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Zusammenfassung

In der vorliegenden Arbeit wurden zwei neuartige Matetasken, Graphen und topologische
Isolatoren, untersucht. Diese wurden mit Einzeladsorbated Nanostrukturen der Uber-
gangsmetalle Fe, Co und Ni kombiniert. Die Wahl begriindét gierch deren hohe tech-
nologische Relevanz, basierend auf ihren ferromagnetisEigenschaften. Die Studien um-
fassten sowohl experimentelle Methoden, vornehmlich digtd&runnelmikroskopie und die
Rontgenspektroskopie, als auch theoretische BerechnuDgekrgebnisse erlauben wesent-
liche Rickschliusse auf die elektronischen und magnetideigemschaften der Adatome, bzw.
deren Auswirkungen auf das jeweilige Substrat.

Graphen ist eine monatomar dicke, flexible und ungemeirstiee Struktur, die aus Kohlen-
stofatomen aufgebaut ist. Es weist besondere elektronisclem&ibaften auf (z.B. hohe elek-
trische Leitfahigkeiten), die aus der Bindung der C-Atomeetgihander resultieren. Es wur-
den zwei verschiedene Graphen-Typen auf einem SiC Supséaédriert und untersucht.

In der ersten Studie wurde die Entkopplung des Graphenshaine zusatzliche Kohlen-
staflage erreicht (Graph¢®iC). In diesem Fall wurden einzelne spezifische Adsorpgions
sitionen fur Co und Ni Atome, sowie paramagnetisches Veghdlir Fe und Co aufgedeckt.
Im Gegensatz dazu sind Ni-Cluster nichtmagnetisch, solamgaus maximal vier Atomen
bestehen. In der zweiten Studie wurde die Entkopplung deirod Wasserstb-Passivierung
erreicht (quasi-freistehendes Grapt®€), was zu uUberraschend stark abweichenden Ergeb-
nissen fuhrte. In diesem Fall wurden fir Co und Ni Atome zwsildtan existierende Ad-
sorptionspositionen beobachtet. Das weist auf einen ledesn Einfluss des unterliegenden
Substrats hin, der fur eine realistische Beschreibung betserden muss.

Topologische Isolatoren zeigen ebenfalls sehr ungewcinmlelektronische Eigenschaften.
Optimalerweise weisen dreidimensionale Kandidaten keeigahigkeit im Inneren auf. Al-
lerdings besitzen sie leitfahige spin-polarisierte Obelfenzustande.

Fur Co Atome auf einem BSe; Substrat wurden zwei verschiedene Adatomarten, gebunden
in der fcghcp Position, gefunden. Eine Vorzugsrichtung der mageietis Momente parallel

zur Oberflache wurde beobachtet. Bei hoherer Bedeckung diehgemittelte Ausrichtung
senkrecht zur Oberflache. In diesem Fall wird ein erhebfiéhefluss auf die Oberflachen-
zustande erwartet, welcher aber nicht detektiert wurde |&zte Untersuchung befasste sich
mit Fe Adsorbaten auf BTes. In diesem Fall wurden ebenfalls zwei verschiedene Sorten
der Atome gefunden, wiederum adsorbiert in deyticp Position. Deren magnetische Mo-
mente zeigten schon fur geringste Bedeckungen eine starkeiale Anisotropie, senkrecht
zur Oberflache. Allerdings wurden die erwarteten Auswidem auf die Eigenschaften des
topologischen Isolators auch in diesem Fall nicht detektie
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Abstract

In the work at hand two novel classes of materials, graphedéapological insulators, were
investigated. These were combined with single adsorbatésanostructures of the transi-
tion metals Fe, Co, and Ni. The choice is motivated by theihhegrhnological importance,
based on their ferromagnetic properties. The studies dsetpboth experimental methods, in
particular scanning tunneling microscopy and X-ray spscopy, as well as theoretical calcu-
lations. The results allow for substantial conclusionscewning the electronic and magnetic
properties of the adatoms and their influences on the ragpattbstrate.

Graphene is a monatomic thick, flexible, and extraordipadbust structure, built of carbon
atoms. It exhibits peculiar electronic properties (e.g@hhelectrical conductivities), which
originate from the bonding among the C atoms. Twifiedent types of graphene on a SiC
substrate were prepared and investigated.

In the first study, the decoupling of graphene was achievedrbpdditional carbon layer
(graphengsiC). In this case, single specific adsorption sites for Co andnd paramag-
netic behavior of Fe and Co were found. In contrast, Ni-chsstge nonmagnetic as long
as they consist of maximum four atoms. In the second stue@ydétoupling was achieved
by hydrogen-passivation (quasi-free-standing grapt$@¢, which led to surprisingly strong
deviating results. In this case, two simultaneously exgstidsorption sites were observed for
Co and Ni. This hints toward a significant influence of the ulyileg substrate, that needs to
be considered for realistic modeling.

Topological insulators also show very unusual electrommpeprties. Ideally, three dimen-
sional candidates exhibit no bulk conductivity. On the caryt they feature conductive spin-
polarized surface states.

For Co atoms on a BSe substrate, two dierent adatom species were found, bound in the
fcc/hep position. A preferential orientation of the magneticrnemts parallel to the surface
plane was observed. At higher coverage, the average aligrofithe moments rotated to a di-
rection perpendicular to the surface plane. In this evemézay influence on the surface states
is expected that, however, was not detected. The final iigat&tn concerned Fe adsorbates
on Bi,Tes. In this case, two dierent species of the atoms were found as well, again bound
in the fcghcp position. Their magnetic moments showed a strong uadiarisotropy, perpen-
dicular to the surface plane, already for the lowest coverdfe expected consequences on
the topological insulator’s properties were not detecteithis case though, too.
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Chapter 1

Introduction

Nowadays the hunt for innovations in the field of electrorewides is probably carried out
with more intensity due to a higher competition than eveolefOn the one hand, to increase
the performance of these tools, either the existing préjoarenethods or device concepts have
to be tested regarding possible improvements. On the otredt,Hirom a more fundamental
point of view, new device concepts including the variatidrih@ participating materials are
sought. Therefore, new material classes always attrasiderable attention. They often raise
the hope not only to exhibit new phenomena, but to possiblgalkeproperties that would
improve the deviceféiciencies by orders of magnitude, too.

Presuming promising new materials are discovered, it isoofse essential to initially in-
vestigate their basic properties regarding structuraltebnic, and magnetic characteristics.
Moreover, it has to be clarified whether the observed intipsoperties can be modified,
or even better, can be precisely tuned. This potentiallplkesathe accurate tailoring of the
properties of devices that base on such materials. Commamgeéers to check are sample
qualities or the response to external influences, such asieler magnetic fields. This way,
new materials are usually characterized quite well on divels short time scale.

Supposing the rise of the opinion that the material mightdy@asly suitable for future de-
vices among the scientific community, thoets of these investigations are usually intensified
even more. In addition to the possible studies mentionearbgthe materials are subsequently
investigated by including more complicated types of malaifions. Examples are given by
structural modifications of the samples. These can be asthiey growing thin films of those
materials on dterent supporting substrates or by restricting the matettaditerent shapes.
Moreover, a further opportunity is given by growing nanostures made of other species on
such materials.

Especially the growth of nanostructureess the possibility of mimicking dlierent dfects,
such as statistically distributed electric donors or mégrmaoments. This is potentially in-
teresting for data storage devices. It enables the opptyrtahstoring information within
small magnetic domains depending on their magnetizati@cttion. That is the general con-
cept of spintronics In state-of-the-art proposals for magnetoresistive caméccess mem-
ory (MRAM) devices minimum edge lengths of about 50 nm are assumegareriig1.1(a).
These are basically given by the gate lengths of the implésderansistors, that are typically
above 25 nm (about 100 atoms) nowadays. A basic scheme ofjle MRAM cell is given
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Figure 1.1: (a) Array of electric-field-controlléddRAM devices. The space between individ-
ual cells is given by the typical transistor channel leng&dapted fromHu et al., 2011with
permission. (b) Basic principle of the MRAM with a hard magoetomain and a soft mag-
netic layer. This can be switched utilizing induced magni¢ilds or the spin transfer torque
effect.

in Fig. 1.1(b). The magnetization of the soft magnetic layer can bechwd by induced mag-
netic fields that are generated from currents applied to ithenld digit lines. The hard mag-
netic layer remains uréected. Because this technique consumes comparably much powe
and causes unwanted stray fieltkeets in adjacent cells, an alternative approach utilizes th
spin transfer torqueeffect (Slonczewski, 1996Berger, 1995 Here, a spin-polarized current
directly applied to the soft magnetic layer straightfordigiinfluences its magnetization. This

is due to the torque generated from the spin-polarizedrelesif they do not match the layer’s
magnetization. However, the value of the information caprieded by a test current utilizing
thetunneling magnetoresistancéhe test current, guided through the soft and hard magnetic
layer, is diferent depending on the relative orientations of their magatgons.

In view of these fairly large and complex devices, materiamnbinations with adsorbed
nanostructures, that enable a robust information storagehamism in units with only

a few number of participating atoms, are highly interestiegemplary for the desired
mechanism stands a recent study on atomic-scale magneisbadson a Cu(111) sub-
strate Khajetoorianset al., 20133. At low temperatures (300 mK) and small applied biases,
Fe clusters, that consist of onfigve atoms, exhibit magnetization-dependent mean lifetimes
on the order of two hours. The information can thus be stoegedding on the relative orien-
tation of the cluster's magnetization. The decrease of teber of involved atoms finalizes
with single atom magnets where the atomic spin is utilizedttme information. A device
based on this mechanism reflects the ultimate goal for theegrof spintronics. Achieving

a similar mechanism at ambient conditions might therefotemtially revolutionize the setup
of nowadays devices boosting their storage capacitiesugraleorders of magnitude.

In contrast, the alternative proposed approaches of @il substrate underneath thin films
of the material or restricting its shape might influence itsperties on a global scale. This
is due to variations of the interactions between the mdsetipon this treatment. Of course,
this can have significant influences on adsorbed nanostescas well. Hence, decreasing
the dimensionality goes hand in hand with an increasing niapce of the interactions with
the local environmentBode, 2004. Such a confinement generally leads to néfeets and



phases not observed before. To this end, distributions edérbed species require examina-
tions of the basic interactions using high-resolution expental approaches. Local probe
techniques fulfill these needs and enable to precisely miothie sample structure. They com-
monly simplify the data evaluation because influences duenperfections or defects can
be excluded. That depicts the major benefit of local problenigcies compared to spatially
averaging techniques.

Motivated by the above discussion, the following work basegombined experimental and
theoretical studies. Those were performed on so-caltedransition metalnanostructures
adsorbed on dlierent substrates of the novel material claggapheneandtopological insu-
lators. These materials were found to exist in reality only regeatid are younger than ten
years. Therefore, fundamental studies on their propeatiesstill rare and highly desirable.
The utilizedscanning tunneling microscoggBinnig et al., 1982 enables especially the aims
of high spatial resolution and a well-defined sample stmactlihus, scanning tunneling mi-
croscopy §TM) observations on the structural and the electronic pragsereflect a major
part of the experimental findings. In view of the aforememéicd advanced device concepts,
a method, that is able to precisely manipulate the magrietizan an atomic scale, is of ex-
ceptional importance. Otherwise, the atomic scale magmetsot accessible. For this reason,
the magnetism-sensitive add-on development ohkl, i.e. spin-polarized scanning tunnel-
ing microscopy(SP-STM (Wiesendanger, 2009s an important tool that fulfills these needs.
SP-STMis able to simultaneously investigate and manipulate thgneigzation on an atomic
scale by means of the spin-transfer torgkiea(iseet al., 2007 Krauseet al,, 2017).

Unfortunately, in case of the investigations at h&®e; STMexperiments were not successful.
Since for future applications the magnetic properties ahegh interest, a complementary ex-
perimental approach by means of X-ray based experimentapydied. More precisel)-ray
absorption spectroscomllows to examine the electronic properties of the samplereas
the dfect of X-ray magnetic circular dichroisr{Schutzet al, 1987 can be used to address its
magnetic characteristics. On the one hand, due to theireziesensitivities these approaches
reveal major advantages compared to other techniques.&uttier hand, they make use of
focused X-ray beams with minimum beam sizes of<180 um?. The results hence reveal
the spatially averaged properties of a much larger areaeobfimple. However, the X-ray
magnetic circular dichroismXMCD) effect can be used without a specific layout of the sam-
ple structure. This is usually a disadvantage of $ifre STMif unambiguous conclusions are
requested. Chaj2 includes a detailed description of the theoretical pritesf the experi-
mental techniques. Subsequently, the experimental sateppecified in Cha3.

The combination with nanostructures made of the transitnatals TMs) Fe, Co, and Ni
is motivated by their general technological importance odern electronic devices. This is
a consequence of their electronic configurations exhipition-completely filled 8-shells.
The exchange interactiommong the electrons afM elements provokes filerent densities
of spin-up and spin-down states at the Fermi ldgel Hence, the #ectivedensity of states
D(Eg) is spin-polarized, compare Fif).2(a). Furthermore, the Stoner integtalescribes the
strength of the exchange-correlatioffieets, shown as well in Fid..2(a). Straightforwardly,
the product of the density of statdB®S) and the Stoner integralD(Er) x | can be used to
indicate the type of magnetism in these materials. For thoslyct being larger than 1 the
Stoner criterion $toner, 1938
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values were extracted from spin-polarized exchange-ladiwa calculations Janak, 197y

(b) Product ofDOS and exchange-correlation integral for each of the spelfiise product

is larger than one, the Stoner criterion is fulfilled and th&Imaterial is supposed to exhibit
ferromagnetism.

D(Ep) x| >1 (1.1)

is fulfilled and ferromagnetism is expected, compare Eigb). This is generally the case for
Fe, Co, and Ni. Of course, Fid.2reflects the calculations performed for bulk materials. The
properties naturally vary for the case of individual atomslasters. Even more importantly,
they vary depending on the local environmeBode, 2004 To this end, for adsorbed nanos-
tructures, thdOShas to be replaced by the local density of stat€¥3dS), that includes these
effects. Thereby, the magnetic properties of the respecteeispcan be modified. However,
Fe, Co, and Ni nanostructures usually reveal peculiar magpetperties which manifest their
importance in modern devices.

Graphene is the first substrate investigated, whereas thtdeexperiments and its basic
characteristics are described in detail in Chagt exhibits a purely two dimensional lattice
structure composed of two sublattices made of carbon atbhese are arranged in a honey-
comb lattice and account for its extraordinary mechaniodlstness combined with high
flexibility and high thermal conductivity. The robustnesmalso be seen by its inert-like
behavior. Presuming a closed layer of graphene, the hondytattice does not exhibit any
points to attack. Hence, graphene is extremely robust evamhbient conditions. It mainly
reveals the same properties if exposed to air.

