signal over the length of the
chain as well as dI/dU maps at specific energies visualizing e.g. the spatial distribution

of zero modes. Data is posted on arXiv 139,

4.4.1 Building a chain atom-by-atom

As a starting point, one can have a look at the creation of an impurity chain one adatom
at a time to observe the evolution of in-gap resonances to Shiba-bands step-by-step. This
is presented in figure 4.20a,b for a chain along the crystallographic [113] direction which
is depicted in panel ¢ with an inter-atomic spacing of 0.55nm. The YSR resonance
pairs appear symmetrically around zero inside the superconducting gap for the single Cr
adatom, i.e. N =1. These states hybridize for N = 2 accompanied by an energy shift plus
split, in this case leading to a crossing of the quantum phase transition since the majority
of spectral weight is transferred from particle- to hole-like states. So far, the participating
adatoms are in equivalent positions. This situation changes from N = 3. Like in the

previous chapter, the trimer atoms are each in one of two distinct environments depending
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Chain along [113] built atom-by-atom: a SPS taken on a chain with

increasing number of atoms N from N = 0, the bare substrate, to N = 10 and
shifted for clarity. Due to negligible differences N = 7..9 have been omitted.
Starting from N = 3 chain end (green) and center (blue) are distinguished.
Insets show STM topography scans of the chain. b dI/dU line profile along
the chain at zero energy (summed up at +A) for N = 2...10. ¢ Sketch of a
[113] chain on the Nb(110) lattice. d Cross section along the chain showing
the energy resolved d//dU signal for N = 10. Atom positions are indicated by
circles, arrows point at end modes located at zero energy, white dashed line
marks the tip gap. e Difference of averaged end atoms and averaged bulk atoms

of the N =10

chain.
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on their position in the chain being at the end or center, distinguished as green and blue
spectra in figure 4.20 for N > 2. The central adatom has two neighbors in close distance
while the end atoms have only one. Note that their spectroscopic signature is nonetheless
different from the dimer where both atoms also have only one neighbor in close proximity.
There are two reasons for that: the neighbor atom itself is in a distinct state due to its
interaction to the third atom in the trimer, and the long range interaction between Cr
adatoms is still on a comparable order of magnitude for closest and next-closest neighbors
according to the results from section 4.2.5, thus the atom sees more than just the one next
to it. Anyway, it is no surprise that the ends of a chain are spectroscopically different
from the bulk atoms simply due to their unique environment. Astoundingly, the spectral
weight on the ends shifts toward low energies while more intensity away from the Fermi
level is found in the bulk. This trend already starts at N = 3 in the [113] chain where one
observes indeed zero energy peaks, i.e. at £+A, at the end. This is valid quite generally
also for other chains as will be shown in the following. From N =3 up to N =6, an
evolution of both end and center spectra is observed progressively reaching an asymptotic
limit where changes are below the experimental sensitivity. The fact that such a small
number of adatoms can already be representative of longer chains is a direct consequence
of the relatively large inter-atomic distance by not occupying nearest-neighbor positions.
The larger the role of purely indirect interaction the more it is justified to still speak of
individual atoms in the chain whose direct orbital overlap stays small while their YSR
states strongly hybridize. Using this individual atom picture, on the one hand, when the
interaction between end and center becomes sufficiently small, increasing the number of
atoms will simply enlarge the bulk. This seems the case by looking at the intensity at
zero energy depicted for NV = 3...10 in figure 4.20b that is consistently enhanced at the
ends with approximately constant spatial extension while the weakly oscillating signal
in the bulk grows bigger. On the other hand, periodicity and translational symmetry in
the chains results in the emergence of electronic bands. Longer chains host an increasing
number of space frequencies showing dispersion.

Figure 4.20d presents the result of 45 SPS measurements along a straight line over the
chain where the x axis measures the distance R from the first SPS position, the y axis is the
bias and d//dU signal is shown as a colorscale, in a so-called cross sectional spectroscopy.
It nicely visualizes the end modes located at the last atoms of the chain energetically
at zero (x4 indicated by white dashed lines) marked by red arrows. Moreover, an
oscillating signal reminding of concentric waves in this hybrid energy-space-mapping can
be seen especially well between —3 and —1.5mV which is a manifestation of the dispersing
Shiba band and can be transformed to momentum space which will be shown for longer
chains in a later paragraph.

Finally, panel e highlights the presence of zero bias end modes that show indeed almost

perfectly symmetrical intensity around the Fermi level after subtracting the bulk back-
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ground signal. Considering the promising starting conditions, i.e. an indirectly coupled,
diluted spin chain hosting deep Shiba states, this result would be compatible with the
emergence of Majorana zero modes. However, there is at least one circumstance strongly
opposing this interpretation. A pair of Majoranas not sufficiently far away from each
other is expected to hybridize thereby shifting away from zero. The observation of end
modes already at NV = 3 with a chain length of merely 1.1 nm that essentially show no evo-
lution with N clearly promotes a more trivial approach. A tight-binding model providing
such an explanation shall be briefly described later. Before that, a systematic variation of
chain parameters shall elucidate the role of directions, inter-atomic spacing and magnetic

order for spin chains.

4.4.2 Chains along different angles

Learning that one dimensional assemblies of just a few indirectly coupled magnetic im-
purities are representative of a spin chain, an investigation of short 5 adatom chains is
expected to suffice for a systematic study. Like previously, together with the angle in-
evitably also the adatom distance changes so that only a combined effect of directionality
due to Fermi surface anisotropy and distance dependence can be observed.

The results are presented in figure 4.21. The 8 x 8nm topography scans demonstrate
a very clean environment around the chain free from surface defects, contaminants and
other adatoms. Cross sectional spectroscopy plots in figure 4.21b nicely point out the
characteristic differences and similarities between the chains. Spectral weight is accumu-
lated more on the particle side for chains along [001] , [115] and [111] , on the hole side for
[330] and [110] . This observation is in agreement with trends already observed in section
4.2.4 for Cr dimers along corresponding directions. Since the spectral weight distribution
is a direct expression of the impurity-substrate coupling in diluted chains it means that
the alignment of coupled impurities to the substrate lattice sets the tone for their interac-
tion with the superconducting condensate rather than the number of involved impurities
nor their magnetic order being AFM, FM, AFM for [001], [111], [110], respectively,
highlighting again the role of strong Fermi surface anisotropy. A trend that all of the mea-
sured chains have in common is the redistribution of spectral weight between dispersing
bulk states at higher energies and end states of high intensity at lower energies. Note that
low-energy end modes are not necessarily symmetric around zero as clearly visible e.g. for
[001] . However, there is indeed always a non-vanishing enhanced zero-energy intensity
at the ends of the chain as compared to the bulk. This is visualized in panel ¢ where
dI/dU maps show the combined dI/dU signals at +A; which is consistently higher at the
ends throughout all the chains. It might be interesting to remark that the additional
second dimension in space in d//dU maps reveals the shape of the electronic states which

is in general not isotropic but rather elliptical expressing the alignment to the anisotropic
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Fig. 4.21: Chains consisting of 5 atoms along different crystallographic direc-
tions: a STM topography of the chains with insets sketching their lattice
alignment. b STS cross sections. ¢ Zero energy maps (averaged signal at
+A¢). d SPS at chain end (green) and center (blue). Insets show dI/dU maps
at energies indicated by black lines, left and right panels at negative and posi-
tive energy, respectively.
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Fig. 4.22: Chains consisting of 5 atoms along [111] with different inter-atom
spacing: a STM topography of the chains with insets sketching their lattice
positions. b STS cross sections. ¢ Zero energy maps (averaged signal at +Ay).
d SPS at chain end (green) and center (blue). Insets show dI/dU maps at
energies indicated by black lines, left and right panels at negative and positive
energy, respectively.

lattice, particularly clear for [115] and [111] . Finally, panel d contrasts chain end (green)
and center (blue) in SPS plots where the exact energetic position of the end mode peak
with respect to zero (edge of grey tip gap area) can be seen. For [001], [115] and [111] it
seems like constant-energy peaks that are present along the whole chain simply gain in-
tensity at the end while for [330] and [110] a clear shift of the peak towards zero occurs.
The insets show d/dU maps of some bulk states with symmetric and periodic character

resembling a one dimensional particle-in-a-box scenario.