Although the structural properties are already very exoapt, its electronic properties are
even more astonishing. Graphene can be describedzasoeband gap semiconductdre-
cause the intrinsispin-orbit interactionof the light element C is small. The lattice structure
generates a two-dimensional electron gas of massless f@imaons which originate from
the delocalizedp, orbitals of the carbon atoms. This way, graphene exhtpitssi-ballistic
transportwith remarkably high charge carrier mobilitiesl¢rozovet al,, 2008. These are
expected to enhance the performance of state-of-thegltfrequency transistors by orders
of magnitude. Furthermore, thps states cause/7*-bands with linear dispersions in the vicin-



ity of the K-points of the Brillouin zoneirac pointg, where the valence and conduction
bands touch. This enables an easy tuning of graphene beelestron and hole conductance,
another desirable property regarding modern devices.dw wf its robustness to ambient
conditions, graphene therefore represents a promisindidate to be implemented in mass
production of future electronic devices soon.

Opposite to its electronic properties, graphene exhiloilg wary rare magnetic features. More
precisely, only at its zig-zag edges a spin-dependent eidge is predicted. It seems thus
promising to combine graphene’s extraordinary electrpniperties with the magnetic prop-
erties of TM nanostructures. Despite, graphene is also interestingein of fundamental
physics. It enables investigatingfects of thequantum electrodynamiés condensed matter
physics Examples are given by the half-integgrantum Hall gect (Novoselovet al., 2005
Zhanget al,, 2005 or theKlein paradox(Itzyksonet al,, 2009. Further potential applications
deal with its integration into solar cells or flexible dispda There, graphene might provide a
flexible but robust conductive layer with high charge cammbilities, compare Cha.for
further detalils.

In contrast to graphene, topological insulators are a dasgterials, that usually are alloys or
compounds of multiple elements with relatively high atomignbers, i.e. Bi, Se, Te. Chap.
deals with these materials and provides an overview of therxental results, too. Topolog-
ical insulators TlIs) are characterized by topological invariants, which, ginaple view, can
be assigned to structural properties. In a detailed viegvtdpological invariants are better
described by peculiarities of the band structure.

Owing to the high atomic numbers of the involved materidis, intrinsic spin-orbit interac-
tion (SOI) is strong in these materials. Importantly, at interfacéem the topological invari-
ants vary SOl leads to @and inversiorof the p-orbitals at thd™-points of the Brillouin zone
of the reciprocal space. Although these materials exhilsiiliating bulk states, this band in-
version generates so-callegpological surface state3 hey bridge the band gap between bulk
valence and conduction states. On the one hand, topol@lidaice statesTSSs), similar to
graphene’st/n*-bands, exhibit a linear band dispersion and form Dirac satghe points
they touch. On the other hand and contrary to graphenel 88 are not spin-degenerate.
This has fundamental and important consequences by gidada spin-dependent transport
properties. Since th8OI mimics the &ect of an external magnetic field, charge carriers feel
spin-dependent forces and propagate along specific toajest This way, backscattering is
absent on topological insulatofl) surfaces provided thatfects due to finite temperatures
are neglected.

TheTSSare protected byime reversal symmetignd robust against nonmagnetic impurities.
However, magnetic impurities do not respect time revergalnsetry TRS), can generally
destroy theTSS and are hence of high importandds are mainly interesting in view of
fundamental physics because thejeo a wide range of excitingfiects. Examples are the
guantum spin Hall gect (Murakamiet al,, 2004, the magnetoelectricgect (Qi et al,, 2008
Essinet al,, 2009, or the possibility to generat®lajorana fermions(Majorana, 193). Al-
though many of their properties are very interesting in vigviuture applications, according
to Chap 6, a realization seems to be challenging becdusere highly reactive compared to,
e.g., graphene. Of course, overcoming this major drawbamkdvprobably cause a run for
their integration into future devices.
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In summary, the performed investigations were motivatedhe one hand, by a lack of &
cient experimental data and, on the other hand, by fundahexgsons. The combination of
graphene andls with 3d nanostructures in simple and defined samples might serveuwo
poses: Firstly, it ffers to examine the interactions. Secondly, it potentiafigles tailoring
the band structure and realizing desired spin texturesagame time.



Chapter 2

Experimental Techniques

This chapter presents the working principles and procedaféhe main experimental ap-
proaches used within the investigations. The chapter is@lsdivided into two parts. Start-
ing with the general description of tt&TM, the theoretical background based on the tunnel-
ing efect including related models is explained in SBd. Subsequently, Se@.2 focuses

on scanning tunneling spectrosco®TS), that can be utilized to test the electronic proper-
ties of a sample. Afterward, the theory of the magneticadysitive spin-polarized scanning
tunneling microscopy§P-STM) is presented in Se@.3.

The basic principles and the theory of X-ray based measurenagee treated beginning with
the description of X-ray absorption spectroscoAf) in Sec.2.4. In the following section,
Sec.2.5 the magnetically sensitivéMCD effect is introduced in detail. The chapter finalizes
in Sec.2.6with the sum rules, that can be used to evaluate the X-ray data

2.1 Scanning Tunneling Microscopy

In 1897 thetunneling gfect of electrons was first demonstrated during field emissioreexp
iments by R. W. WoodWood, 1897. Unfortunately, Wood was not able to interpret his ob-
servations correctly. Afterward, within the 2@entury, physicists focused more and more on
particles with smaller dimensions in order to keep the ingated systems simple and thereby
to understand their basic mechanisms and interactions.uBedhae precise characterization
of the systems is of crucial importance for the conclusianse made, increasing resolution
of the experimental techniques was highly desirable. @ptiicroscopes were a commonly
used technique. But, they exhibit a spatial resolution ictstt by the wavelength of the light
used within their setups, typically some 100 nm. To gain thidita of resolving textures
which reveal dimensions well below this limit, e.g. atomésolution of crystal lattices (typ-
ically some 100 pm), a new experimental technique was soddtis aim was fulfilled in
1981 byG. BinnigandH. Rohrer(Binnig et al., 1982. Soon after their invention afcanning
tunneling microscopythey were awarded tHehysics Nobel Prizen 1986.

The STM crucially depends on a conductive sample and a metalli¢hgt, are approached
nearby (typically 100 pm) without being in contact. The &ngap between tip and sample
can be described as a potential barxgrAccording to classical physics, no current flows if a
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Figure 2.1: Schematic model 8fTM showing the basic setup. The tunneling distance is only
a few angstroms. The current is amplified before it is usedbyf@edback loop to adjust the
tip-sample separation in order to adapt the measured d¢uaéme setpoint current. Together
with the x- andy-coordinates, the-regulation enables the data processing unit to generate a
map of theLDOS of the sample.

potential diference is applied between them and if the potential barxiezexls the energy

of the electronsVYy > E. In contrastquantum mechanids principle allows the electrons to
overcome the gap. By means of thumneling ¢fectthe electrons can tunnel through this bar-
rier, even if their energ¥ is lower than the barrier, i.& < V. As a result, a highly sensitive
tunneling currentis established, strongly depending on the tip-sample aéipar In combi-
nation with an accurate adjusting mechanism, the tunnelimgent enables the operation of
STM with extreme spatial resolution down to the atomic scBierig et al., 1985.

2.1.1 The Basic Principle of Operation

The general setup &TM is shown in Fig2.1 The investigated samples vary in a wide range
from metal single crystals over semiconductors to modenerias, such agls. The tips are
usually either ruptured or electrochemically etched frogtahwires, e.g. Ptlr, W, or Cr. The
adjusting mechanism, that is used to control the tip pasitiases on a bendable tube. The
tube is covered by electrodes on its out- and inside and ismagiezoelectric ceramic. If
potential diferences are applied to thefdrent electrodes, the tube can be precisely bent in
the xy-plane or can be extendstirunk in thez-direction.

The tunneling contact is achieved as follows: in a first stepotential diference between tip
and sample is applied. Secondly, the separation of tip amglgais decreased. Once the tun-
neling regime is reached, the initially applied potentifliatence causesftierent occupations
of the electron reservoirs. Consequently, a net tunnelimgeotiarises. As will be shown in
detail in Sec2.1.3 the tunneling current crucially depends on the transitiogficientT and,
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this way, on the tip-sample distanzge

T=g% (2.1)

whereq depicts the decay constant. The exponential dependente dipisample separation
in particular leads to the extreme sensitivity to heighfelences. For instance, in case of
metals, the current varies approximately by one order ofmtagde for a height dierence
of 0.1 nm. This is due to the decay constant, which is in thgeasfq ~ 10 nnt! for met-
als. Hence, the tunneling current increases during theoappr The approach mechanism is
stopped once the tunneling current reaches a specifiedsetparent. Usually the separation
between tip and sample is in the range of several A. Due toigdlsess in the nA regime, the
tunneling current is amplified by a factor of®lising a FEMTO preamplifieREMTO, n. d).
As soon as the tunneling contact is successfully estalliske main modes of operation can
be applied.

The most common operating mode is tbenstant-current modeTo interpret theSTM
data a combined hard- and software-based device is used\dahenis SPM electron-
ics (Nanonis, n. d. This module measures the tunneling current dependindhex-tand
y-coordinates. By means of a feedback loop the electronigsskée tunneling current con-
stant by modifying the tip-sample separation via the chasfgbe z-voltage, that is applied
to the piezoceramic tube. Potential modifications needethgluhis procedure are finally
recorded together with the andy-coordinates. The Nanonis converts these data into an ap-
parent height profile of the sample in Cartesian coordindtle.height profile can be seen
as a map of the spatially resolved conductivity of the samylere precisely, it depicts the
spatially resolved sum of all unoccupied states betweelfré¢hnmi levelEF and the stabiliza-
tion voltage & (local density of stat§sWSxM software Horcaset al., 2007 WSxM, n. d)

is available to further analyze the processed topographitbsrespect to their characteristic
features.

Another mode of operation is tfmnstant-height moden this event, a suitable tip-sample
separation is chosen and the feedback loop is turfieafterward. Subsequently, the sample
is scanned in th&y-plane with no correction applied to tlzeelectrode. Due to its extreme
sensitivity, see Se@.1.3 the tunneling current strongly varies as soon as the ela@ctstruc-
ture of the surface is changed, e.g. by a step edge. For teimign mode, the tunneling
current is recorded together with tRg-position to generate a map of constant height showing
the variations in the tunneling current. The constant heigbde has to be applied carefully
because the tip might be severely damaged if the heidi@rdnces on the sample exceed the
initially adjusted tip-sample separation.

The quality of the measurements generally depends stramgthe quality of the tunneling
tip. Although the etching procedure ensures fairly smaliiré~ 100 nm), further tip treat-
ment is usually needed to obtain an atomically sharp tipe@ilse, the existence of multiple
tunneling tips results in the multiple mapping of the sarspleatures. The tip treatment is
commonly performed either by high temperature annealingyovoltage pulses on robust
surfaces while being in tunneling contact. The pulsing pdore causes clusters of the tip to
drop df and generally leads to an atomically sharp tip quite fast.
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Figure 2.2: lllustration of the one-dimensional tunneléfig@ct for a particle impinging on the
potential barrier from the left.

2.1.2 The One-Dimensional Tunneling BEect

The tunneling fect is a consequence of quantum mechanics develop&tl. hyeisenberg
E. SchrédingerW. Pauli P. Dirac, andF. Hund and others in the third decade of the 20th
century Hund, 1925 Schrodinger, 192@Heisenberg, 192 Dirac, 1927. Quantum mechan-
ics bases on Heisenbergiacertainty principlei.e. only a certain probability exists to find a
particle in a particular state. Basically this means, thaafi@roperties describing the particle
can be precisely measured at the same time.

Considering Heisenberg’'s work, the tunnelingieet is understandable because there must
exist a finite probability that the particle can overcomelihgier, althougle < V. Of course,
this is valid only if the barrier is neither indefinitely widwr high. The mechanism bases on
the probability of the presence of the particle, which isautbut exponentially damped by the
potential barrier, compare EQ.1 Since the tunnelingfiect is the main principle &&TM, it

is here introduced in detail. Without loss of generalitytha following, the tunnelingféect is
described for the one-dimensional case but can similarlydaged for the three-dimensional
case.

A precise description of the tunnelingfect makes use of theave-particle dualityostulated
by L. de Broglie Motivated by the uncertainty principle, it states, thatheparticle can be
described as a matter wave, ta@e(Broglie, 1970. In view of this duality it is not surprising,
that in quantum mechanics a particle and its propertieseseribed by avave functiony(x).
The square of this wave function describes the probabifithis particle to be located at the
specific locatiorx.

Using this wave function, the one-dimensional tunnelifige can be illustrated by a par-
ticle with energyE impinging on a rectangle potential barrier of heighy from the left,
shown in Fig.2.2 The dfect is based on the finite overlap of the wave functign(x) and
Y (X), that describe the particle on either side of the potebaatier. According to textbook
physics Demtréder, 201)) the wave function has to solve tBehrdodinger equatiofor each
sector (i= I, I, I):
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2 2
(e + VO9) 09 = Evi) 22)

wherem s the mass of the particlé,is Planck’s constant and the strength of the potential
barrier, which is nonzero only in sector ¥(x) = 0 for x < —aanda < x; V(X) = V, for —a <

X < a). The Schrodinger equatioBE) can be solved by the superposition of two plane waves,
one propagating to the right and one to the left:

Yi(X) = A+ Bie X (2.3)

Under the assumption of elastic tunneling, i.e. energy emasion during the tunneling pro-
cess, the wave vectors outside the barrier are equal to #aeh ©hey are given by the kinetic
energy of the patrticle:

ki = \/M = k=ky= Z;T;E K (2.4)

Inside the barrierg, would be imaginary and, thus, is substituted by the real tijyaoq

ki =iq with q= w/% (2.5)

Without loss of generality, the amplitude of the impinginguwe can be set to the maximum
value, i.e.A; = 1. In addition,B;, = 0, because no left-propagating wave exists in sector Ill.
In summary, the wave function is given by:

(X)) = €4 Be if. x<-a
y(¥) =¥ = Ae”+Be®™ it -as<x<a (2.6)
lﬁm (X) = A||| eikx if: a<x

Another constraint is, that the wave functions and theit fiesivatives have to be continuous
at the borders of the potential barrier to be physically nregfal:

Yi(-a) yu(=a) and y(a) Y (@)

, ) . , (2.7)

yi(-a) = y(-a) and ¥, (@ = ¥, (3
As a consequence, a set of four equations with four unknowpliturde factors is obtained.
Hence, théransmission cggcient T, given by the ratio of transmitted current density to inci-
dent current density, can be evaluated. This quantity decthe iciency of the tunneling
process in dependence on the barrier he\grand width 2:
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" 4E(Vo - E) + VZsint? (202)

2.1.3 The Tunneling Current

The precise description of the tunneling current needs & mopropriate explanation than the
general concept of the tunnelinfect. For simplicity reasons, in the following, the case of
zero temperaturel(= 0) is assumed.

The current results from all electrons tunneling from tiémple and vice versa. Therefore,
the Fermi level & and thesurface potential Lhave to be introduced. The Fermi level is the
upper limit of the occupied states. The surface potentiladowest energy needed to detach
an electron from the Fermi to the vacuum level and reflects the specific work function of
the respective electrode. It is mainly given by the work tiorcof the electrode’s material but
also includes fects induced by the specific shape of its surface. The laterfor instance,
be exemplarily shown by the crystallographic directionjckiican have a sizabldfect onU.

As a result, the surface potentials of tip'() and sampleld®) are generally derent.

If the conductive tip and sample are brought into the tumgetiegime, their Fermi levels
adapt to each other by a balancing initial current. Provithed both Fermi levels are equal,
no net tunneling current occurs any more. At this point, tetes still tunnel between tip and
sample but per time unit the amount in one direction equalstmtrary direction. This is due
to the absence of available unoccupied stafg = EtF'p), compare Fig2.3(a). In contrast,
the Fermi levels are shifted with respect to each other, htential diference ¥ is applied
between tip and sample, shown in F&§3(b). In this event, there is a net tunneling current
depending on the applied bias voltage. The current depemdsum@ations of the electronic
properties with respect to the lateral position on the samfphis can be easily illustrated by
the transmission cdicient. Supposing the applied bias voltage being small coetpi the
surface potentials {¢< US,UT), Eqg.2.8can be rewritten as:

T=g?® (2.9)

whereq = /m(US + UT)/A2 is the decay constant near the Fermi level andepicts the
tip-sample separation according to F&3. The exponential decay describes the extreme
sensitivity on variations of the separation assuming thatsurface potentials remain fairly
equal.
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Figure 2.3: (a) Schematic model of the tunneling contacti@wwof the surface potentials
of tip and sample without an applied bias voltage. In thiseca® net tunneling current is
established. (b) If a potential fierenceeV is applied between tip and sample, unoccupied
sample states are available and a tunneling current occurs.

2.1.4 The Bardeen Approach

The formalism of the tunnelingfiect introduced in Se@.1.2was used byl. Bardeento
describe the principle of the tunneling junction using gegturbation theoryin more de-
tail (Bardeen, 1961 In his approach, sample and tip are similar to Rg@b) described by
two electrodes. If they are close to each other, the timed@entSE of the entire system
reads:

n? 6° S T e
—%@+U +U ;lz_lhﬁ (2.10)

wherey depicts now the time-dependent wave functigm, t) of the combined system. The
potential surfaces are assumed to be orthogonal to each oth&SUT = 0. This is reason-
able owing to the electrical neutrality of the combined sgstHence, the vacuum potential at
infinity is well defined. The solution of th8Eis a linear combination of the solutions of the
partial systems, given by:

v =AY o (HAeEY (2.11)
y=1

wherec,(0) = 0 and, thus, the first addend describes the solution ter0. In general, the
codficientsc,(t) are determined by th8E Inserting them, enables deriving the tunneling
current depending on the bias voltagé e

e

===V > [f(Er-eV) - f(E)] - My

2
) 6(E, - EJ) (2.12)

Here, f is the Fermi distribution functiongiven by: f(E) = (1 + exd(E — Eg)/kgT]) 2. It
includes finite temperaturdfects. The delta function in EQ.12describes the fact, that the
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transition probability according tBermi’s golden rules maximized, if the energies of initial
and final state perfectly matcbifac, 1927 (E, = E,). This is a result of the assumption of
elastic tunneling. Furthermor®/,, depicts theunneling matrix elemerdescribing the exact
probability of the respective transition:

M,, = f AUsAdr (2.13)

Bardeen’s major contribution was showing that the tunnefmagrix element can be com-
puted solely by the wave functions of tip and sample at tharsg¢ion surface between them.
Thereby, the particular properties of the potential baare eliminated from the formula. This

is achieved by converting Eg.13into a surface integral of the unperturbed wave functions of
both electrodes evaluated at the separation surface.wnofithe energy conservation during
the tunneling process, = E, and the fact that the sample potenti is zero at the tip side,
the transition matrix element can be computed by:

) on, . OA,
M‘”_f ( 5 0z)dXdy (2.14)

While M is not depending on the potential barrier itself, it is synmoevith respect to both
electrodes, i.eM,, = M;,. This is illustrating that the tunneling process is bidirecal and
fulfills the principle of reciprocity. This means, that itgenerally independent of the tunneling
orientation (tip— sample or sample> tip).

In the limit of zero temperature and small applied bias g#8&/ < US, UT, the tunneling
current can be simplified to:

| = 2’;:92 V- Z||v|,,v S(E, — ER)S(E, — Ef)
(2.15)
-z IERRCRC

where thedensity of state®f the tip pr(Er) and the samples(Er) were assumed to be
constant near the respective Fermi level.

2.1.5 The Ters#f-Hamann Model

The Bardeen approach of tunneling between two electrodes laeundamental problem.
The entire solution bases on the energy-dependent sadutidsoth partial systems. In case of
STM, this is inconvenient since especially th®S of the tip cannot be precisely determined
owing to the missing knowledge about its exact structdréersgf andD. R. Hamanrwere
able to elegantly circumvent this problem by simply assuynaiispecified structural layout for
the tip apex Tersdt et al,, 1983 Tersdf et al,, 1985. In the following, it was evidenced that
their assumption is reasonably good and holds for a wideerah§TM observations.
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Figure 2.4: Schematic model of tlsavave tip model according to the theory by Teffsand
Hamann. The distance of the atom’s center to the sampéegiven byzy = d + R

In this model the entire tip is reflected bysatype tip wave functionThis wave function
exhibits an orbital momentum of zerb £ 0) andspherical symmetryit is determined by
Yr(r) = 1/r-e*", wherex is given by the surface potential of the tip= V2mUT /7, compare
Fig. 2.4 The sample wave vectayis given by its partiak- andy-components) = (ky, ky). As
a result, the sample wave function in the vacuum region isrghy:

ws(r) = f a(q) - e VPP (2.16)

wherea(q) are the cofficients of the Fourier components evaluated at the samceu =
0). The tunneling matrix element can be straightforwardignputed according to Bardeen'’s
theory:

M o f a(q) - e Vg (2.17)

which demonstrates thad is essentially given by the sample wave function evaluatedea
location of the tip. Consequently, the tunneling currentiaracterized by the sampl&Z®0S
evaluated at the Fermi level at the origin of the tip’s cuuvat

4rre

eV
| 7-pT-f p°(Er + €, ro)de (2.18)
0

Here, the tip’sDOSis assumed to be constant for the bias inter¥glthe tunneling matrix
element is assumed to be energy-independent and the sa®DPIBis assumed to be constant
for the thermal energy given gT.

The advantage of the Te§dHamann model is, that EQ.18can be easily used to simulate
STM images. To this end, first-principles calculations can hdia@, because the formerly
unknown tip’sDOSis modified to a constant factor. In general, heave tip model remains
valid only if terms of higher order orbital momenta ¥ 0) may be neglected. Te$and
Hamann showed that for metals this constraint is fulfiledcasy as the observed objects
are larger thar 0.3 nm. Otherwise, the image interpretation must be carefugifformed
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respecting possible higher order terms of the orbital mdomanA more realistic approach by
calculating the transition matrix elements ferandd-like tip wave functions helps explaining,
e.g., an enhanced spatial resolution on metal surf&diesn, 1988Chen, 1990pn

2.2 Scanning Tunneling Spectroscopy

Scanning tunneling spectroscoigya very powerful mode d8TM to obtain information about
the electronic properties of the sampleafg, 1886 Feenstraet al., 1987 Hamers, 198p If
the tip's DOS is assumed to be featureless, the method enables to teshdkeupied and
occupied states of the sample depending on the polarityeofiplied bias. In view of the
spatial resolution of th&TM, this means, that theDOS of the sample can be probed.

In general, the.DOS can be determined by félerentiating the tunneling current with respect
to the applied bias voltagd (Chen, 2008

dl eV d
(m)(uzv) o« p"(Eg) - p°(Er + eV)IM(eV)[* + fo o' (Er— eV + e)p°(Er + e)m (IM(EEZ)ld;)

The application of a bias voltage leads to a shift of the Fdewels of tip and sample by
eV, compare Fig2.3(b). If a positive bias voltage is applied, the Fermi levellué sample
is lowered with respect to the tip’s Fermi level. As a resthle tunneling current primarily
occurs from the states at the Fermi level of the tip. The caugigen by the tunneling matrix
element that generally exhibits a dependence on the enargyneteg:

M(e) = M(0) - exp(%) (2.20)

This matrix element can be used to calculate the tunnelingotvia the integration ovene
explicitly. As a result, the exponential factor leads towfétism of the states at the upper limit
of the bias interval. Consequently, the major contributatine d /dU-signal thus results from
the upper limit of the investigated potentiafférence of the sample, i.eEX™°+ eV). This

is indicated in Fig2.3(b) by the diferent lengths of the arrows inside the interval. This way,
positive biases can be used to investigate the unoccupmeplestates atHg+ €V). Presum-
ing the application of a negative bias the situation invdrtghis case, the tunneling current
originates from electrons of occupied sample states turgaito unoccupied tip states. Con-
sequently, the tunneling current depends mainly on the auped tip states. Provided, that
the tip'sDOSis flat, this method can be used to deduce information abew¢bupied sample
states.

A more convenient way to investigate thBOS makes use of bck-in amplifier Within this
approach, th&TSis performed by modulating the DC voltage utilizing a higaduency AC
signal. The frequency of the AC signal has to be carefullgced (typically in the regime
of kHz) not to match a mechanical resonance frequency ofXperanental setup. Otherwise,
the entireSTM or parts of it can oscillate excluding meaningful measumsidn addition,
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the frequency needs to be larger than the bandwidth oBié's preamplifier. Otherwise,
the preamplifier would compensate the modulation by chantie tip-sample separation
presuming operation using the constant-current mode. &@r acquisition, the reply of the
system caused by the AC voltage is recorded by means of tmeltog current which is
integrated for a givetime constantThe lock-in acts as a bandpass filter for the AC frequency.
It selectively amplifies the respective signal comparechtogeneral noise, i.e. it increases
the signal-to-noise ratio. This way, smaller time constaain generally be chosen leading to
time saving during the experiments. The amplitude of the AfDa determines the energy
resolution withinSTS commonly in the range of 1 to 30 mV.

For point spectroscopyspectra at a fixed location of the sample are acquired. Boethd,
an interval of the voltage with upper and lower limit and a memof intermediate points
is specified. Once the desired tip-sample separation i®waathi the feedback loop is turned
off and the voltage is ramped. At each intermediate point thelsignal is determined
using EQ.2.19 The data acquisition system finally plots thie'dlJ-intensity depending on
the respective voltage for the fixeg-position.

Another operational mode is thé /dlU-map. In this case, not only the topographic informa-
tion, but also the b/dU-intensity is measured at each data point inxizglane. This implies
that the scanning speed of the topographic acquisitionstedeke adjusted to the time constant
of the lock-in. For instance, a map with 256 data points pes &nd a time constant of 3 ms,
requires a minimum time per line of 768 ms. Caused by thesetreams, d /dU-maps are
more time consuming than common topographies. Howevar, dldgantage is clearly given
by the spatially resolveDOSfor the specified biab.

The remaining operational mode is tieéd spectroscopywithin the scan area, a grid of points
is defined. The topographic information and a point specigiatquired at each point. This
ensures, that the spatially resolved full spectroscoparination is gained at eacty-location

of the grid. The data consists of an entire set lpfdtl -slices for the bias range chosen. The
disadvantage of this method is owing to its time consumptibaxceeds that of individual
di /dU-maps significantly. As a result, grid spectroscopy recumgh stability of the setup.

2.3 Spin-Polarized Scanning Tunneling Microscopy

By considering another degree of freedom, i.e. the magnetighe involved materials used
for tips and samplespin-polarized scanning tunneling microscapylects an extraordinary
improvement of the convention&8ITM (Wiesendanger, 20091t was first utilized in 1990 in
constant current map¥\iesendangeet al,, 1990. Later, SP-STMwas improved by includ-
ing spectroscopic measurements strongly enhancing theetiagontrastBodeet al., 1999,
even in the regime of individual adatonidéier et al, 2008. The investigation and the inter-
pretation of the results bases on the fact, that the turmpelimrent depends on thelative
alignmentof the magnetic moments of tip and sam@ohczewski, 1980

The phenomenon is caused by the intrinsic spin of the eleswbthe participating materials.
Theexchange interactiobetween those electrons generally leadsfi@nt densities of spin-
upp; and spin-dowm, states at a given energy(Eg) # p,(Eg). This turns the material to be
magnetic. The exchange interaction leads to exchangessgies for dferent orientations of
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(a) parallel alignment

Figure 2.5: lllustration of the relative current strengfbs SP-STMdepending on the rela-
tive alignments of the magnetizations of tip and sample seaaf spin conservation during
the tunneling process. (a) For parallel alignment, the éling current is enhanced because
the spin-dowrDOS of the unoccupied states of the sample exceeds the spin-D&@8ifor
antiparallel alignment in subfigure (b). This is indicatgdibe smaller width of the arrow.

the magnetization. Figu&5shows a ferromagnetic tip where the majority states (spirate
fully occupied (left panels). The tunneling current ariesn the occupied minority tip states,
i.e. the spin-down states above the Fermi level of the samfpssuming spin conservation
during the tunneling process, the tunneling current dyetdpends on the number of available
unoccupied spin-down states of the sample. According toZ#ja), for parallel alignment
of the magnetizations of tip and sample, the spin-down statéhe sample have to be the
minority states. Thus, they exhibit a larger density of wumied states compared to the case
of antiparallel alignment, shown in Fig.5b). Accordingly, the tunneling currentis enhanced
in the first case.

Bardeen’s tunneling theory can be expanded to describe ifuatien properly. There-
fore, the wave functiony is replaced by a spinor describing spin-up and spin-down
states Reittu, 1997:

V(1) N0
y' = ( 6 ) and ¢S = (wi(r)) (2.21)

Note, that here the spin polarization of the tip was used ateaance\(Vortmannet al., 2001).
Therefore, it exhibits spin-up contributions only. Usihgstapproach, the spin-dependent tun-
neling matrix elements are given biyi¢inze, 2008
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Kkm

M, (ro) = (¥, U] u3,) = vs, (2.22)

wherer, denotes the tip position vectar, indicates the spin directiorf(|), C is the nor-
malization factor according to Bardeen'’s theory and the damping cd&cient of the tun-
neling barrier. By defining the spin-averaggd € p; + p;) and the spin-polarize@®OS
(m = p; — p,), the spin-averaged and spin-polarized parts of the timmelurrent can be
determined $lonczewski, 198P

|(|’0,\/,9) = |TT(r0, V) + Iu(ro,\/,e)

47°C%nle | 1 o T S
=2 (0"0%(ro. V) + m'me(ro, V) - cosp)) (2.23)
4 3243
_ ZLhe -prS(I’o, V) - (1 +PT PS(I’o,V) : COSG))
K2ImP

wheref denotes the angle between the magnetizations of tip andlsamp L(MS, MT)
andP' reflects the polarization parameter given®y= m'/p'. The cosine-dependence 6n
particularly resembles the maximization of the signal fargtlel alignment.