4.4.3 Varying inter-atom distance

The next experiment was done in order to shed light on the role of hopping amplitude
exclusively controlled by inter-atomic distance for a fixed direction, i.e. [111] which has

the smallest discrete step size provided by the (110) surface lattice.
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Figure 4.22 uses the same style like the previous one. As one would expect, the larger
the distance the less hybridization occurs and the more individual adatoms resemble an
isolated Cr impurity. However, up to 1.14nm separation dispersing bands especially in
the hole-like states appear and even for the largest measured separation of 1.43nm a
faint shift towards lower energies at the end atoms is evident leading to slightly enhanced
intensity in zero bias d//dU maps at the chain ends (figure 4.22c). dI/dU maps showing
the spatial distribution of higher energy states also reflect the evolution from strongly
hybridized states related to the chain as a whole for densely packed adatoms to separate
atomic orbital-like shapes for dilute chains. Although the results for increasing distance
are not unexpected, they demonstrate the emergence of low energy chain end states up

to remarkably long inter-atomic spacing.

4.4.4 Longer chains

As commonly assumed in the literature, stable Majorana zero modes only manifest in
sufficiently long spin chains. To create very long chains becomes progressively more chal-
lenging in the experiment due to remaining surface defects and contaminants. Despite
the strong influence of closeby oxygen on Cr adatom spectra observed in figure 4.14, Ma-
jorana modes should be topologically protected and prove robust against perturbations.
However, experimentally the manipulation of adatoms very close to oxygen bears high
risk of irreversible tip changes which would sabotage a systematic measurement sequence.
Therefore usually chains no longer than 15 to 20 atoms were built. Their diluted character
still results in a total length of 16 nm.

Figure 4.23 shows two examples of longer chains along [001] and [113]. The first
observation worth mentioning is that in none of the chains there appears a significant
difference between chains consisting of an even or odd number of atoms. It can be seen
already from the results in figure 4.20 and also in figure 4.23, e.g. panels a and b for
N =11 and N = 12. Due to symmetry and periodicity of the higher-energy modes the
center of the chain alternates between hill and valley with odd and even number, however,
the chain ends remain unchanged. Anyway, the spatial extension as well as the energy of
end modes show, within the experimental resolution, no signs of evolution with increasing
number of atoms, neither for the chains depicted in figure 4.23, i.e. [001] between N =11
and N =20 and [113] between N =5 and N = 15, nor longer chains along other directions.
Changing the focus to the bulk of the chains, it becomes clear how progressively more space
frequencies fit inside the chain with increasing length, so that a Fourier transformation
of the real space axis to momentum space for the longest chains reveals dispersing bands.
Examples are marked with red arrows in figure 4.23d and h. In summary, exploring a
wide parameter space in the experiment, the observed trends appear very persistent: the

spectral weight distribution in d//dU measurements of a Cr chain of arbitrary length N is
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Fig. 4.23: Chain length evolution: a-c Cross sectional dI/dU line plots for N = 11,12
and 20 along [001] , e-g for N = 5,10 and 15 along [113] . d,h respective plots
after a Fourier transformation of the real space axis to momentum space. Red
arrows point to emerging electronic bands.

similar to a Cr dimer N = 2 along the same crystallographic direction, end states appear
starting from N = 3 and are shifted towards the Fermi level compared to the chain bulk
even for weak and purely indirect coupling, states in the bulk form dispersing bands visible
in momentum space for sufficiently long chains. In the following, less homogeneous chains

will be investigated to test the robustness of those trends.

4.4.5 Chain interruption

The next experiment has two goals: to check whether the order matters in which the
chain is built, and to see how a vacancy defect acts on the chain’s spectroscopic features.
First, a complete chain of N = 15 atoms along [110] was measured with cross sectional
spectroscopy as shown in figure 4.24a. Then one adatom was removed from the center of
the chain leaving a vacancy, and the measurement was repeated. As seen in panel b two
low-energy states around the defect appear very similar to the end states but with lower
intensity. This would not be incompatible with a topological state since the defect creates
another boundary. However, one could also see it as two N = 7 chains having two end
states each. Still, the coupling between the two closeby ends cannot be neglected so that
their end states appear slightly different, i.e. the reduced intensity with respect to the
original ends is indicative of this interaction. Since [110] is the direction with the fastest

decay of coupling strength, removing another atom from the closeby end of each chain,
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Fig. 4.24: Chain interruption: Cross sectional spectroscopy of a a N =15 chain along
[110], b the very same chain after removing the central atom and c after
removing the 3 central atoms.

as done in panel c, sufficiently decouples them to leave effectively two N =6 atom chains
remaining with approximately unperturbed spectral signature. This means that different
building order finally lead to the same resulting chain with low-energy end modes and

electronic structure characteristic for their direction and spacing.

4.4.6 Dimerized chains

To gain another possibility to controllably create different boundaries and well-defined
defects in adatom chains with the goal of understanding their effect on the overall chain
properties, dimerized chains have been built inspired by the so called Su-Schrieffer-Heeger
model (SSH)[71172] which has never been explored previously on magnetic impurity
chains on a superconductor.

The SSH model describes fermions on a one dimensional chain with staggered hopping
amplitudes v within two-atom unit cells and w between neighboring unit cells. The spin
of the electrons is omitted which makes a comparison to a real example difficult and
should be done with care, however, the hopping premise is nicely caught by the indirectly
coupled locally bound in-gap states. For the Cr chain shown in figure 4.25a the distance
along the crystallographic [111] direction is varied between 0.57 nm and 0.86 nm according
to next- and next-next-nearest neighbor separation, respectively. The scenario v > w is
represented by unit cells of type a since the short distance unit cell provides enhanced
hopping, which results in a topologically trivial regime according to the model. Looking at
the results in figure 4.25b clearly low-energy end modes are visible localized over the last
dimer unit cell. The cross sectional spectroscopy plot shows an alternating peak energy
in the bulk especially clear for the high-intensity peaks at negative energies shifting up
and down representing the staggered hopping sequence with a peak around —1.6 mV for
high hopping and one around -2.1mV for low hopping. Just before the end units an
up-shift of the low-hopping state can be observed as a transition to the end state. Next,

a single defect is introduced in panel ¢ as a domain wall by repeating the same distance
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Fig. 4.25: Dimerized chains: a Sketch of the Nb(110) lattice with a Cr adatom chain
along [111] having alternate spacing, i.e. a two adatom unit cell being a dimer
with short () or longer (f) spacing. b-d STM topography, d//dU maps at
E =0 (averaged +4;) and cross sectional spectroscopy data for N = 10 unit
cells of type a a, b a with a single adatom domain wall and ¢ (.