The ideal procedure of spin-polarized measurements dspmnthe needs for the respective
experiment. Either bulk magnetic tips or nonmagnetic tipated with a magnetic thin film
can be usedBode, 2003 Wiesendanger, 2009The general dierence is, that bulk tips in
principle dfer an infinite amount of magnetic material, whereas magtieitcfilms can be
depleted after certain time. This is especially importantiéw of the pulsing procedure (com-
pare Sec2.1.]) usually necessary to finally achieve spin contrast. Intamdinot all materials
that are used for magnetic thin films, are useable for bulkmeagtips as well.

A common material for bulk tips is CiL{ Bassiet al., 2007 Schlenhd et al,, 2010. It ex-
hibits antiferromagnetic properties. This consequeridk to an out-of-plamaagnetic uni-
axial anisotropyand to small stray fields. Thus, Cr bulk tips are mainly seresity the out-of-
plane component of the sample’s magnetization. They gbyeteow a spin-polarization on
the order of about 10 %.

In contrast, materials that are commonly used for thin filaxe, Co or Fe. These reveal fer-
romagnetic properties and, hence, larger stray fields coedp@ Cr bulk tips. Such thin
film tips commonly exhibit coverage-dependapin reorientation transitionsvith different
anisotropies below or above a critical film thickneBsgkopet al., 2006. The transition thick-
ness is consequently chosen for the magnetic thin film tigsa Aesult, the tips are compara-
tively easy to manipulate by means of an external magnetd: 3 this procedure, they can
be tailored to exhibit either an in-plane or an out-of-plaeasitivity Kubetzkaet al.,, 2005.
Fe- and Co-tips generally exhibit a higher degree of spirymdtion compared to Cr-tips.
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2.4 X-ray Absorption Spectroscopy

In 1895W. C. Rontgerused cathode ray tubes and discovered a new type of radiagion
finding fluorescent objects although the tube was hidd&in{gen, 189p X-raysreceived
their name by Rontgen himself. They are characterized by leagths in the rage of 18

— 102 m. UsingL. de Broglie’srelation Oe Broglie, 1970, this is equivalent to an energy
range of 16 — 1P eV. The radiation is strongly ionizing and was initially dsr medical
indication, based on the fact that Ca, which is one of the main componérisnes, has a
comparatively high atomic number. It thus absorbs X-raymgfer compared to the remaining
main elements in animal and human bodies, i.e. H, C, N, and O.

X-rays are usually generated by twdtdrent processes. The first makes use ofptheto ef-
fect Supposing high energetic electrons being shot towardgetiaelectrons from an inner
core shell are removed. Subsequently, an electron from tm sloell fills up the inner hole by
simultaneously emitting a photon. For an appropriate tatgis photon is in the X-ray regime.
By this approach only X-rays with specific energies can be ig¢ed depending on the level
spacing of the target material. The second process is thesemiofdeceleration radiation
by high energetic charged particles (usually electronsasitons) if these are forced on
bended trajectories. While at the beginning, in the 1970 X-rays from deceleration radi-
ation were disrespectfully called the "waste product” ofcéyotrons, their use has extremely
grown in the past decades. Nowadays, X-rays are widely usaoéstigate structural, elec-
tronic, and magnetic properties in solid state phys&sh(tzet al., 1987 Chenet al,, 1995
Stohret al, 1995 Gambardellat al., 2003. Opposite to the first technique, the energy of X-
rays from deceleration radiation can be easily tuned. [Reagbn radiation hence turned out
to be the leading technique for the production of X-rays.

Before the theory of th&-ray absorption spectroscopy introduced, the main principle of
the technique will be briefly described for the case of lthedge X-ray absorption of ad3
transition metal. The layout of the experiment is scheradifidllustrated in Fig.2.6. The X-
rays are characterized by either positiveor negativeh_ helicity. These denote the projection
of the intrinsic spin onto the propagation direction. Theay-beam then illuminates the
sample, which can be rotated about {haxis. This way, it can be investigated with respect
to its out-of-plane and in-plane properties. A magnetidfigdn be applied collinear to the
incident beam to align the magnetic moments of the samplis.i$ta useful feature in view
of the magnetic analysis using teray magnetic circular dichroisreffect.

Given a 3 TM sample, an electron of the target material can be excited fhe 2o to the 3
shell. Once the photon’s energy matches tpe88 energy spacing, a strong resonance of the
absorption will be detected. The particular detection isngwto the creation of a current, be-
cause the g hole state is immediately filled up by another electron frongher energy level.
This process causes the emission of an Auger electron aumsl, tthe rise of a current of the
grounded sample. In thistal electron yieldnode, the current, given by the number of Auger
electrons, is directly proportional to the number of priityagxcited electrons. Therefore, it
is a measure of the resonance intensity.

The actual absorption of X-rays depends on the matiegsr absorption cogicientu. If the
incident X-ray direction is given by, the X-ray’s intensity inside matter reads:
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Figure 2.6: Schematic model of th€AS. h, and h_ denote the helicity of the X-rays.
u. describes the magnetic absorptionftieegent of the sample depending on the X-rays’ helic-
ity. a defines the incidence angle of the X-rays with respect to tniace plane. In addition,
a magnetic field can usually be applied parallel to the intitbeam.

1(2) = lo- 72 (2.24)

wherel, depicts the incident intensity of the X-ray. The exact vabiig: is determined by
the absorption cross-section®®s according tou = Na/A - pmo?®S whereN, is Avogadro’s
numberA s the atomic mass number, gnglis the atomic mass density. The calculation of the
absorption cross-section hence depicts the main goal dbHogving theoretical treatment.

The description of a photon in the X-ray regime relies on the that this photon can be
considered as aelectromagnetic waveConnecting electric and magnetic phenomena, elec-
tromagnetic wavesEMWSs) are a key result dlaxwell’s theory Maxwell, 18694. EMWs

can be described based Ampére’scircuital law, given byW x H = j+(0D)/(ot), whereD is

the dielectric fieldH is the magnetizing field anplis the current density. As no particles exist
in vacuum, the current density thus equals z¢re:0. With help of the equationP = ¢ - E
andB = ug - H, whereyg is the the vacuum permeability aeglthe vacuum permittivity, one
obtainseyuo(0E)/(0t) — V x B = 0. This relation still depends on two fields, which is inconve
nient if a simple solution is sought. Afterfegrentiating with respect to time and making use
of the Maxwell-Faradayequation, the wave equation results in:

——_— -V’E=0 (2.25)

where E is the electric field. Equatio2.25is a diferential equation of only one quantity,
while its second derivative with respect to time is diredithked to its spatial variation. Any
electric fieldE satisfying this equation is called an electromagnetic wave

For a wave propagating with a wave vectoand a frequencw, a solution of Eq2.25is
given by:

E(r,t) = €, - Eog ! (2.26)

with €, being a unit vector and indicating tipelarizationof the wave E; defines the ampli-
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Figure 2.7: lllustration of linearly (a,b) and circularly,d) polarized light for the wave vector
k being parallel ta The electric field describes either a plane wave inxthag/zplane or a
homogeneous spiral motion about thdirection.

tude of the electric field. To understand the concept of jpéon, compare Fig2.7, it is
important to comprehend the angular momentum of the wave .chlarged particle which is
circulating inside a synchrotron carries angular momentuni.. The emission of a photon,
i.e. anEMW, when the particle is forced on a bended trajectory, causesnafer of both
energy and angular momentum toward the photon. As a resphaibns being Bosons, their
angular momentum ik = 1. According to quantum mechanics, the polarization ofENMNV

is then defined by the finite projection of the angular momenity along the radiation emis-
sion directiore. ForL = 1, the allowed values of its projection drtge= 0, +%. If the radiation
is emitted in the plane of the particle’s orbit, the wave'sgagation directioz is perpendic-
ular to the angular momentuin, compare Fig2.7(a,b). In these events, the wave is called
linearly polarized(L, = 0). Otherwise, the projectiok, is +% (-%) where the wave is called
right (left) circularly polarized shown in Fig2.7(c,d). The polarization of aBMW is thus a
direct consequence of the conservation of the angular mtmen

In the following, the polarization will be explicitly inciled in the definition of the wave
function 2.26 For K|z, the vector of the electric field of the wave has to lie in ’yeplane.
The linearly polarized basis states are consequently diyen

Ex(zt) = e,Eo &t

E,(2.1) = &/Eod 20
According to Fig.2.7(a,b), the electric field oscillates perpendiculaktalong a single axis

in space. Because the basis states inZ#g7 are orthogonal to each other, any general po-
larization state of th&MW can be determined by a linear combination of these two states
Especially circularly polarized light is now easy to detaren It is characterized by equal
amplitudes of thex- andy-components while these components are phase shiftedZoyAs

a result, a continuous rotation of the electric fi@ds achieved, compare Fig.7(c,d). The
respective wave functions are given by:
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E(zt) = E.(zt) = e (ex + iey) Eqekzeh
\{z | (2.28)
E(zt)=E_(zt) = 5 (fx - iey) E gzt

Note, that itis common to useand - to depict right and left circularly polarized lightaging
from these wave functions, the actual process of the abiearptthe X-rays by an appropriate
sample can be described in more detail as follows.

For theL-edgeXAS of a 3 TM the excitation of a @ core-electron to an unoccupied state of
the 3d-shell proceeds while respecting thelection ruleof quantum mechanics. In thise-
electron approximationall remaining electrons are considered as being passhis.i3 not
true in reality, but reflects an acceptable assumption agr@lly a reasonable starting point.

Using thetime-dependent perturbation theotkie transition probability per unit timg,, from
an initial statga) to a final statéb) is given byFermi’s golden rulgDirac, 1927%:

2r
Tao = —~ KblHinla)” & (e — €2 = 110) p (&) (2.29)

whereH;,; is the Hamilton operator describing the interaction of ttaasition,p (e,) is the
density of the available final states per unit energy & — e, — iw) describes the energy
conservation during the transition. Presuming the abswrmf an X-ray by an electron, the
HamiltonianHi,; is given by the momentunp and the vector potentiah belonging to the
wave Als-Nielsenet al,, 2001 according toH;,; = epA/me. In free space, the vector poten-
tial A is directly related to the electric fieldE = —9A/at. In case of a polarized wave, with
the polarization unit vectar and the electron position vectogiven in Cartesian coordinates,
the interaction Hamiltonian readiti,; = €/Ao|p- € - €X' /me.

To eliminate the dependence of the transition matrix eldémen the wave vectdk, theelec-
tric dipole approximations applied. The Taylor series of the exponential functiahis used
only up to first order & = 1 + ikr + --- ~ 1. However, the first-order term is negligible, as:
kr ~ a;/2 < 1, wherea; is the fine structure constant. The approximation is redsdengthe
size of the absorbing atomic shell is small compared to thray%s wavelength. The electric
field can consequently be considered as being constansat®atom’s volume. This condi-
tion is fulfilled in the range o$oft X-rays utilized within the studies at hand. The commutator:
p = —im/A[r, H] then enables to determine the transition probabiBiotret al,, 2009:

2(Eo — Ba)”

2n a)’
Tab = - Aol == Kble - 1B} 6 (e — €a ~ 1w) p (&) (2.30)

By means of thd?oynting vectolS, that describes the energy flow of t&MW, theabsorp-
tion cross-sectiorm2*s can be determined. It describes the ratio of the absorbeépmthe
incident power per unit area:

abs _ h(l) N Tab _ ﬂ'ezw

ble - 2 — e —h 2.31
C Exr” e [{ble - rla)|” 6 (ep — €a — iw) p (&) (2.31)
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Here, the initial factor ofiw describes the photon’s energy taken out of the incident beam
by the absorption process. Finally, thelarization dependent X-ray absorption resonance
intensity Jescan be computed via the energy integral of the cross-section

fiw [(ble - r|a)[? (2.32)

lres = 472
res 4reghc
——

af

The initial and final state wave functions are now volume radized to unity, which lets the
density of final states per unit energye,) becoming obsolete.

The transition probability (Eq2.30, the absorption cross-section (E2131), and the reso-
nance intensity (EqR.32 clearly depend on the determination of the transition matdie-
mente - r, whereas the polarization unit vector is given by E&&27 and2.28 A detailed
analysis of this tensor operator reveals, that the matemehts factorize into a spin part, a
radial part, and an angular part. Thereby, the sphericahbiaics influence only the angular
part, which means, that especially the spin isfig@ed. It hence needs to be preserved during
the transition. An additional investigation of the radialrpshows theslement-specificitpf
the XAS owing to the strong localization of the core shell. Theseifigd particularly depict
the selection rules, that need to be respected during thsitin. They describe the allowed
changes of the quantum numbers of the orbital angular mamehtthe projection of the
angular momenturm, the intrinsic angular momentum, i.e. the sgjrand the projection of
the spinmg along the specified axis for a given transition:

Ams = 0
As=0
2.33
Am =0,+1 ( )
Al = +1

2.5 The X-ray Magnetic Circular Dichroism Effect

The previous section showed, that the resonance intersitgrals on the density of available
unoccupied final states. TI&OI of the initial 2p states causes a separation of the resonant
transitions into two resonance absorption eddes; €dges). The existence of amchange
interactionbetween localized spins in thel 3tates furthermore causes an exchange splitting.
Consequently, a @ierentDOSfor minority and majority states is obtained.

This is exemplarily described by tt&toner modebf a half-metallic ferromagnet in Fi@.8.

In this case, the majority states (spin-up) are fully ocedpwhereas the minority states (spin-
down) are only partially filled. The Stoner model and the egjeint atomia shell model illus-
trate the prohibition of spin-down excitationssipin conservatiomuring the transition is as-
sumed. TheX-ray magnetic circular dichroisraffect was found in 19873chutzet al.,, 1987
and makes use of the induced asymmetry. The resonanceiiptdapends on the relative
alignment between the spin of the polarized photons andéhsity of available final states
which now is spin-split. The transitions from initial to finstates are hence polarized with
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Figure 2.8: (a) lllustration of th&XMCD effect using the Stoner band model. The exchange
interaction causes filerent populations of spin-up and spin-down states. The gpistates
are entirely occupied, depicting here the case of a halaieferromagnet. Hence, only
spin-down transitions are allowed assuming spin conservaluring the transition. (b) The
respective atomid shell model of theXMCD effect indicating the absence of spin-up excita-
tions.

respect to both spin and angular momentum. Tiiece is maximized if the magnetization
direction of the sample and the angular momentum of the @mtighoton are collinear. In
this case the dichroic signal is measured using parallebatigarallel alignment between the
photon’s angular momentum and the magnetization directidhe sample:

Al =1 1T == 7 (2.34)

wherel ~ (1) describe the transition intensities with negative (pes)jtphoton spin. Using this
definition, theXMCD becomes negative for the-edge, which is the common convention.
Assuming spin conservation during the transition, the egatimation of theXMCD depends
on the angular part of the squared transition matrix elerfitent the spin-orbit splifp-states

to the exchange-split unoccupied states of tthasBell. TheXMCD is thus proportional to the
atomic magnetic moment, i.e. the angular momentum.