twice in the middle of the chain, ending up with a total of 21 instead of the previous
20 atoms. Like before, as defects represent a boundary, additional zero energy modes
should appear in case of a topologically non-trivial state. And once more the experiment
gives a rather vague answer with an enhancement at zero energy which is just at the
limit of experimental sensitivity, thus making an interpretation difficult considering the
complexity of this setup. Finally, the topologically non-trivial case v < w within the SSH
model corresponds to a chain of unit cell type 5 shown in panel d. The bulk looks identical
to the previous cases, however, the end units feature a less pronounced accumulation of
spectral weight at zero. This could be related to the larger intra unit cell atomic distance
since the end mode evolves the whole last unit cells consisting of two atoms which leads
to higher delocalization and therefore lower intensity. As already mentioned, the validity
to compare this setup to the SSH model is very limited. Therefore, the results shall not
be used to signal a topologically trivial or non-trivial state, which does not seem feasible,
rather they can demonstrate how challenging the identification of boundary modes as
topological modes is and that a lot of care is necessary, demanding experiments beyond

the detection of a zero-bias feature.
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Fig. 4.26: Chain towards 2D: a Cross sectional spectroscopy of a [110] Cr chain with
N =15. b Schematical illustration of how additional adatoms have been placed.
The very same chain like in a with an additional Cr adatom in 0.99nm dis-
tance in [001] direction from c,d the first atom, e,f the central atom of the
chain, creating a perturbation. In g,h 1, 2 and 3 adatoms have been placed at
positions 3, 6 and 10 of the chain, respectively. Red arrows point to effects of
perturbations visible in the plots. SPS curves d,f show the signal on top of the
respective chain atom before (black) and after (red) placing the perturbation.
h compares SPS on the three perturbed positions.

4.4.7 Towards 2D

With the final experiment concerning 1D chains, a first step towards the two dimensional
assemblies shall be done. To test the response to influences approaching from the side
of the chain, additional adatoms have been placed orthogonal, i.e. along [001], to a 15
atom chain along [110] .

This setup is shown in figure 4.26. Note that all spectra shown are exclusively taken
on the [110] chain and not on additional adatoms. As another remark, this particular
[110] chain is an example of a slight spacial asymmetry that is observed in some of the
investigated chains, despite the ideal scenario being a perfect mirror symmetry about an
orthogonal line through the center of the chain. As seen from figure 4.26a symmetry
is broken especially in the negative energy states. The reason in this case could quite
clearly be closeby oxygen or other adatoms coupling to the chain states. Even in very
contaminant-free areas subsurface defects not caught in STM scans can be responsible
for such imperfect chain symmetry. However, for this experiment it shall not obscure the
desired information.

The general concept of how controlled perturbations are placed is illustrated in panel

b. Additional Cr adatoms are moved to positions in 0.99nm distance, according to 3
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lattice constants, along the [001] direction, from an adatom inside the chain. This is a
very similar distance compared to the intra-chain separation of 0.93 nm, still, the Fermi
surface anisotropy leads to different coupling effects. If more than one additional atom
is placed they are separated by 0.66 nm. The first perturbation that should controllably
act on the [110] chain is a single Cr adatom at the first atom position. Indicated by the
red arrow in panel ¢, only very locally limited to one atom position a significant change
can be detected. Further it is only seen in the occupied states and does not have any
influence on the end mode peak as can be seen clearly from panel d that shows the spectra
on the first chain atom before and after placing the additional one. It leads to a shift of
spectral weight away from the Fermi level. In the next case shown in panels e and f, the
single perturbation is moved to the center of the chain. Like before the strongest effect is
observed in the occupied states and there it is spatially limited to one atom. A previously
broad peak seems to split into two clearly separated peaks. However, now an effect can
be seen also on the closest neighbor atoms where smaller changes in the unoccupied states
are observed likely linked to d,, hybridization. Finally, three different perturbations have
been placed at once. One single Cr adatom, a [001] close distance dimer and a trimer
in position 3, 6 and 10 of the chain. Looking carefully at the cross sectional STS their
positions can be clearly inferred from the data since they all induce a strong splitting
of spectral weight in the negative energies. There is no large difference depending on
the number of stacked adatoms creating the perturbation. At least between one (#1)
and two (#2) the peak intensities and energy positions are slightly distinct while the
trimer (#3) results in an effect very similar to a single atom. Remarkably, even having
all these additional adatoms closeby the end states characterized by a sharp and intense
peak seem not affected at all. These results highlight the individual atom character that
remains for each constituent of the chain given by the interaction being indirect and a
relatively weak hopping between them. Therefore significantly changing the quasiparticle
spectrum of one adatom leaves the rest of the chain mostly unaffected. Especially the
end states appear very robust. Moreover it is demonstrated how the superposition of
couplings along different crystallographic directions can create new possible variations of
the in-gap structure opening the door to two dimensional custom built nanostructures

bearing the hope that with engineering ingenuity exciting new physics can be found.

4.4.8 Results of a simple tight-binding model

To scrutinize the origin of the observed end modes, a minimal tight-binding model has
been employed to simulate a magnetic impurity chain coupled to a superconductor. This
model explicitly does not include spin orbit coupling which makes it impossible for the
system to enter a topological regime. Hence, all results are of trivial origin. The impurity-

substrate coupling parameter is taken as J = J.i to model the Cr YSR state close to
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Fig. 4.27: Result of a minimal tight-binding model: Calculated density of states at
zero energy along a cross section of a magnetic impurity chain embedded in a
superconductor modeled on an area of 50 x 92 lattice constants a.

zero energy. Other model parameters have been varied. A broadening parameter was
introduced to account for experimentally limited resolution.

Figure 4.27 shows the result of the calculated density of states at zero energy for a
chain of 8 indirectly coupled, i.e. spaced by 5 lattice constants, magnetic impurities on a
superconductor for specific model parameters. Quite clearly, an accumulation of states is
produced at the chain ends matching the experimental observation. Further, particularly
for indirectly coupled chains the outcome is largely independent of the chain length and is
similar also for dimerized chains. Even without the claim to reproduce the real situation
in the experiment, this is an important result giving a simple message: The phenomenon

of zero bias end modes can be described by topologically trivial mechanisms.

Chains summary

Recalling the experiments with bottom-up crafted Cr adatom chains on clean Nb(110), a
chain was thoroughly studied adding one atom at a time, crystallographic direction and
inter-atomic distance dependence was investigated on short chains with 5 adatoms and
chains up to 20 adatoms have been measured as well. It was further tested how chains
react to vacancies artificially introduced in a complete structure, to enlarged unit cells by
dimerization and to controlled perturbations by other closeby Cr adatoms. It was found
that strong low energy end modes emerge for each measured chain which can be perfectly
located at zero energy with particle-hole symmetry within experimental resolution for
certain chain configurations. These end modes are robust against perturbations and
occur, although weaker, also at defects that create additional boundaries. This is an
observation in agreement with theoretical predictions of a topological superconductor
hosting Majorana zero modes which is a major aim of research on these systems. Therefore
it is especially important, however, to keep a critical mindset and to consider all possible
origins of experimental observations. The appearance of zero bias end modes for chains as
short as 3 atoms in a row is the first observations clearly indicating a trivial phenomenon
since two Majoranas are expected to hybridize on short length scales. The fact that the
end modes appear for all measured configurations spanning a large parameter space is

another indicator for less exotic physics. And finally, a model that explicitly excludes



CHAPTER 4. RESULTS 94

topological phases can reproduce the experimental observations which ultimately leads to
unresolved ambiguity in the measurements. It is therefore concluded that the origin of low
energy end modes is trivial in the majority of cases and that under these circumstances the
discovery of potentially emerging topological boundary modes would be very challenging.
The presented study on magnetic impurity chains is of unprecedented scale in parameter
space owing to a system most tunable. Therefore the results, by questioning the criteria

that determine how Majorana modes are searched for20], pose an invaluable input for
the field.

4.5 Spin polarized measurements

The importance of strength and sign of magnetic exchange couplings for the interpretation
of the previously shown data was pointed out both in the superconducting and metallic
phase. So far, the discussion referred to the obtained theory parameters summarized
in figure 4.15 for Cr dimers, however, as already mentioned those calculations have been
partly checked by spin-polarized STM. Results will be shown in this chapter and highlight
both the remarkable predictive power of ab initio calculations as well as the necessity of
experimental verification.

In order to do so, an STM tip carrying a magnetic moment can be employed to achieve
atomically resolved spin contrast through a spin-polarized tunneling current. Two differ-
ent ways to obtain such a tip will be shown here: using a tip made entirely out of Cr which
assumes an antiferromagnetic ground state below the Néel temperature of 308 K, and an
in-situ tip functionalization with only few magnetic atoms. The latter is attempted in two
different ways: using a superconducting tip to set up spin polarized YSR spectroscopy
like recently demonstrated for the first time[28), and with a normal metallic tip. One
thing all techniques have in common is a usually very frail working condition where a loss
of spin contrast if often just a matter of time, in particular when atomic manipulation
processes are involved that easily modulate a slightly unstable tip apex. It requires a lot
of attempts and time so that up to present date results could be obtained for four chain
directions only. Therefore, at the end of this chapter an alternative way of distinguishing
FM and AFM chains with a common tungsten tip will be explored that was proposed in
section 4.3 about spin excitations. Measurements have been taken on chains consisting of
an odd number of Cr adatoms to ensure a magnetic structure that can be fixed with an
external field in case of AFM coupling. Data has been published [139:149],

4.5.1 Cr bulk tip

Cr bulk tips from etched high purity Cr bars are the standard way of doing spin polarized

STM in the used microscope system. Their spin contrast performance is characterized on
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Fig. 4.28: Sensing magnetic order with a Cr bulk tip: For each of the 4 shown
directions: STM topography image, dI/dU map with given value of external
in-plane magnetic field and corresponding extracted line profile, dI/dU map
and profile for opposite field direction showing reverted contrast. For direction
d a different microtip was used which did not provide reverted contrast.

an iron double layer on tungsten as shown in section 3.2.2 before the Nb(110) single crystal
is inserted into the microscope and Cr adatoms are deposited. Atomic manipulation
is employed to create spin chains that are object to the spin polarized measurement.
The initial tip preparation serves the purpose to start off in the best possible situation
increasing the likelihood of a successful in-situ repreparation of a spin sensitive tip after
the chain assembly. To do that, the tip apex was modulated by bias voltage pulses
between —1 and -3 mV or Cr atoms from the surface were approached with the tip until
they jumped to the apex where their magnetic moment is fixed by the antiferromagnetic
exchange to the bulk. Thus, ideally the Cr tip has a stable direction of magnetic moment
that holds against external fields applied along different vectors.

The results featuring spin contrast are shown in figure 4.28. For the used tip it was only
seen for specific in-plane orientations of the externally applied field. The weak magnetic
anisotropy of Cr moments on the surface likely align with the field while keeping their in-
ternal magnetic structure. For the presented chains along [001], [110] and [111] the very
same tip configuration could be maintained to measure with constant spin contrast. For
each direction figure 4.28a-c shows, from top to bottom, a topography scan, a dI/dU map
acquired with open feedback to avoid set point effects while an in plane field of 0.7T
was applied, a corresponding cross sectional profile taken from the scan above, another
dI/dU map and line profile for the opposite magnetic field direction. The chains [001] and
[110] quite clearly exhibit alternating contrast indicative of AFM coupling for +0.7 T with

3This conclusion is drawn from the observation of spin contrast in presence of an external out of plane
field with a different tip which is shown later.
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more intensity on 4 out of 7 atoms which means that the tip magnetization is aligned with
the field and consequently the residual moment of the chain. The [111] chain signal does
not alternate suggesting FM order. Only at the end atoms a weaker signal is detected
which is very likely not related to magnetism but to the distinct density of states at the
chain ends. In the next step, the field is reverted to -0.7 T in antiparallel direction. This
is crucial to distinguish the observed signal from non-magnetic effects. Indeed, the AFM
chains [001] and [110] both demonstrate reverted contrast with the three atoms in even
positions appearing with higher intensity. Since the switching of contrast was triggered
only by magnetic field reversion, the effect is clearly of magnetic origin. However, in this
direction the contrast is significantly weaker which suggests an effective rotation of the
tip magnetization under the applied field. Further, a field increase to -1T overcame the
anisotropy at the tip apex and aligned its moment which then leads qualitatively to the
same picture detected for +0.7 T. The [111] chain confirms an FM order by showing an
overall reduced intensity for the reverted field. Finally, figure 4.28d depicts the case of
a chain along [111] with one step larger distance between the atoms. The measurement
was taken with the same macrotip, however, after it experienced a microtip change which
lead to a loss of the previously stable magnetization direction. Therefore a contrast rever-
sion could not be obtained in this case. Nevertheless, the observed alternating contrast
strongly indicates AFM order along the chain. While [001] (AFM), [110] (AFM) and
[111] 0.57nm (FM) quite remarkably confirm the theoretical prediction, [111] 0.86 nm
exhibits AFM order contrary to the theory result which suggested to weakly favor an
FM structure. Overall, measurements with the Cr bulk tip eventually yielded the desired
information, however, the unpredictability concerning the timescale and success of the
experiment makes it worthwhile to investigate alternative routes to spin polarized tunnel-
ing. In particular, the availability of well-isolated single magnetic surface adsorbates in
the present experiment promotes the use of controlled tip functionalization by picking up
single atoms to the tip apex. Results of two distinct approaches using this concept will

be described in the following.

4.5.2 Fe functionalized SC tip

The idea of functionalizing the tip probe in-situ is not new to STM. It was used in this
work widely to pick up a superconducting Nb cluster. However, the intriguing concept
to induce YSR states into the superconducting tip gap by picking up single magnetic
adsorbates is more recent 23301, Tt is based on the complete spin polarization of particle
and hole part of a YSR state (see section 2.1.2).

Here, it was done by adding two Fe adatoms to the apex of a tip which was previously
functionalized by a superconducting Nb cluster. To do so, the tip is positioned on top of

the adatom and approached in open feedback until a tunneling current of approximately
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Fig. 4.29: Fe functionalized Nb tip: a-c STM images of the same area with cor-
responding sketches showing the process of subsequently picking up two Fe
adatoms with a superconducting STM tip. Grey (red) circles mark the (picked)
Fe adatoms. d STS taken on the clean substrate representing the tip density
of states with a pair of YSR states. An out of plane magnetic field of 2T was
applied to suppress superconductivity in the Nb substrate, not in the tip Nb
cluster. e-f Topography scans and cross sectional STS on 7 atom Cr chains
along three different crystallographic directions.