Whereas for a total angular momentumnaf= +3/2 only single combinations according to
m+ms = m; exist, other values oh;, e.g.m; = +1/2 can be a result of ffierent combinations.
The weight of diferent transitions varies due toffdirent transition matrix elements. This is
exemplarily shown in Fig2.9. As a result of theXMCD given by the diference of transitions
with opposite photon spin, the appropriate intensitiesehtavbe summed up. This way, the
dichroism at the respective edge can be estimated with ¢egpboth, spin and angular mo-
mentum polarization. In general, tdVCD includes also non-resonant dichrotteets from

p — stransitions. Anyhow, these are usually neglected becdueseare smaller by a factor
of > 20.

In an experiment, the alignment of the magnetization divecdf the sampleM and the an-
gular momentum of the photdn,, can be controlled by using X-rays with opposite helicity.
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Figure 2.9: Overview of the 2 — 3d transition probabilities for the excitation using right
circularly polarized X-rays. The arrow widths indicate thieight of the respective channel.

Alternatively, the sample’s magnetization can be invetiganeans of an external magnetic
field, that is applied collinear to the incident beam, coregd@g.2.6. Considering the degree
of polarization of the incident photoB., the intensity of theXMCD basically depends on

three parameters:

Ixmep o PeircM - I—ph (2.35)

A typical experimental spectrum obtained by meanXAS can be found in Fig2.1Q In
this case, 0.08 atomic layer equivaleALE) of Co nanostructures on the surface of &3
were investigated. Besides the signals of positivg and negativey(_) helicity, the average
signal(u, + u_) is also given. Here and in the following(E) is referred to as the polarization-
dependent magnetic absorption profile. The spectra areelthy comparing the current in-
duced in the sample (total electron yield mode) to the iit@etermined beam intensity. This
intensity is measured by utilizing a gold foil, that is agplito a part of the X-ray beam before
the actual target. As a result, the absorption intensityeddmg on the X-ray’s energy can be
computed. PyMca software is available for an initial evabraof the data$oléet al., 2007).
For the studies at hand, MatLab was used to intensify theysisgMatlab, n. d).

The XAS spectra of 8 TMs are characterized by two main resonances, separatedLby-

15 eV, called the., andLs-absorption edges. The separation is caused b§@levhich splits
the initial state into two states, namely the 2 (L.-edge) and the &, (Ls-edge) state. Since
the 2ps/, state has a lower binding energy, the respedti#edge consequently occurs lower
in energy. The relative intensities of both edges are rélaie¢he transition probabilities and
the unequal populations of the initial statep{2: 2 electrons; Ps/,: 4 electrons). Besides the
main resonances, a step-like background at aetige can be observed, compare Big(a).
That is due to non-resonant excitation channels, e.g.fby-23s and 2 — 3p excitations.
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Figure 2.10: (a) Exemplary X-ray absorption spectra of Coosttnctures on BSe. The
spectra taken with éierent helicity exhibit a step-like background caused byresonant
transitions. (b) The averagetiAS spectrum after the normalization with respect to the non-
resonant background and its integrated signal. (c) TherdicgpXMCD spectrum and its
respective integral resulting from thefidgrence of theXAS spectra with opposite helicity.
The intensities of the integratéAS andXMCD at thelLs-edge (s, p) and at tHe-edge (t, q)
are needed to analyze the experimental data by means ofrtheues and related quantities.

Based on the fact, that the magnetic properties are mairdyeictto transitions intodstates,
step functions are commonly used to renormalize the spestirapare Fig2.1QDb). In this
procedure, the actual step is simulated byraerse trigonometric functiorarctank - E,, ,,
whereE,, , depicts the energetic positions of the resonances dffheedges. The amplitude
of the arctan-function is adjusted to tRAS intensity well beyond the resonance.

Finally, theXMCD is given by the dierence of theXAS spectra with opposite helicity. The
dichroism at thd_; edge is negative per definition, shown in RRgLQ(c). The integrateKAS
andXMCD intensities are used to analyze the data in more detail, acerfpec2.6.

2.6 The Sum Rules

The sum rulesallow conclusions about ferent valence band properties based on the ex-
perimentally obtained polarization dependent resonamteasities. In particular, they can be
used to determine the number of holes in the valence Ingnthe dfective magnetic spin
momentmg; per atom and the orbital magnetic momemtper atom. The calculations make
use of the integrateBAS andXMCD spectra at thé; andL, edges, which are indicated in
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Figs.2.1Qb,c) by the variables, t, p, andg.
Thecharge sum ruldéinks the number of empty states in thé-8hell to theXAS intensity:

1

2 2 L
4 h(,l)CYfR m

1/C

Nh+Ng=<1|>- (2.36)

whereng is a quadrupole term arising from the anisotropy of the ohaensity in the atomic
volume, L is the orbital angular momentum of the final state & the radial part of the
transition matrix element, given By = (Ry - (r)|r|R.(r)). Here,Ry,(r) (Rv,-(r)) is the radial
component of the valence (core) state of shell’). For a 3l TM, the number of holes can
hence be determined by measuring X#S intensities at thé.3/L, edges $tohret al., 1995:

nh+nQ:f (,u_+,u+)dE-é:6 (2.37)

Angular averaging causes the quadrupole tegrto vanish. Acquiring thexAS along all
three orthogonal directions thus enables to obtain theeption of the number of holes along
these directions. In reality, measuring data along alliapdirections is usually impossible.

The second sum rule, i.e. tlspin sum rulerequires the saturation of the magnetic moments
of the sample. Furthermore, thetérence of theXMCD with the wave vectok being paral-
lel/antiparallel to the magnetization direction needs to berd@nhed. The spin sum rule then
reads Carraet al,, 1993:

Gﬁg (u- = py) dE - 4f|_3+L2 (u- — i) dE
fL3+L2 (s +p-)dE

np = —6p;4q - Np (238)

Mg eff = —

It connects the size of theffective spin momenins ¢¢ to the dichroism intensities. The
effective magnetic spin moment includes the magnetic spin mbmeg and the spin dipole
momentmp according toms & = Ms + Mp. It is given in Bohr magnetons per atom. If the
ligand field dfects are comparable to the atond0OI, the charge distribution and the spin
distribution are coupled to each other. As a consequeneentha-atomic magnetic dipole
momentmp needs to be considered, that describes an anisotropy gbithdensity when the
atomic cloud is distortedStohret al., 2006.

The last sum rule is therbital moment sum ruldt enables to determine the orbital magnetic
moment according tdholeet al,, 1992

o4
nTT3

4 £3+L2 (/“l— - /’l+) dE
m =-=- .
3 J|‘_3+L2 (/1+ + #_) dE

—~ |0
>
=

(2.39)

The orbital momentm_ also depends on the dichroism intensities. Opposite to déise of
the dfective spin moment, the individual contributions ar&atently weighted. The orbital
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moment is commonly highly anisotropic due to the ligand fi¢hét strongly &ects the or-
bital motion of the electrons with respect to certain axesabiring the dierence of the or-
bital moments along the easy and hard axis therefore opees®ito the magnetocrystalline
anisotropy energyMAE).

Note, that the sum rules strictly may only be applied if theagke is fully magnetized. Ow-
ing to the individual adatoms mainly investigated withie ttudies at hand, this saturation
is a challenging task, based on two reasons. Firstly, théaéla external magnetic field is
limited (Bmax = 5 T). Secondly, the external magnetic field required to reghehsaturation
magnetization generally increases if the particle’s seerelases.

Theratio R of orbital magnetic moment toffective spin moment is therefore an important
guantity. It can be used to draw conclusions even if satumas not achieved. Another ad-
vantage is, that the ratio is independent of the number &dmy| a quantity, that usually has

to be gained from theoretical calculatiofscan hence be independently calculated using the
experimental data:

R = mL = 2£3+L2 (l’t— _ Iu+) dE = 2q
Ms+Mp  9Of (u-u.)dE-6f  (u—-p)dE 9p-6q

(2.40)

A further interesting quantity related to the sum rules ishihanching ratio BRIt is deter-
mined by theXAS intensity of thel,/Ls;-edges according to:

BR= ho e+ i) s (2.41)
 f, (e ) dE |

BRcan be used to indicate the character ofghe ground statef the investigated material
supposing a fairly weaBOl of the valence states. This applies hTMs (=~ 50meV). Conse-
guently,BR basically reflects the value of the atomic staftbdleet al., 1988. The statistical
value ofBR = 0.66 is achieved in the absence of b&®0lin the initial state and electrostatic
interactions (between core hole and valence electrond)drfihal state. Importantly, high-
spin states on average have a la@Bithan low-spin states. Besides, the branching ratio only
weakly depends on therystal-field splitting except if it produces a low-spin ground state.
This is important because the crystal-field splitting, thaginates from electrostatic forces
caused by the charge distribution of the vicinity, can bearfsiderable size at surfaces owing
to the broken symmetry. In view of the high-spin ground st&éeind within all investigations
at hand, this aspect has not to be considered anymore.
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Measurement Setups

The measurements were performed in two separate expeahsetps. The home-built scan-
ning tunneling microscope used for local scale investoyatiwvas set up in 2007 in a low-
vibration laboratory particularly designed for high-sland STM measurements. TH8TM
was part of a complexltrahigh vacuunsystem equipped with#e bath cryostat and a mag-
net operable in all three spatial directions. Thereforis, sfgstem is entitled th&riple Axes
Magnet Systerand described in more detail in the following section.

Section3.2 deals with the second experimental setup, that was usednwitie X-ray de-
pendent measurements, tH208 beamlineat the European Synchrotron Radiation Facil-
ity (ESRF, n. d. in Grenoble. The key feature was agaifftée bath cryostat inside an ul-
trahigh vacuumWHV) chamber which was equipped with a magnet aligned collite#re
incidence beam direction.

3.1 The Triple Axes Magnet System

The experimental setup comprised a multi-chamh#éiV system which was de-
signed in-houseMeckleret al, 2009 Meckler, 2010 and fabricated by an external com-
pany ©Omicron, n. d). It served for in-situ preparation and characterizatibrthe samples
by means oSTM, STS andSP-STM The entire system was divided into three main cham-
bers, namely theryostat; thegrowth- and thepreparation-chambercompare Fig3.1 The
transfer of samples between separate chambers was achienezhns of vertical and horizon-
tal transfer rodsandmanipulators In addition, within the growth- and the cryostat-chamber,
objects could be transferred utilizing mechanical hangss Were clamped inside a tip holder.
Unfortunately, even this piece was too small to be handlechbghanical hands or transfer
rods. Insteadtip transporterscould be used for this purpose. They could carry the tip holde
and in principle be handled similar to sample holders.

During the experiments, all chambers were operated at bassyres in the low 1€ mbar
range or better. Th&JHV was achieved by a combination of multiple pumps with varying
operating mechanisms. Separate turbo pumps, ion gettep@@Ps), and titanium subli-
mation pumpsTSPs) were attached to each of the aforementioned chambeiso pumps
can be considered as turbines combined with a connectedh @mugp. As a result of their
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growth-chamber cryostat-chamber

Figure 3.1: Schematic model of the triple axes magnet sy§taoview) including all three
separatéJHV chambers with the preparation facilities and the transéerags.

extreme rotational frequencies (about 1 kHz), they are béfectively establistJHV con-
ditions. Turbo pumps were mainly used for the initial pumpvd®f a chamber after venting.
Additionally, they were required if process gases are wveol In contrast, they were turned
off while acquiringSTM data. Owing to induced vibrations the quality of t8&M experi-
ments would had gstered otherwise. Therefori;Ps were mainly used durin§TM because
their working principle gets along without vibrating paf&Ps operate by ionizing rest gas
molecules. These are subsequently bound on suitable sanfauch &ectively reduces the
respective partial pressures. The working principle @& bases on the evaporation of a Ti
film on the walls of the particular chamber. The pumpiriget is caused by the trapping of
residual gas atoms by the Ti atoms. Moreover, a hon-evajggeaiter pump was mounted to
the cryostat-chamber exclusively. It especially trapedeeduse the pumpindtiency of the
other pump types regarding H is small.

3.1.1 The Cryostat Chamber

The cryostat-chamber involved a*He bath cryostat manufactured by Cry-
ovac CryoVac, n. d.. According to Fig.3.2 the STM was located in the middle of three
pairs of split-coil magnets, delivered by Scientific Magoet(Scientific Magnetics, n. §l.
The combination of three magnets enabled to applyllg-rotatable magnetic fieldo the
sample. Except &riple electron beam evaporatpthat was attached to the backside of the
cryostat-chamber, all other preparation facilities westeup in the remaining two chambers.

The sectional view of the cryostat-chamber bares the gklagaut of the cryostat consisting
of two individual dewars. During operation, the outer dewas filled with liquid nitrogen
exhibiting a temperature of 77.2 K. It was isolated from thieeoUHV chamber walls by the
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Figure 3.2: Schematic model (sectional view) of the crylesteamber with the split coil mag-
net, the LN as well as théHe dewar, and a triple evaporator mounted on the backsideof t
transfer opening. Adapted fro@yamfi, 2012kwith permission.

UHYV itself. This was as well th&JHV present at the microscope meaning, that the cryostat
was not superinsulated. The nitrogen dewar contained and#war, which was filled with
liquid “He and facilitated a temperature of 4.2 K during operatidre Fapacity of this dewar
was about 110 I. The large capacities of both reservoirs sleseen to guarantee a hold time
of at least 48 hours before refilling of cryogenic liquids wasessary. By means of a cooling
shield, that was attached to tftee dewar, the microscope was mounted from the bottom side.
Its position was carefully adjusted with respect to thelérgixes magnet. Additional cooling
shields mounted at the front and back opening of the crysstaed for an fective thermal
isolation from room temperature reservoirs. If these slsiglere lifted, the openings enabled
access to the microscope using a mechanical hand or theosldetam é-bean evaporator.

The magnet represented the key feature of this setup. It wamaination of thresupercon-
ducting magnet$ocated inside the He reservoir, marked in blue, red, andrgne Fig.3.2
Each of the magnets consisted of a paiHeimholtz coils These coils exhibit equal winding
numbers and are separated by a dist&hcerresponding to their radii. In general, if a current
is applied to a coil, a magnetic field is created at its cemtecase of a pair of Helmholtz
coils, an equal current is applied in the same directionufihdboth coils simultaneously. As
a result, the magnetic field generated in the spacing betetncoils can be considered as
beinghomogeneousCompared to permanent magnets, the advantage is given Iposise
bility to achieve much stronger magnetic fields with lessunadé and weight. Moreover, the
magnetic field strength is easy to manipulate and can beduoffiea feature not achievable
by permanent magnets.