120nA at 5mV is reached. Voltage pulses of 2 V are then applied until a change of tunnel-
ing current is observed which indicates a successful transfer to the tip. Like shown in figure
4.29a-c, the atoms are controllably picked up one after the other as seen from subsequent
topography scans over the very same sample area. Fe is chosen because it tends to couple
ferromagnetically with rather strong out of plane anisotropy and the Fey, dimer induces
intense YSR states well inside the gap without overlap at the Fermi level (see figure 4.7).
When the desired spectral signature is obtained upon measuring on the bare substrate,
the tip functionalization was successful. Under an external magnetic field (here 2T out of
plane), used to stabilize the chain magnetization, the d//dU signal shown in figure 4.29d
is detected. While fields above the critical field of 0.5T fully suppress superconductivity
in the Nb single crystal, a much larger field is needed for the Nb cluster at the tip depend-
ing on its shape. Therefore the tip gap (A = 1.45meV) with a pair of YSR peaks persists.
Since this dI/dU spectrum represents the tip density of states, occupied and unoccupied
states are now flipped compared to the sample DOS, i.e. found at positive and negative
bias voltage, respectively. YSR pairs are intrinsically spin polarized so that the resonance
at positive bias should only allow tunneling of electrons with spin aligned to the applied
field resulting in varying intensities with opposite behavior for particle and hole peak
depending on the sample magnetization. Surprisingly, this is not observed for Cr adatom

chains along [001], [110] and [111]. Especially the former two that are already known
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to feature AFM coupling do not produce the expected signal contrast. Instead, a small
alternating shift in energy is observed for both peaks in the same direction. A constant
shift is observed for the [111] chain consistent with the previously determined FM order.
This result was obtained independently from the orientation and strength of the applied
magnetic field. In conclusion, the observation of shifting peaks seems to be reminiscent
of the real magnetic structure being either FM or AFM, however, it indicates a very low
spin polarization of the tunneling electrons contrary to the expectation, ultimately too

weak to determine the state of unknown structures.

4.5.3 Cr functionalized metallic tip

The second tip configuration that produced an especially clear spin polarized dI/dU signal
was obtained by picking up a single Cr adatom to the apex of a normal metallic tungsten
tip characterized on Ag(111). To pick up a Cr adatom voltage pulses turned out to be less
useful and did not succeed in the majority of cases. Rather, approaching the tip in small
steps until an abrupt small jump in the tunneling current occurred, lead to the desired
pick-up event?. However, the success rate of this method seemed significantly lower than
for the previously described Fe pick-up. Unwanted outcomes like larger clusters dropping
from the tip to the surface or picked from the surface to the tip happened in some at-
tempts. The latter event can become problematic since picked up Nb clusters eventually
establish superconductivity in the tip which is situationally unwanted because it depopu-
lates energies around the Fermi level that can potentially provide spin polarization, plus,
it is often irreversible without exchanging the whole STM tip®. Moreover, depending on
the specific microtip the resulting spectroscopic behavior can greatly differ even after a
successful pick-up process.

Figure 4.30a schematically illustrates a pick-up event of a Cr adatom and panel b
the resulting tip density of states. All curves were acquired under an external magnetic
field of > 1T and with the tip positioned over the bare substrate so that the difference
between the grey line and colored lines describes only a change in the tip where after
functionalization two peaks at approximately +1mV appeared in the spectra. Further,
their response to an increased magnetic field, i.e. both peaks shifting away from the
Fermi level in opposite directions, indicate their magnetic character and opposite spin
polarization. In agreement with both theory and previous data, antiferromagnetic order
is concluded from measurements along 7 atom chains along [001] and [110] , ferromagnetic
order for the short distance chain along [111]. dI/dU maps, dI/dU cross sections and
SPS on oppositely magnetized chain atoms are shown in figure 4.30c-g for the three

chains. Here, the external magnetic field of 2T was applied out of plane. Together with

4Occasionally a Cr adatom was also picked up unintentionally during atomic manipulation.
A tip exchange requires a full stop of the experiment, followed by approx. 5h cooldown and a reprepa-
ration of the Nb sample.
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Fig. 4.30: Cr functionalized W tip: a Sketch of the functionalization of a W tip with
a single Cr atom. b Comparison of STS taken on clean substrate before (grey)
and after (color) Cr pick-up and magnetic field dependence of functionalized
tip. c-g dI/dU maps and energy-resolved d//dU cross sections with spin con-
trast on 7 atom Cr chains along three distinct directions, for AFM contrast d,f
show SPS on atoms #3.,4 for respective directions. Blue and red arrows show
alignment with external magnetic field B = 2T applied out of plane. Black line
(arrow in c,e,g) indicates energy of dI/dU maps. h Topography scan of the

area with the three investigated chains.
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Fig. 4.31: Sensing magnetic order with a bare W tip: STS along chains without a
spin-polarized tip and applied field of 1T out of plane. a [001]: Alternating
behavior around zero is clearly visible. b [110]: alternating order can be
guessed but is obscured by bad datapoint on atom 5. ¢ [111]: Signal has no
clear order, a bad datapoint can be inferred on atom 3. For all chains a distinct
signal at the ends is observed.

the observed spin contrast with the Cr bulk tip it confirms that the chain magnetization
follows the external field both for in plane and out of plane directions. Remarkably, the
functionalization with a single Cr adatom yielded the clearest spin contrast out of the three
tested methods. It means that two peaks in the DOS of opposite spin could be observed,
simultaneously demonstrating anticorrelated intensity changes depending on the sample
magnetization like highlighted in figure 4.30d,f. This is basically the situation which was
envisioned in the method of spin polarized YSR spectroscopy described in the previous
paragraph. Note that the peak at negative bias represents the tip unoccupied states,
thus it enhances the signal for sample magnetization anti-aligned with the external field,
i.e. even atom numbers in AFM chains [001] and [110] , while the tip occupied states at
positive bias side favor tunneling of spin moments aligned with the field. From that one
can also understand that the presented d//dU maps which were acquired at the energy
of the negative bias peak show high intensity on the atoms that are anti-aligned to the
tip magnetic moment which always matches the field direction. Due to low tip spin
polarization at the Fermi level which dominates the signal at positive bias, no contrast
was observed for dI/dU maps at those voltages. Finally, the topography scan in figure
4.30h shows the area where the three measured chains were created, acquired with the
functionalized tip. A close look at the chains reveal spin contrast even in the z profile
created by the integrated LDOS.

Overall, the single Cr functionalization has proven very useful for atomic resolution spin
polarized measurements, however, so far it lacks a refined method to reliably reproduce a

working condition.

4.5.4 Bare tungsten tips

As outlined in section 4.3, the metallic phase response to magnetic nanostructures can

be different for FM and AFM coupling. If this is sufficiently clear, a much easier deter-
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mination of their magnetic order could be performed on unknown adatom formations by
using a common bare tungsten tip. Data for 7 atom chains is shown in figure 4.31 for
an out of plane field of 1T. Consistent with previous results, the [001] chain exhibits a
clear even-odd alternation in the observed feature around the Fermi level. However, the
interpretation for directions [110] and [111] relies on very weak effects, only distinguish-
able after averaging over 25 acquired STS on each atom. Additionally, bad data points
obscure the result even more. Taking into account the highly distinct signals at the ends
leave only the 5 internal atoms for inferring a magnetic order. Therefore, to reduce the
influence of bad data points, ideally longer chains would have to be used. Nevertheless,
the biggest restriction for this method, especially when applying in two dimensions, is the
strong directionality of the zero-bias feature which yields different accuracy depending on
the measured structure. Conclusively, despite an influence of the magnetic order on the
metallic response is very likely, it is by itself not suited to determine the magnetic state

of nanostructures.

Summary

In summary, the use and exploration of four different experimental methods in addition
to theoretical predictions in order to unravel the internal magnetic structure in coupled
Cr adatoms and chains on Nb(110) is important and worth the effort, for the following
reasons: (i) the challenging character of spin sensitive STM techniques up to day nat-
urally benefits from the exploration of alternative routes to achieve spin contrast, (ii)
information about the magnetic exchange is a crucial parameter for almost every theo-
retical model of the system, ultimately decisive for the physical understanding of those
systems, therefore a robust and consistent result from different ways to probe it is of high
value. Indeed, all four experimental attempts yielded consistent conclusions about the
magnetic structure of Cr adatom chains along [001], [001] and [111] (short distance).
The result is of high reliability for the Cr bulk tip and the single Cr functionalized metal-
lic tip. In the former case, a limited but sufficiently fix magnetization direction allowed
to confirm a contrast reversion for opposite external fields strongly suggesting spin sen-
sitivity. The second case, a single Cr pick-up, could compensate its free spin direction
having well-separated DOS peaks of opposite spin polarization that nicely demonstrated
anticorrelated behavior on magnetized chain atoms. The situation is less clear for the
Fey functionalized superconducting tip which exhibits very low spin polarization on Cr
adatoms. Still, also here the correct information could be inferred by an observed energy
shift of tip YSR resonances depending on the originally assumed magnetization on each
chain atom. Finally magnetic order could be inferred even without tip functionalization
from the intrinsic zero-bias anomalies on Cr adatoms exhibiting an alternating shape

on AFM chains. However, directionality and low signal-to-noise ratio strongly limit its
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usefulness as a magnetic probe on unknown structures.

The three different coupling configurations mentioned so far agree perfectly to the
theory results from ab inito which emphasizes the accuracy of calculations, however, one
additional configuration, i.e. [111] with a longer spacing of 0.86 nm, did not show the
predicted structure pointing out the complexity of the coupling and the importance of

experimental determination.

In upcoming experiments, more chain
variations as well as two dimensional spin
textures (see image to the left) shall be
scrutinized with spin sensitive STM in
order to ascertain the validity of theory
models that can attempt to distinguish

trivial and non-trivial boundaries on such

structures based on the magnetic order

Figure: STM image of an area prepared which is crucial for their emergence.

for magnetic order determination with a

Cr bulk tip, finally unsuccessful.
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4.6 2D spin nanostructures
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Figure: Cr adatom assembly in-
lished studies.

spired by the Kagome lattice.

This section will present results on several different 2D structures assembled atom-by-
atom from magnetic Cr adatoms on Nb(110). However, the experiments on this topic
are at present unfinished and moreover, the understanding of the observations is not yet
on a satisfying level. Therefore this section shall give a mere outlook on this topic and
will point out some trends derived from the observations made. In particular, it shall be
investigated (i) to which extend the combination of different coupling directions can be
seen as a superposition of dimer interactions scrutinized in section 4.2, (ii) what happens
at boundaries like corners and edges and how their shape matters, (iii) whether the size
of the assemblies matters and (iv) whether there are zero-energy boundary modes. The
latter question is again asked with regard to topological superconductivity, however, like

before an unambiguous result is not expected from these experiments.

4.6.1 Rectangular lattice, broken Symmetry and Frustration

At first, the focus shall be on two dimensional structures where the coupling mainly acts
along the high symmetry directions [001] and [110] . Inevitably, a diagonal coupling along
[111] arises as well, however, over the longest adatom distance. Thereby, a non-symmetric
triangular assembly and a symmetric full rectangular one shall be scrutinized.

To characterize each adatom assembly, full spectroscopic grids have been acquired to
obtain complete three dimensional information including two space and one energy dimen-
sion. Sampling rates provide spatial step sizes of #0.16 nm and energy steps of <20uV.
Figure 4.32 shows results on the simplest triangular and rectangular structures. Topogra-
phy images demonstrate a clean environment. The schematical plots define the color code
referring to STS data on 2D structure adatoms (filled circles) and on adatom pairs along
corresponding crystallographic directions from section 4.2 (lines). White arrows show an
assumed spin alignment concluded from spin polarized measurements on adatom chains

along [001] and [110] in section 4.5 which both favor antiferromagnetic order.
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Fig. 4.32: Superposition of dimer interaction: a Topography image and lattice posi-
tions of 3 Cr adatoms in a triangular (b 4 atoms in a rectangular) arrangement.
White arrows indicate assumed spin alignment. ¢ STS on all 3 triangle atoms
(colors like in a) with single Cr reference (grey). d STS on adatom pairs ar-
ranged like depicted in insets (colors correspond to lines in a,b). e STS on
rectangle atoms (red) with single Cr reference (grey). e STS in 2 different
positions on rectangle indicated in insets. Insets: dI/dU maps at 2 different
energies indicated in STS plots showing split into bonding and antibonding

state.
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First, STS on the triangle structure (panel c¢) shall be compared to the separate pair
interaction results (panel d). The most isolated triangle adatom depicted as a filled red
circle is in 0.93nm and 1.14nm distance to the green and blue adatom, respectively. Its
YSR spectrum drawn in red shows the dominant peak with nearly particle-hole symmetric
intensity at +/A; marking the zero energy. Note that the grey isolated Cr reference data
was obtained with the same microtip but at lower temperature, therefore signals are
broadened on 2D structures and more intensity may appear inside the tip superconducting
gap. Another well separated pair of peaks at £1.9mV can be clearly identified. Looking
at panel d, the interaction along [110] acts on the dominant d.» derived peak with a
shift to positive energies across zero and promotes the d,, derived peak on top of the
atom at negative energies around -2.3mV. In contrast, the interaction along [111] with
1.14nm distance apparently shows minimal hybridization in the d,» peak and acts on the
dgy peak with a shift away from the Fermi level. This interpretation is consistent with
geometrical expectations. Naturally, in the hybridization of orbitals between 3 adatoms,
the result is more complex than just adding up coupled pair interactions, however, due
to the strong indirect coupling component and relatively large adatom spacing, roughly
both influences from [110] and [111] can be identified on the red triangle atom. One would
expect that this is best observed on adatoms with rather large and comparable spacing
to their neighbors like it is the case here. Coupling between the remaining two adatoms
is governed by a strong negative shift of the d.» peak observed for the [001] direction. It
dominates the resulting spectra due to the strong shift, however, the peak on the green
triangle atom appears somewhat closer to the Fermi level than on the adatom pair, being
at around —-1.9mV and -2 mV, respectively. This might be attributed to the counteracting
positive shift from the [110] interaction which is indeed of this order. Further, influence
of the third adatom on YSR states derived from other orbitals can not be neglected and
causes green and blue adatoms to be distinct, so that all three triangle atoms are different
which reflects the asymmetry of this arrangement.

The substrate’s twofold symmetry is recovered when adding the fourth adatom to com-
plete a rectangle which makes all of them equivalent. The same spectrum is obtained
on all four and shown in panel e. It is again dominated by [001] coupling with strong
d,2 signal at —1.9mV and 2.1 mV, showing another peak at —2.3mV due to hybridization
of other orbitals. Finally, in panel e, for the example of the positive energy peak on the
4 adatom rectangle, a splitting into bonding and antibonding states in both space and
energy is demonstrated. Note that both states tend to overlap on top of the adatoms
where most presented spectra are acquired leading to a broadening of the YSR peaks.