The three pairs of Helmholtz coils were aligned along akkéhspatial directions around the
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Figure 3.3: Front view of th&TM before its installation into th&JHV system.

STM position. This way, a magnetic field in an arbitrary direntemuld be applied to tip and
sample. If multiple magnets were used, a maximum magnetat sieength of a cylindrical
shape withBy, = By = 1 T, andB, = 3 T could be achieved. If the magnets were used
individually, the maximum field strengths aBg = By = 1.3 T, andB,=5T.

3.1.2 The Scanning Tunneling Microscope

Figure 3.3 depicts thenome-built scanning tunneling microscopleat was designed and as-
sembled by. GyamfilGyamfi, 2007. The pedestal was made of oxygen-free high conductiv-
ity (OFHC) copper. The material was chosen owing to its high thermaledectrical conduc-
tivity and for its capability to be easily machinable. Thelpstal was used for mounting the
entire microscope to the base plate of thie dewar and for cooling the cables by clamping
them in individual slots.

The microscope body, mounted on top of the pedestal, was ofgateosphorus bronzep-
posite toOFHC copper, this material is fairly wearless. This is an impotri@spect because
the body contained several threaded holes. A body made of Qidwadfer from tightening
and loosening screws several times because the mater@d isoft. The microscope body
was coated with a thin gold film to enhance its emissivity. Assult, the thermal radiation
absorbed by th8 TM was reduced to optimize its base temperature.

The tip holder could be clamped in the tip receptacle. Theptcle was mounted into an in-
sulating bushing at the upper end gbi@zoceramic tuheAs already mentioned in Se2.1.],
the bendable piezoceramic tube is the key component 8fféhto establish the scanning pro-
cess on the sample in a controlled manner. The tube itselfjluas to thesapphire prismthat
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was clamped between three pairpagzoceramic stack3 he stacks were each made of four
layers of piezoceramic material with an additional alummnoxide layer on top. Importantly,
sapphire is nothing else than afdrent variety of AJO;. This way, the touching materials
exhibited a similar hardness. A movement of the sapphinprelative to the piezoceramic
stacks did thus not cause any wearing. The piezoceramiksstauld be sheared using a
potential diference on opposite facets of each layer.

The actual movement can in principle be achieved by a sattttie voltage signal. Applying
this signal to the stacks causes a synchronous shearingstéi@its in the same direction. On
the smooth slope of the signal, the sapphire prism moveslsinaously, while on the steep
slope the prism is not able to follow. The transition betwstaticanddynamic frictionis the
key issue for this so-callestick-slip-approachlt enables a movement of the sapphire prism
relative to the body, while carrying the tip, toward or aweyn the sample. Note, that the leaf
spring determining the clamping force on the sapphire phasito be adjusted very precisely
to enable this movement.

In general, samples were glued or clamped to the holderXparenents, the holder was stuck
upside down to the sample receptacle. For this microscbpesample receptacle was also
made of sapphire and has a cylindrical shegagphire rol). This layout bared the possibility
to use basically an equal mounting mechanism. The sappiingas clamped between three
pairs of piezoceramic stacks. Thereby, a rotation of tHeoulld be achieved and the sample’s
front was able facing toward the backside of the microscégementioned before, a triple
evaporator was mounted on the backside. This arrangemeweal the deposition of material
directly on the cold sample. Another feature of this micopscwas aesistive sample heater
integrated into the roll. A temperature range between 4.2h& B30 K was available. For
the ability to precisely monitor the preparation condifiasturing deposition, approach, or
heating a Cernd¥ (Lake Shore, n. d.temperature sensaras mounted next to the sample
receptacle.

3.1.3 The Preparation Facilities

The preparation facilities were divided into two groupseTgrowth-chamber contained de-
vices, that were used for processes which require idealwaaonditions, shown in the left
panel in Fig.3.4. Instead, processes which produce loads of pollution anireghe use of
process gases were located in the preparation-chambepacerthe right panel in Fig.4.

In addition, the load lock was attached as a small side chatokibe preparation-chamber.
The cryostat turbo pump could be used to separately edtablracuum in this side chamber,
that however was usually not additionally baked. Therefiissevacuum was worse than the
vacua of the remaining chambers and attaching it tdfamint chamber than the preparation-
chamber would had been counterproductive.

The Growth Chamber

The growth-chamber provided the possibility of performiag energy electron giaction
andAuger electron spectroscoplyloreover, it contained furthes-beamevaporators to grow
nanostructures at variable temperatures ranging from &dpproximately 1400 K.
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Figure 3.4: Photographies of the growth- and preparati@mber illustrating th&JHV setup.
The processes that produce heavy gas loads, such as sygudtedi high temperature annealing
with an applied process gas, are combined in the preparatiamber. The growth-chamber
is primarily used foMBE to obtain well defined sample systems.

Low energy electron diraction CEED) is used to investigate tHattice periodicityof the
surface. The low energetic electrons, emitted by a filameifitant of the sample, are scat-
tered by the crystal lattice and detected asfatition pattern on a luminescent screen. The
obtained pattern resembles the lattice periodicity of théase near layers in the reciprocal
space. This technique is very useful to identify reconsédicurfaces. These often occur if
the contamination level is too high. Alternatively, theypapr as a result of inflicient prepa-
ration conditions, e.g. too low annealing temperatures.

The LEED device could be used as well for Auger electron spectros¢apg). This tech-
nique is sensitive teurface contaminants$n this process, inner-shell electrons of the surface
atoms are removed by external excitation using high-etiergkectrons. The remaining inner
hole is filled up with a weaker bonded outer-shell electrdme €nergy gained by this mech-
anism is excited as a photon of a characteristic energy. Asultrof the detection of these
photons, the chemical composition of the surface can bdyaasestigated with respect to
the degree of contamination. Note, that the detection leV&ES is limited. In general, in-
dividual contaminants are beyond this detection |e&&S was thus not solely able to judge
the contamination level on the atomic scale. To this 8mt had to be applied.

A different but very important technique for the preparation girapriately designed sam-
plegtips is themolecular beam epitaxysinge-beamevaporators. The material (evaporant) is
placed near a filament in a crucible or as a rod. Heating thenméby electron bombardment
causes atoms to sublimate into the gas phase. Consequéngignaof gaseous atoms (flux)
can be focused toward the sample or tip. With appropriatarpaters of the current- and
voltage-dependent flux, the deposition rates can be phgcisetrolled. The desired coverage
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can thus be easily achieved by adjusting the deposition. tirhe technique is of extreme
importance because mangfects, e.g. the magnetocrystalline anisotropy directi@pedad
critically on the coverageBaudeletet al,, 1995 Hauschildet al., 1998.

On the one hand, the morphology of the sample after the digos$s usually strongly cor-
related to the temperature during the growth process. Orotier hand, post-deposition
annealing might also be of high importance to achieve a smant well-defined surface.
For this reason, the temperature of the receptacle usedafoplegtips during molecular
beam epitaxyMIBE) was adjustable. Cooling was established by means of amexktiered
through, used with liquid nitrogen. In additionresistive heatermade of pyrolytic boron ni-
tride (pBN), was attached. This way, a wide temperature range&5— 1400 K was available.
The heatableoolable receptacle was attached to the samaaipulator that also served for
transferring samplégps into the cryostat-chamber. As a result, the morphotufgiie sample
could be maintained until the investigation by meanS®M started.

The Preparation Chamber

While the aforementioned preparation devices and methods meunted to the growth-
chamber, the remaining preparation devices were attachibe fpreparation-chamber. It con-
tained asputter ion guna second resistive heater, and an additional hedferirigy much
higher temperatures utilizing electron bombardment.

Sputteringis an important process often used to initially clean mietalirfaces. The sputter
ion gun is always operated with an inert process gas, e.g.h&rgaseous Ar atoms are ionized
using a filament and subsequently accelerated toward thglsaihe sputtering current can
simply be measured by the Ar-ions impinging on the groungedpde surface. The current
strongly depends on the partial pressure of the Ar atmospéued the applied acceleration
voltage. It is hence easy to stabilize. The impact of the{eigérgy ions on the sample results
in surface-near atoms blastingf the substrate. The technique was mainly used to remove
initial layers of contamination from the substrate. Moreow can in principle also be used to
increase the surface roughness or to induce defects in thelesdy implanting process gas
ions.

The sample receptacle used for holding the samples durangpilttering process provided the
possibility to heat the sample during the process or aftetwEo this end, the sample stage
bore a resistiv@BN heater éering temperatures between room temperature and a maximum
of ~ 1400 K. ThepBN heater had in principle the disadvantage that the entireptacle
became warm during operation. Especially for long term ahng, the pressure usually in-
creased significantly. This corrupted the preparation itmms$ and the sample quality.

For this reason, another heater type, i.eedmeamheater, was installed in the preparation-
chamber. The device bases on electrons, that are accdlé@te a filament toward the sam-
ple/tip using acceleration voltages. As a result, the objectccbe locally heated and the
process pressure was strongly improved. Another advawtailpe e-beamheater was given
by the maximum temperature accessible, that was increasedre than 2500 K. These high
temperatures were particularly needed for the preparafieame metallic substrates, e.g. the
(110) surface of tungste®odeet al.,, 2007).
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3.2 The ID08 Dragon Beamline

The ID08 beamline was a measurement stage at the Europeahr8yon Radiation Facil-
ity (ESRF, n. d. This user facility is financed by more than fifteen Europeauantries to
offer their scientists the chance to perform state-of-théqaestigations. Almost fifty dfer-
ent apertures, the so-calleéamlinesenable a wide range of experiments with hard as well
as soft X-rays. For the investigation of individual traritmetal adatoms, the IDO8 beamline
was chosen, because it providsaft X-rayswith high polarization Moreover, it involved a
cryogenicUHV measurement stage and exhibited the opportunity to deatustis directly

on the measurement stage. In addition, at this beamlingblartemperatur&TM could be
performed.

3.2.1 The X-ray Beam

The working principle of aynchrotrons a synchronously accelerated number of charged par-
ticles. These are collected in several bunches, each cargaip to 18° electrons, traveling
around the synchrotron on a defined trajectory. The abdityondense the electrons in dense
bunches arises from their velocity close to the speed of igaused byEinstein’s special
theory of relativity(Einstein, 190% the bunch is elongated to a length-ef100 m in the
rest frame of the electrons, As a result, @eulomb repulsions not as large as possibly as-
sumed. However, the electrons of each bunch would drift dveey each other without focus-
ing. Therefore a system of electromagnetic lenses basedaarupoleor sextupole magnets
serves this task. A single quadrupole magnet focuses the lmeane direction and defocuses
it in the perpendicular direction. The combination of twadtupole magnets rotated by°90
results in a net focusingiect in both directions.

In order to force the electron bunches on a curved trajediending magnetare used. The
change of the traveling direction of a charged particleldigpa variation of the momentum. It
results in the emission of synchrotron radiation by meareotleration radiation lengthwise
to the curvature into a narrow cone with an opening angle' of Phe parametey depends on
the velocity of the electron according th? = 1 — 82 = 1 - v?/c2. The power of the photons
for v ~ cis given by:

2¢¢c( E \*
= 5 () G4

with the radius of the curvatune the energyE, and the rest massy. Another interesting
guantity is the frequency of the radiation emitted in the field of the bending magnet:

e
w = 29wy = 2y°—B 3.2
Y Wo Ymo ( )

It is hence directly depending on the magnet’s field streagtihthe energy of the particle.

The particular X-rays used at beamline ID0O8 were soft witlurzable energy in the range
of 0.3 to 1.6 keV. Two individuaundulatorswere used to provide them. An undulator is
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Figure 3.5: Schematic illustration of the working pringpdf an undulator. The individual
elements are shifted with respect to each other to obtagatiy (horizontally, vertically)

polarized light (a,b) and circularly polarized light (c).gRi and left circular polarizations are
not distinguished here for simplicity reasons.

an array of magnets (usually permanent magnets), wherélm@igpg magnets have varying
magnetization axes. Using this setup, the electron beareagiy modulated. By shifting the
individual arrays with respect to each other, linearly {bamntally/vertically oscillating) or
circularly (lefyright rotating) polarized light can be achieved, comparge 5. The Apple I
undulators used at ID0O8 achieved a degree of polarizatiamnadst 100%.

Moreover, a single oscillation of the beam induced by theulatdrs causes a delay of the
propagation. As a result of the beam oscillatiNgtimes, whereN depicts the number of
undulator periods, the delay adds up and tfieative bandwidth is reduced by a factorof
For this reason, on the one hand, the undulators strendte@emanochromaticityf the beam.
On the other hand, the undulators increase the peak ingesfdihe beam. Additionally, the
emission cone of the radiation after the undulator treatnseneduced by a factor df.. Thus,
thebrilliance of these devices, which depicts the photon flux emitted peisonrce area and
per unit radiation opening angle, exceeds that of wigglendsemding magnets by orders of
magnitude. Consequently, the energy resolution availablkib aperture waskE/E = 5-10

at 850 eV.

The X-ray beam was focused by a system of optical lenses. &sudtya minimum beam size
of about 10 50 um? at the sample was achieved. As already mentioned befosd|ltistrates,
thatXAS is a spatially averaging technique, in contras®iiM. The X-rays could not be used
to investigate particular adsorbates, but always probectiitire illuminated ensemble. This
way, the experimental results always revealed a supeiposit the individual contributions.

3.2.2 The UHV Chamber System

The setup at the IDO8 beamline was a compldkv/ system with three individual chambers,
shown in Fig.3.6. The measurement stage itself was centered in the analyaisber and
connected to &He bath cryostat operating at a base temperature of 6 K. &inailtheSTM
setup (compare Se8.1.]), the He dewar was surrounded by another dewar filled withdiq
nitrogen. In addition, a magnetic field of up to 5 T could beleggpcollinear to the X-ray
beam. The sample holder could be screwed to the sample aeteept the end of a rotary drive,
whereas the rotation axis was perpendicular to the X-raynb@is way, the surface normal
of the sample could either point directly toward the X-ragimeat O (normal incidence ang)e
or could be rotated to 7dgrazing incidence ang)eThis procedure provided the opportunity
to investigate the out-of-plane and in-plane electronit m@agnetic properties of the sample.
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Figure 3.6: Side view on the X-ray measurement stage inkelamalysis-chamber. The inci-
dent beam approaches from the right, whereassithiid-chamber is attached on the left. It is
connected to the analysis-chamber via a transfer-chambemounting position of the triple
evaporator is indicated, directly in line with the X-ray betube but from the backside of the
sample receptacle.

During the experiments, a triple evaporator was mounteldeabackside of the sample stage.
It offered the possibility to evaporate atoms directly on the saluple if the receptacle was
rotated by 180 The base pressure of the main chamber was in the low hibar range.

The sample receptacle could be bottom-loaded using a akbtamsfer rod inside the transfer-
chamber. This chamber connected the analysis-chambethei®ilr M-chamber and the load
lock. TheSTM-chamber contained an Omicron VT-SP®rficron, n. d) operating at room
temperatureSTM was mainly used to determine the surface quality of the sasn@ither
before the X-ray experiments or before ti8E growth.

In contrast to thell samples, that were just cleaved, the graphene sampleschéeede
cleaned prior to the experiments. To this end, they wereshat temperatures of 800 K
using apBN heater. The resistive heater was also installed irsthl-chamber. Further prepa-
ration facilities available were a sputter ion gun and anraged version of the heater using
electron bombardment in case of fhieexperiments.
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Chapter 4

Graphene

This chapter deals with the experiments performednalividual transition metal adatoms
and clusterson different types ofjraphene Section4.1 gives an overview ofree-standing
graphene This includes carbon-based allotropes, methods to aeliiggh-quality graphene
samples, its extraordinary structural and electronic eriogs and a discussion of potential
applications. Subsequentlyraphene on Si@ introduced in Seel.2 motivated by its use for
the experiments.

Section 4.3 bases on a recent combined experimental and theoretical
study Eelboetal, 20133. It comprises a detailed description of the electronic and
magnetic properties of individual Fe, Co, and Ni adatoms aldters onmonolayer
grapheneprepared on a SiC(0001) substrate. The samples, used whikisttidy, were pro-
vided by thelnterface Analysis Groupf U. Starke In addition to theSTM andXAS/XMCD
experimentsdensity functional theorpased calculations were performed by feeory of
Magnetism and Electronic Correlations GroopA. Lichtenstein

The chapter proceeds with Set4, which reveals, that the properties of the adatoms are
drastically altered if the substrate is modified in an appdyeninor way. This conclusion
bases on experimental findings, that were published rgcestiwell Eelboet al, 20130).
The respective samples were also provided byinterface Analysis Groupf U. Starke The
chapter ends with a short summary of the graphene-baseatcbsechievements in Set.5.

4.1 Overview of Graphene

The historical background of graphene is closely relatedgtaphite. According to
Fig. 4.1, graphene is the essential building block of the remainiapan allotropes i.e.
fullerenes(Kroto et al., 1985, nanotubeglijima, 1991) andmulti-layer graphengwhich for
layer numbers larger than ten exhibits the properties d grdphite (Partoenst al., 2009.
Interestingly, graphite was known for many years and usedpriactice for numer-
ous applications, e.g. pencils, golf or tennis racketscteddes, lubricants, etc.. More-
over, nanotubes as well as fullerenes were investigatedetaildalready in the early
nineties Dresselhaust al,, 1996 Saitoet al,, 199§.
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Figure 4.1: Schematic model of graphene depicting itstglii arise in diferent allotropes,
such as fullerenes, nanotubes, multi-layer graphene, eahge. FromGeimet al., 2007
with permission.

Surprisingly, high-quality single layers of graphite wemet prepared until 2004. Be-
fore, graphene was considered to be an idealized but intyeabfin-existing system
utilized to describe the properties of carbon allotrop@dallace, 1947 McClure, 1956
Slonczewsket al., 1958. Besides, it was regarded as a model system for the theairegat-
ment of quantum electrodynamic®KED) (Semend, 1984 Haldane, 1988 Graphene was
believed to be unstable at any finite temperature. This gsgomwas based on its strictly
two-dimensional structure. It was believed, that for tlyset of structure thermal fluctuations
would induce lattice displacements comparable to thec&ttionstant itselfReierls, 1935
Landau, 193y. The idea is supported by the melting temperature whiclegdly decreases
according to the sample thickness. One thus expects a vagistelting temperature and
an instability of the truly two-dimensional graphenéefableset al,, 1984. In contrast, in
2004, high-quality samples of monolayer and few-layer besge were found revealing prop-
erties of a strictly two-dimensional electron gas and bestaple even at room tempera-
ture (Novoselovet al, 2004. This led to the award of thBhysics Nobel Prizéor A. Geim
andK. Novoselovn 2010.

Novoselovet al. succeeded in the preparation of high-quality samples byeiieliation
of graphene from highly oriented pyrolytic graphitd@PG (Novoselovet al,, 2004. They
used adhesive tape to ped graphene flakes froldHOPGbulk crystals. Moreover, they were
able to determine the layer thickness accurately down tbrthieof a single layer of graphene
by means of an optical microscope. The crucial additive waga substrate with a defined
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thickness (300 nm) underneath the graphene flake. This exhablidentify the number of
graphene layers due to theférent feeble interference-like contrast with respect &ltare
wafer (Geimet al, 2007). In addition, a Si@ substrate serves for afiective decoupling of
the on top graphene. This way, it enables graphene to raggaculiar electronic properties.

Nowadays, various methods are established to preparequiglity samples. They can
be produced either by means tdfermal decompositiorusing semiconductor surfaces
such as SiC Hasset al, 2008a Starkeet al,, 2009, or by the graphitization and the
chemical vapor depositioron metal substrates, such as Pt(118utferet al, 2009,
Ir(111) (Corauxet al, 2008 or Ru(0001) Marchiniet al., 2007).

4.1.1 Properties

Starting with the pioneering experiments in 200dbyoselovet al., 2009, a rush in the re-
search field of graphene was induced. This was motivatedshyotential applications and
peculiar properties mostly caused by graphene’s striatbrdimensional structure. Graphene
is a one layer thick, flexible, and transparent crystal, ntd@@arbon atoms. The crystal lattice
is determined by thep?-bonding of the carbon atoms. This results in an array of éeazings
generating daoneycomb latticeThe lattice comprisetsvo sublatticeand, hence, two carbon
atoms per unit cell accordingly. The in-plane lattice cansis~ 2.46 A. Due to the weak
Van-der-Waals interactiobetween adjacent layers, the layer-to-layer distance dti-hayer
graphene is large, i.e: 3.35 A.

The lattice of graphene enables some further astonishingtstal properties. Young’s modu-
lus of graphene is the highest ever reportetl TPa (eeet al,, 2008 and graphene’s ability
to be reversibly stretchable by about 20Réé et al,, 2008, is larger than for any other crystal
structure. In addition, graphene shows a breaking stresfgtid0 N/m close to the theoretical
limit (Leeet al,, 2008. Another record value can be found by graphene’s thernralectivity
at room temperature, which 485000 Wm-1K~! (Balandinet al,, 2010.

Graphene’s electronic properties are fundamentally octedeto its crystal lattice. Thep’-
hybridization of the carbon atoms entaitsbonds between adjacent atoms and thereby the
honeycomb lattice. In addition, the remainipg-orbital of each carbon atom binds ®-
orbitals of neighboring atoms, whezelepicts the direction perpendicular to the surface plane.
This results in the formation of- and 7*-bandsdepending on the respective sublattice of
graphene. On the one hand, graphene is a semiconductor fohn wie band gap is driven
by the intrinsicSOI. On the other hand, inside graphene, 180l is small because carbon

is a light element. Therefore, the size of the band gapetigible (Min et al, 2009. As a
result, graphene can be considered as a zero-band gap sdottor. This means, that the
conduction and valence bands touch each other abDitee pointsat the Fermi leveEk,
compare Fig4.2(a). These points coincide with thke-points of the reciprocal lattice.

Theoretically, this was already described in 1947 usinglat#binding approach for the case

of graphite. In this approach electrons can hop betweercadjatoms, whereas the energy
dispersion relation depending on the wave veg&loandk, in Cartesian coordinates is given

by (Wallace, 194Y.



44 Chapter 4. Graphene

conduction band

n* anti-bonding

heo (eV)

7 bonding

valence band

Figure 4.2: (a) lllustration of the band structure of graptheCaused by the hexagonal struc-
ture of graphene, the unit cell of the Brillouin zone exhilsits K-points, each three of both
sublattices. At these points the conduction and valencedstouch in theDPs and, hence,
form Dirac cones as visible in the zoom-in. Adapted friatsnelson, 200With permission.
(b) Experimental confirmation of the linear band dispersiothe vicinity of theK-point for

a single layer of graphene on a SiC substrate, measured bysnotARPES The energy
difference between tHeP and the Fermi level is caused by a slight dopiffiget due to the
substrate. FrorBostwicket al,, 2007with permission.

2 cos( V3ka) + 4 cos(? ya) cos(gkxa)

(4.1)

E, = iyo\/3+

Here, a is the in-plane lattice constanyg is the nearest-neighbor hopping energy &
2.8 eV) andE_ (E,) depicts the energy of the- (7*)-band. The combination of the co-
sine functions explains the wave-like energy-dispersiorFig. 4.2a). As a consequence
of the contact of valence and conduction bands, the changeersacan be easily tuned
between electron and hole conduction with concentratigndou1d® cm2. Caused by
the n- and n*-bands Latil et al, 2009, the band dispersion iBnear in the vicinity of
the sublattice-dependent and therefore inequivalentcDpaints DPs). This is easily
observable by means of angle-resolved photoemission regeopy ARPES, compare
Fig. 4.2(b) (Rollingset al, 2006 Ohtaet al,, 2009.

The wave function characterizing the system appropriatesytwo component spinor describ-
ing the charge carriers in either the one or the other sut®ait graphene. This feature is often
referred to as @seudospirof the n-states. These can also be seewglaral Dirac fermions
that have lost their rest mas@/éllace, 194y and mimic the physics aED. In this model,
chirality refers to the connection betwelerlectrons and-k hole states arising from the same
sublattice. The Dirac fermions aggiasiparticleswhich originate from the interaction of the
charge carriers with the periodic potential of the honeyiodettice, i.e. from graphene’s two-
dimensionality. They are theoretically described by tHatréstic (2+1)-dimensionaDirac
equation The Dirac-like Hamiltonian is given bys{onczewsket al., 1958 Semend, 1984
Haldane, 1988
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H=vg-0o-p
=h-ve-o-k (4.2)
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P ke + ik 0

whereyg is theFermi velocity o is the 2DPauli matrix p represents the quasiparticle momen-
tum andk the quasiparticle wave vector. The Fermi velocity is givgnilp = V3ayo/2h ~
¢/300. This smallness compared to the speed of light ¢ proydkas dfects of theQED
occur in a longer period of time and are often enhanced bectney usually depend on
a factor ¢vg = 300 (Katsnelsoret al,, 200§. This was exemplarily proven in case of the
half-integer quantum Hallfeect QHE) (Novoselovet al, 2005 Zhanget al,, 2005. The half-
integer characteristic of thistect relies directly on the massless Dirac fermions. The-pres
ence of electron-like and hole-like Landau states at zeeoggnhthat can also be described by
the pseudospin introduced before, depictgbblattice-degeneraayf graphene. Interestingly,
graphene fiers the possibility of observing tH@HE even at room temperature due to the
large cyclotron gaps characteristic for these Dirac femmiplovoselovet al., 2007).

Besides additiondDED effects that are expected to be present in graphen&lée paradox
was already proven experimentallyz{/ksonet al., 2009. It depicts the property of the Dirac
fermions to be independent of potential barriers induce@xtigrnal electrostatic potentials.
Furthermore and interesting in view of future electronigides,ballistic transportwas found

in graphene by means of transport measuremeswdselovet al, 2004. These reveal a
propagation of the charge carriers without scattering ovacroscopic distances of several
micrometers. In agreement, recent investigations of sudgze graphene revealed ultra-high
electron mobilities of up to & 10° cn?V~'s (Morozovet al., 2008.

4.1.2 Preparation Methods

Since the graphene-related measurements performed witisinhesis were carried out on
SiC substrates, the preparation will be given in detail in. 82 Insteadgepitaxial graphene
on metals is usually prepared with the helghgtirocarbongases, such as ethylenekg) or
benzene (gHg). Within the chemical vapor depositio€YD) growth technique, the sample
is heated to elevated temperatures in a hydrocad@) &tmosphere after the initial removal
of residual contaminants. At these temperaturesHB8emolecules, adsorbed by the metal
surface, break up, whereas the hydrogen desorbs from tfeeswand can be removed from
the UHV system. The remaining carbon atoms have enough thermajyeteebuild up the
honeycomb lattice of graphene.

The graphitization is another technique to obtain graplugrie support th&CVD growth. In
this case, the sample is annealed without applii@gases but usually to higher temperatures
compared to th€VD growth mode. This entails bulk carbon contaminants to gggego the
surface. There, they either build up graphene as descrigkedeoor they at least increase the
amount of available carbon for the graphene growth. Thigltes higher coverages and may
reduce the defect density inside graphene.

The combination of both procedures thus enabledfiectvely grow flakes or entire layers
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of epitaxial grapheneHG) on many metal substrates. Importantly, the propertiehese
graphenes significantly fier depending on the substrate. This is caused by the vargiung c
pling strengths between the substrate andEfe Additional influences can be induced by
structural diferences caused by a mismatch with the lattice constant clulbstrate beneath.
This can, for instance, cause the occurrence of a moiré stpeture.

4.1.3 Potential Applications

In view of its electronic properties, it is not surprisingat graphene was proposed for appli-
cations in ultra-fast future electronic devices. Indegdpbene basefield-gfect transistors
with a cutdf frequency of~r 100 GHz were already realizedif et al, 2010. These are
more than two times faster compared to Si-based fiffleetransistorsKETs) of the same
gate length £ 240 nm). Graphene was additionally proposed being suit@blspintronic
devices(Wolf et al, 200]). Using the diference of graphene’s zigzag and armchair edges,
asymmetric electronic states can in principle be realizggedding on the spin of the charge
carrier. This can be achieved by applying in-plane homogeselectric fields in graphene
nanoribbons$onet al, 2006.

Graphene was furthermore suggested to be suitable gi@antum computing de-
vices(Cerlettiet al., 2005. This is due to the band structure, that is degeneratedregect

to both sublattices of graphene’s honeycomb structure. Bglysioccupying the one or the
other sublattice via the usage of armcfmagzag edges the valley polarization can be lifted.
As a result, a valley valve, representing a zero-magnedid-tounterpart of the spin valve,
seems to be achievablRycerzet al., 2007 Trauzettekt al., 2007).

Regarding the adsorptigaesorption of atoms or gaseous molecules, graphene exhibiep-
like resistance within transport measuremershedinet al, 2007 Wehlinget al,, 2008.
This is due to the induced variation of the local charge earconcentration if atoms or
molecules are adsorbed (or detached). In combination hétkotv-noise character and the im-
permeability of graphene with respect to gas molecuBem¢het al,, 2008, graphene seems
to be a promising candidate fgas sensorwith extreme sensitivities.

Related to that, graphene is capable to adsorb loads of hgndritg application in the growing
field of fuel cell deviceseems hence to be reasonable due to its extsemrface-to-volume
ratio (Sofoet al,, 2007). Moreover, this ratio motivates the use of graphene powélenco-
agulated micrometer-size crystallites at low manufantuigosts in mass production. Such
powder can be potentially applied batteriesto enhance their capacities and to shorten their
charging timesYoo et al.,, 2008.