In the next step, the two dimensional assemblies are scaled up to 7 adatoms per edge,
meaning 28 Cr adatoms in the triangle and 49 in the rectangle geometry. Topography
images are presented in figure 4.33 a and b together with zero energy dI/dU maps corre-

sponding to the added intensity at +A;. Here, both zero energy maps are shown with the
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Fig. 4.33: Bigger nanostructures: a Topography image and zero energy dI/dU map
(identical colorscale limits) of triangular lattice from 28 Cr adatoms, b rect-
angular lattice from 49 (7x7) adatoms. Colored lines with rhombic markers
indicate paths of STS cross sections shown in c-g. Dashed white lines mark
the tip superconducting gap. h Comparison of STS on the very same corner
adatom inside the triangular (red) and rectangular (green) lattice shown as a
filled red circle in the inset illustrating the lattice atoms. Above 2 dI/dU maps

at indicated energies are shown for triangular (left) and rectangular (right)
lattice.
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Fig. 4.34: Potentially non-collinear structures: a 5 adatom arrangement with com-
peting magnetic exchange couplings and hypothetical resulting spin alignment.
b 73 adatom arrangement inspired by the Lieb lattice and containing 9 struc-
tures like shown in a. ¢ 92 adatom arrangement inspired by the Kagome lattice.

same colorscale contrast to highlight differences and similarities. In general, the spectra
are characterized by a negative shift of the dominant peak due to [001] coupling away
from the Fermi level. Therefore nowhere in these two structures a zero energy peak is
observed. However, like for the chains in section 4.4 a shift towards the Fermi level oc-
curs together with accumulation of spectral weight at boundaries. This leads to higher
intensity at zero at edges and even more at corners. By far the highest accumulation of
spectral weight close to zero is found on the most isolated triangle atom which is essen-
tially in a similar situation like in figure 4.32 for the 3 atom triangle not having a direct
[001] coupling to other adatoms. Moreover, the triangle exhibits a rather irregular distri-
bution along the edges better seen in figure 4.33c-e. The cross section along [001] might
suggest a periodic shift of YSR states. Along [001] a discontinuity appears at the center
of the edge, while the [111] edge shows a more continuous change of energy shifts for each
YSR state. Overall, the interplay of translational symmetry and missing mirror symmetry
seems to produce an intriguing electronic structure that likely needs a larger number of
unit cells to unfold regular patterns. In contrast to that, the twofold mirror symmetry of
the rectangle produces expected patterns corresponding to dispersing bands with accu-
mulation of spectral weight of low energy states at edges as seen in panels f and g. The
corners are characterized by broader peaks close to zero with respect to the edges. Panel
h compares the bottom left atom position in triangle and rectangle geometry. In both,
it has the same immediate environment within at least 4 nm radius and indeed features
very similar spectra in both cases. This again highlights the character of dilute adatom
nanostructures where indirect coupling maintains an important role and the individual
atoms can be considered separately to a certain degree. Despite being similar, the spectra
are not identical, especially in the energy position of the less intense peak below —2mV.
It belongs to a bulk band as can be seen from the depicted dI/dU maps at corresponding
peak energies for triangle and rectangle. As a consequence of the emergence of bonding
and antibonding states shown in figure 4.32e, it demonstrates the creation of bands de-
pending on the nanostructure as a whole, so that the individual atom description only

considering an interaction radius of 4 nm is not fully sufficient.
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So far, the spin texture of magnetic nanostructures could be quite easily guessed from
the favored antiferromagnetic coupling demonstrated for the predominant coupling paths
[001] and [110] in the rectangular geometry. A difference in the superconducting regime
between even and odd number of atoms resulting in a vanishing and non-vanishing resid-
ual magnetic moment, respectively, could not be observed. Although it could not yet
be verified, assembling structures with competing ferro- and antiferromagnetic coupling
of comparable strength may enable the design of nanostructures with non-collinear spin
textures, without doubt a very interesting prospect for the field of atomic-scale magne-
todynamics. According to DFT calculations® this requirement is met by Cr adatoms
coupled along [111] with 0.57nm and [001] with 0.66 nm spacing. Like shown in figure
4.34a, inserting an atom in the center of the previously shown rectangle, realizes this
combination. Two different nanostructures have been assembled containing this 5 atom
unit, however, more experiments are needed to unravel their magnetic properties. Their
design was inspired by famous literature examples, i.e. the Lieb[™! and the Kagome
lattice174175] Especially the latter is known for its intriguing quantum spin dynamics,

electron correlations and even topological states.

4.6.2 Rhombic lattice

Another different geometry that has been built with some variations is the rhombic lat-
tice. Like the rectangle it is characterized by twofold symmetry, the shortest adatoms
distances are 0.85nm along [111] and 0.99 nm along [001] . Out of those two, only for the
[111] x3 coupling a spin sensitive result could be obtained and indicated antiferromag-
netic coupling, thus AFM order is assumed for this geometry. Larger adatom assemblies
have been built in the variations: empty bulk, filled bulk and rectangular edge cut.
Results are shown in figure 4.35. Panels a and b again show the simplest rhombus con-
sisting of four adatoms. Like before, panels ¢ and d compare the adatom pair interaction
along the relevant directions with the rhombus atom spectra. The direction [110] was
omitted here because of weak pair interaction. As one can expect from a geometrical
point of view, the d,, derived YSR state is likely main subject to hybridization and the
formation of bands. In this configuration a lot of spectral weight remains around zero.
Panels e,f and g show topography images of three rhombus variations, while in h, corre-
sponding constant energy dI/dU maps are depicted. The maps express the complexity
of two dimensional YSR band creation where slightly different signals are obtained on
almost every adatom in the assembly while obeying the twofold symmetry. For each vari-
ation a zero energy map is given. All three show significant spectral weight at zero over
the whole structure so one can say in contrast to the rectangle structure that there is no
bulk gap. Interestingly, while there is at least a slightly enhanced intensity at corners and

edges of variations f and g like it was previously quite generally the case, variation e with-
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Fig. 4.35: Rhombic lattice: a Topographic image of 4 adatoms forming the rhombic
lattice unit cell. b Lattice positions and spin alignments. Lines indicate inter-

action along specific directions shown as STS on a
Cr reference (grey). d STS on 2 different sites of
Topography of 3 multi-cell rhombic lattice variati

datom pairs in ¢ with single
adatoms shown in a,b. e-g
ons: empty bulk, filled bulk

and varied boundary. h Several dI/dU maps at picked energies corresponding
to structures to the left. i,j STS comparing same atom position (filled red
circle) in similar structures: i rhombus filled (red) and empty (green), j filled

rhombus with different boundary.
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out bulk atoms shows less zero-energy intensity at its corners. A qualitative explanation
could be that in this case the corners form triangles as two dimensional structures while
in between there are one dimensional adatom wires. Spectral weight in general is more
smeared out on 2D than on 1D structures. Another example for this can be seen in panel
i where the same adatom corner position marked in red is compared for the filled and
empty rhombus. In addition to three energetically almost equivalent peaks, a fourth one
in the filled rhombus comes from the [001] interaction and seems to reduce the intensity
for the other peaks, hence there is a flow of spectral weight to the additional peak. Fi-
nally figure 4.35j demonstrates a similar relation between individual atom and complete
structure contributions like figure 4.33h for the rectangle. It compares a locally equivalent
bulk atom position in the rhombus for different edge cuts. Despite being very much alike,
small differences show that the YSR band formation depends on the boundary, at least

for the here realized nanostructure sizes.

Trends & Outlook

The possibilities to design 2D geometries on this platform are large, and the assemblies
realized so far demonstrate how YSR band formation can be tuned and engineered by
different combination of adatom pair interaction and boundary shapes. Figure 4.36 shows
an overview over all measured 2D nanostructures with a topography image and corre-
sponding zero energy maps. Panels a-d each show the evolution by scaling up the size of
a certain geometry. Owing to the dilute character, i.e. placing adatoms not in nearest
neighbor sites made possible by their long range interaction, an asymptotic limit seems
reached already at sizes of about 4 edge atoms for the low-energy states. The higher
energy bands would need bigger structures to unfold their periodicity. Assemblies shown
in e were built mostly out of scientific curiosity and inspired by other works, e.g. pre-
dicted controllable Majorana states in impurity-spin ring structures[!92. Unraveling the
peculiar shape of their electronic states will be a task for upcoming theory models. In any
case, to explore the possibility of creating topologically non-trivial bands which would be
one major achievement in this field a close collaboration between theory and experiment
is inevitable. At the end of this work such a collaboration was just established. Going
beyond chain assemblies in versatile platforms of magnetic impurities on superconductors
bears great potential, e.g. in the creation of crystalline topological superconductors from

Shiba lattices, promising fruitful upcoming research.
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Fig. 4.36: Realized magnetic nanostructures overview and corresponding zero

energy d//dU maps: a Rectangular lattice 2x2...8x8. b Triangular lattice.
¢ Rhombus empty bulk, d filled bulk. el-3 chain-like, 4-5 ring-like assemblies,
6-7 superstructures inspired by Lieb lattice and Kagome lattice.



5 Conclusion & Outlook

This work has consistently followed systematic measurement protocols using a great va-
riety of tools offered by STM to get access to well-defined trends in nanoscale interfaces
of magnetism and superconductivity, a topic of ongoing debate in solid state physics.
The system under test was the prototypical elemental s-wave superconductor Nb with
magnetic impurity atoms in dilute concentration adsorbed to the clean Nb(110) surface.

An investigation of single isolated impurities from five 3d elements correlated the eval-
uation of angular momentum-resolved magnetic impurity-substrate coupling J inferred
from YSR spectroscopy, relative quantification of a reduced superconducting order pa-
rameter via Josephson supercurrent analysis and the characteristics of zero-bias features
in the system’s metallic phase supported by first-principles calculations. A periodic be-
havior regarding the adatoms’ spin moment throughout the subsequent order numbers
was observed in agreement to calculations: Vanadium is weakly magnetic and couples fer-
romagnetically to the substrate, therefore induces no sub-gap states to superconductivity,
has a small effect on Cooper pair tunneling and is featureless on metallic Nb. Chromium
has a large spin moment which is screened ineffectively, inducing deep YSR states with
its J being close to the critical value defining a quantum phase transition between ground
and excited spin state, resulting in the by far strongest supercurrent reduction and a sharp
step seen in metallic phase spectroscopy. Manganese and iron have high spin moments
that are progressively screened more effectively by stronger coupling to the substrate,
leading to shallow YSR states closer to the gap edge, less influence on superconductivity
and broader signals in the metallic phase. Cobalt adatoms end up without any resid-
ual magnetic moment. Conclusively, a balanced impurity-substrate coupling with high
spin moment avoids screening from the continuum of quasiparticles which results in the
strongest detrimental influence on superconductivity. This balance is well-met for Cr
d.2 as well as d,, states atop the Nb(110) surface crystal field.

The consequence is a low-energy quasiparticle wave propagating several nanometer away
from the Cr adatom before being fully damped. From direct spatially resolved observation
of YSR state hybridization between two impurities, oscillating patterns in distance de-
pendent Cr-Cr interaction was observed up to 4 nm, where the mediation via overlapping
YSR wave functions is fully attributed to the superconducting condensate. This results in
a direct transfer of the Nb(110) Fermi surface anisotropy to a strongly directional impu-

rity coupling. In order to characterize the Cr-Cr vector-dependent energy shift of sub-gap
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resonances, a total of 31 impurity dimer configurations has been probed using atomic
manipulation. Ultimately, a demonstration of hybridization induced, equilibrium state,
controlled YSR state tuning through an energy range of approximately 2meV across the
quantum phase transition at zero energy is one of the highlights of this work.

In close collaboration to first-principles theory, the evolution of the sharp step-like
zero-bias metallic phase response on Cr adatoms has been investigated in magnetic field,
at elevated temperature as well as in dimer and trimer adatom rows. Despite a Kondo
resonance as the origin of the spectral shape cannot be ruled out, the intriguing approach
of an anomalous spin excitation feature could explain the observations well. Splitting
minority and majority spin channels in external fields might prove useful insight with
regard to spintronics devices. A crucial role of the magnetic exchange coupling, i.e. ferro-
or antiferromagnetic, was pointed out for the dimer and trimer spectra, as well as the
substrate anisotropy in determining it.

The search for topological superconductivity and Majorana zero modes in proximitized
spin chains so far lacked a test platform with sufficient control over a large set of param-
eters. Cr quantum impurities on Nb(110) embody this requirement, therefore a big-scale
study of one dimensional assemblies has been conducted building a Cr chain step-by-step,
tuning the length, crystallographic angle, hopping amplitudes and magnetic exchange.
Irrespective of most variations, a general trend of spectral weight redistribution was iden-
tified: chain ends accumulate intensity at low energies, bulk modes at higher energies
form dispersing Shiba-bands. Certain chains match criteria for Majorana end modes, be-
ing particle-hole symmetric end locked at zero energy. Additional concepts to distinguish
topological modes, i.e. introducing artificial boundaries or modulating the hopping am-
plitude, did not rule out their existence. However, a minimal trivial-regime tight-binding
model confirmed the origin of the above stated trend to be non-topological and repro-
duced all test results with suitable parameters. In conclusion, despite controlling a huge
parameter space non-trivial end modes are not distinguishable from trivial ones.

In order to theoretically elucidate spin nanostructures and to create one and two dimen-
sional assemblies with tailored magnetic properties, a decisive role is played by the sign of
exchange interaction. Its experimental determination on the atomic scale is a challenging
but powerful way to use the STM. Three methods to obtain spin-polarized tunneling have
been tested and compared. Less useful was tip functionalization with a superconducting
Nb cluster and an iron dimer on the apex to employ spin-polarized YSR states for sens-
ing magnetic orientations. Despite being conceptually the most promising, measurements
yielded very weak spin contrast. Both Cr bulk tip and single Cr in situ functionaliza-
tion yielded good results, however, with low success rates. The magnetic order of three
distinct Cr chains along different crystallographic directions has been consistently deter-
mined: [001] (adatom distance 0.66 nm) and [110] (0.93nm) are antiferromagnetic while
[111] (0.57nm) has ferromagnetic order.
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This work ends with an outlook into two dimensional assemblies, potentially extending
concepts established so far to experimentally nail down the border between trivial and
topological phases. After retracing the YSR signatures from dimers over chains to 2D lat-
tices and observations of bulk Shiba bands as well as spectral weight accumulation at edges
and corners, different concepts inspired the assembly of ring-structures and potentially
frustrated spin lattices. However, both experimental and theoretical characterization are
at an incomplete stage.

Considering the extensive research on 1D spin structures yet remains scratching the
surface of topological superconductivity, the future search for exciting physics at the
artificially crafted quantum spin-to-superconductor interface will likely progressively take
advantage of the additional prospects of the second space dimension. The results of this
thesis pave the way for a large-scale study on proximitized tailored spin textures featuring
Shiba bands well inside the superconducting quasiparticle gap. Spin-triplet supercurrents
and braiding concepts for Majorana modes may thus find new approaches for realization.

Not all results in this work are well-understood, yet it poses an extensive and coher-
ent exploration of maybe the most controlled, tunable and formable quantum spin-to-

superconductor interface system studied up to date.

Postface

Just around the time when Onnes discovered Superconductivity, Albert Einstein formulat-
ed a general theory of relativity [176. For now more than 100 years scientists merely confirm
implications of his ideas.

However, solid matter with its full spectrum of many-body phenomena not seldomly
leaves nuts uncracked even for the most powerful theoretical methods. In the previous
chapters it occasionally proved challenging to explain the experiment with theory models
to a satisfactory extend. This promotes the abiding importance of experiments unveiling
the unforeseen rather than just confirming predictions or as Onnes has put it: "Through

measurement to knowledge."
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