In summary, graphene was proposed for many applicationgpeaticted to exhibit various
effects ofQED. Of course, this explains the majdf@t in graphene-related research, though
much work remains to be done in order to fulfill these expemtat
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Figure 4.3: (a) Schematic model of graphene grown on botétdaaf 4H-SiC. The yellow
and green balls represent Si and C atoms, respectivelyréph®ne on the SiC(0Qpsurface
grows faster compared to the Si-face due to lower tempestueeded during the growth
process. Adapted froffiirstet al, 2010with permission.

4.2 Graphene on SiC

The growth ofEG on SiC is currently of high interest. This is owing to the Sifstrate rep-
resenting avide band gap semiconductseuitable for high temperature, high electric fields,
and high-speed devices. It additionally allows a directnamtion to conventional electron-
ics (Brandtet al, 1998 Firstet al,, 2010.

The SiC crystal’s lattice structure is described by thelgtacof basal plane bilayers of Si
and C, shown in Figd.3(a). The in-plane lattice constant is 3.07 A and trepacing is 2.5 A.
In general, diferentpolytypesare distinguished, e.g. 4H and 6Hftdring in the number of
bilayers per unit cell. The unit cell in case of 4H-SiC henghikits a z-height of 10.0 A,
while the 6H-SiC shows aheight of 15.1 A. Both exhibiband gapwf about 3.2 eV. Note,
that no polytype-dependence of the properties of the on towrg carbidic structures was
found Starkeet al,, 2009. Furthermore, SiC enables to gr& on bothfacetsof the crystal
with strong influences on the properties of the respectigphygne. As a resulEG grown on
the Si-terminated face, i.e. the SiC(0001) surface, has thidtimguished from graphene on
the C-terminated face, i.e. the SiC(AQ®urface, compare Fig.3. An example for the dier-
ences on both facets is given by the growth speed, compard.Bjg). On the C-terminated
facet, lower temperatures are needed to form graphene cdhsequently leads to a higher
growth rate compared to graphene on the Si-terminated (&eghlhdf et al.,, 1986.

To increase the surface flatness after polishing and toyadssihe samples, SiC is usually
hydrogen-etched prior to the growth BG. Afterward, graphitic layers on SiC are obtained
by thermal decompositioof the bilayers of the crystal lattice which first was observe
1975 Van Bommelet al,, 1979. If the crystal is heated to typical temperatures-af400 K,
the covalent bonds between the Siand C atoms break up andublisiated from the surface.
During the growth of carbidic layers from the carbon-riclapé, the crystal surface undergoes
different intermediate states depending on the facet of théatrys

Provided the case of multiple layers of graphene, the @eitiproperties of each layer rely
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Figure 4.4: (a) Graphene on the interface layer of a SiC(08@i3trate. The topmost graphene
layer is not interrupted at the substrate’s steps. The selay@r grows underneath the top-
most closed layer starting at the substrate’s steps. Eawifier et al, 2008with permission.
(b) STM constant-current map dfiILG/SiC(0001). The white parallelogram indicates the
moiré pattern, that is induced by the8 x 6 V3)R30 reconstructed interface layer. Accord-
ing to the black lines, the in-plane lattice constant wagreined. Tunneling parameters are
U =-0.1Vandl =0.5nA.

on the distance to the bulk SiC substrate, compared=8j). The substrate-nearest graphene
layer is stronglyn-dopedwith doping levels of typically 18 cm2. This doping level de-
creases rapidly according to the distance of the SiC subdfrauffer et al, 2008. Under
normal circumstances, few-layer graphene exhitfitarge neutrality The doping &ect has
important consequences for potential applications bectngsmobility depends inversely pro-
portional on the charge carrier density. Consequently, laxier densities are desired.

For the experimental investigations of individual BM adatoms, graphene on SiC(0001) was
used as substrate. This is motivated by the Si-terminatddcgubeing better characterized
than its C-terminated counterpart. Moreover, the growthdbaed and homogeneous single
layer of graphene on SiC(0@Premains a challenging task although it was recently aekie
for the first time Wu et al,, 2009.

4.2.1 Graphene on SiC(0001)

In the case of th&i-terminated facethe actual preparation ¢LG/SiC(0001) — in the fol-
lowing referred to adILG — starts with the deposition of Si onto the simultaneousheated
surface. By this procedure, excess C, present at the surtatbeaemoved while the surface
undergoes dierent reconstructionstarke, 2004 A final annealing step at a temperature of
~ 1400 K without further Si deposition causes the emergenee(6#/3 x 6 V3)R30 recon-
structed carbon layercompare Fig4.4(a).

By means ofARPES the band dispersion of this layersbands was resolved to fail the
graphene-like linear behavior at tikepoint (Emtsevet al,, 2008 Starkeet al., 2009. This
first layer consisting of carbon atoms does hence not exttigitpeculiar properties of
graphene. It is usually referred to as thgfer or interface layer(Charrieret al, 2002. The
different properties of the interface layer compared to graphea understandable consider-
ing then orbitals being still strongly bonded to the underneath sabs They saturate the
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dangling bonds of the topmost Si atoms, whereas the inetf@r's atomic structure is in
principle close to graphene'@ttauschet al,, 2007 Varchonet al., 2007).

The second carbon layer growing on top of the interface l&yasuficiently decoupled to
depict the first layer oEG on SiC, i.e.MLG. It is obtained by further annealing the sub-
strate at a temperature f1500 K Riedl et al., 2007). MLG grows continuously across step
edges of the underlying SiC substratafter et al,, 2008. However, as shown in Fid.4(b),
the influence of the interface layer still remains and showsnuform of amoiré pattern
This moiré is easily detectable utilizir§iTM for certain sets of tunneling parameters. It en-
tails a significant apparent corrugation of the surface apesmposes the atomic lattice of
graphene. According to the black lines, indicated in Big(b), an in-plane lattice constant
of 244.2 pm is determined, close to the literature value, game Sec4.1.1 Moreover, due
to charge transfer from the SiC substrait,G is electron doped exhibiting a charge carrier
density ofn ~ (1.0 + 0.1) x 10'** cm2 (Forti et al,, 2011). TheDP is shifted to the occupied
states atv —0.4 eV (Bostwicket al,, 2007 Zhouet al,, 2007. Concerning potential applica-
tions, MLG revealed mobilities up ter 2.9 x 10* cn?V-1st. This value was acquired after
the charge carrier density was successfully lowered byxtpesare of the surface to acceptor
molecules Jobstet al,, 2010. In view of applications, a substrate-induced band gapaked
for MLG is also of significant importanc&liouet al.,, 2007).

For higher coverages, further annealingval 500— 1600 K is requiredRiedl et al,, 2007).
The second layer of graphene, i.e. the third layer of carbtarts to grow at the step edges
of the underlying SiC. More precisely, it grows underneathtdpmost closed graphene layer
in aBernal stacking ABAB...) manner Laufferet al,, 2008, compare Fig4.4(a). For multi-
ple layers of graphene, thebands split intdoondingandantibonding bandsConsequently,
distinguishing the exact coverage of few-layer graphen&i@can easily be performed by
means ofARPESexperimentsl(atil et al,, 2006 Ohtaet al., 2007).

4.2.2 Quasi-free-standing Monolayer Graphene on SiC(0001)

The dfect of the interface layer displaying a strongly bonded eathyer can be overcome by
means ohydrogen intercalationlf the interface layer sample is annealed inaatinosphere

at temperatures ef 1000 K, hydrogen intercalates underneath the interfac.|dhis way,

it saturates the dangling bonds of the topmost Si atoms o$ubstrate Riedl et al., 2009,
compare Fig4.5a). Consequently, the-bands of the interface layer can relax and form the
graphene-characteristic linear band dispersion aKtpeint.

The procedure turns the former interface layer into the fitete layer of
graphene Riedl et al, 2009. Upon this treatment, the charge carrier density shifismfan
electron-doped surface (= (1.0 + 0.1) - 10'® cm?) for MLG/SiC(0001), toward a slight
hole-dopingof the surface§ = (3.1 + 1.0) - 10'* cm?) in case of hydrogen intercalated
graphene on SiC(0001R{edlet al., 2009 Specket al,, 201]). This dfect illustrates that
the hydrogen intercalation not only turns the first (formeomsgly bonded) carbon layer
into graphene, but alsdfectively decreases tteupling strengti{(10** cm™2 — 10 cm2)
between the respective graphene and the substrate. Tiegrdigdrogen-intercalated
graphengsiC(0001), shown in Fig4.5b), is usually referred to as quasi-free-standing
monolayer grapheneQFMLG)/SIC(0001) — in the followingQFMLG. It exhibits an
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Figure 4.5: (a) Schematic model QFMLG on SiC(0001). Adapted frorBpecket al,, 2011
with permission. (b) Constant-current map@FMLG/SiC(0001). The hydrogen intercalation
turns the former interface layer into the first true layer @ghene. It alsoféectively reduces
the apparent corrugation of the substrate. This can beyese#in from the color bar com-
pared to that of Figd.4(b). The black lines were used to estimate the in-planettonstant.
Tunneling parameters até = —0.08 V andl = 0.3 nA.

extraordinarysurface flathesswing to the absence of the interface layer, compare &£¢(b)
and 4.5b). The in-plane lattice constant was again determinedrdony to the black
lines and matches that LG, i.e. 244.4 pm. The remaining-doping of the surface
was recently ascribed to a surface charge layer induced dytapeous polarization of the
substrateRisteinet al, 2012. This is a bulk property of the underneath SiC and unavdedab
for any hexagonal polytype of this material.

4.2.3 Graphene on SiC(00D)

Compared to the SiC(0001) surface, the growth of few-laygrtygagSiC(00A) exhibits sev-
eral variations. Generally, the same preparation teclesigan be applied, i.e. Si deposition
on the simultaneously annealed sample and subsequentiagneghout further Si deposi-
tion at higher temperatures. This procedure leadsfieréint reconstructions of the SiC(Q)0
surface, whereas in most cases, a coexistence of2) (8 a (2 2) structure was reported after
annealing at 1350 KBernhardtt al., 1999 Emtsevet al,, 200§. A monolayer of graphene
on SiC(00Q) is prepared by additional heating at 14003¢qrkeet al., 2009.

By means of low energy electron fitaction (EED), graphentiC(00d) was found

to consist of individual domains rotated by varying angleghwespect to the sub-
strate Gtarkeet al., 2009. The growth of grapheri8iC(00Q) is hence moremnhomogeneous
in comparison taMLG/SiC(0001). A further dference is given by the coupling between the
first carbidic layer and the substrate, that is weak in casi©@f000) (Emtsevet al,, 2008
Hiebelet al,, 2008.

As illustrated in Fig.4.6(a), in the event of few-layer graphene, adjacent layersuate
ally again rotated by varying angles. They grow irtuabostratic growth modelifferent
from those of Bernal stackingd@sset al., 2008h. Importantly, the rotational stacking pre-
vents ther-bands of adjacent layers to interact with each other. &wkteach layer can be
seen as individually growG. This was evidenced bARPES experiments on few-layer
graphene on SiC(0aQ exhibiting independent Dirac cones for the three topriaysrs, com-
pare Fig.4.6b) (Sprinkleet al,, 2009. With respect to future electronic devices, few-layer
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Figure 4.6: (a) Schematic model of bilayer graphene on Si@(Pdndicating the
rotational stacking mechanism which decouples adjacemiphgme layers. Adapted
from Hasset al,, 2008awith permission. (0)ARPESspectra and momentum dispersion curve
obtained on few-layer graphene on SiC(QpP€evealing three independent Dirac cones. This
evidences the lack of an interaction between those laydrs.|dyers can hence be seen as
individually grownEGs. Adapted fronSprinkleet al., 2009with permission.

graphengsiC(00QL) reveals interesting properties. It shows discrete Landeels at rela-
tively weak magnetic fields even at room temperat@#difa et al., 2008. These experiments
imply ultra-high charge carrier mobilities ef 2.5 x 10° cm?V~1s1, interesting with respect
to graphene-basdeETs.

4.3 Individual Transition Metal Adatoms on Graphene

TheMLG samples were provided by the grouplafStarkefrom theMax Planck Institute for
Solid State Researdh Stuttgart. These colleagues precharacterized thersidsty means
of atomic force microscopyAFM). Moreover, the pristine surface was investigated utiizi
STM in Hamburg before the actual investigation of adsorbbtiatoms. To gain insight into
the experimental findings, density functional thedd¥{)-based calculations were performed
by the group ofA. Lichtensteirfrom the 1%t Institute of Theoretical Physiasf the University
of Hamburg.

4.3.1 Pristine MLG

The samples were grown in Ar atmosphere because this imptbxgesurface morphology.
It reduces the defect density and thus provides large agouis and homogeneous layers of
grapheneEmtsevet al,, 2009. Subsequently, the samples were precharacterized bysoéan
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Figure 4.7: (a) Large scale topography MLG indicating an average terrace width of
~ 300 nm. (b)STM constant-current map of an individual SiC step edge. Neithlayer
nor uncovered interface layer contributions can be foundiescing that the desired coverage
of one monolayer of graphene was perfectly achieved. Tumnehrameters afnd = -1.0 V
andl = 0.5 nA (c) Line profile of the step edge as indicated in (b). Fieetboet al., 2013a

AFM with respect to their coverages and their basic propeirexemplary image is given
in Fig.4.7(a). The large scale topography shows, that the averageganidth of the samples
is about 300 nm.

Before theSTM and X-ray-based investigations, further treatment of #medes was required.
Although graphene is a fairly inert surface, it adsorbs aomnhants if exposed to air. There-
fore, the samples were degased at about 800 K prior to theimgrds usingpBN heaters.
Fig. 4.7(b) displays aSTM constant-current map dfiLG with a single step edge of SiC.
According to the line profile in Fig4.7(c), the obtained step height of 2.5 A reflects the
expected step height of a single bilayer of the substrateelNions of bilayer graphene or an
uncovered interface layer can be found. This proves thadéiseed coverage of one layer of
graphene was perfectly achieved. Note, that the contrastticans on both steps, visible in
Fig. 4.7(b), are due to the interface layer as described in &&c.

4.3.2 STMon TM Adatoms on MLG

To investigate the properties of Fe, Co, and Ni, minute ansofthesel Ms were evaporated
onto MLG with the substrate located inside tB&M and held at 12 K, compare Sex1.2
SubsequentlySTM experiments were performed to identify the adsorptiorssiés shown
in Fig. 4.8 In case of Fe, the adsorption site was unfortunatelidentifiablebecause Fe
adatoms were moving during the experiments. This is owinlgegdact, that specific tunneling
parameters are necessary to simultaneously resolve they¢mmb lattice oMLG. Lower
temperatures, e.g. by usinglde-based cryo-system with typical base temperatures df0.3
might help stabilizing the adatomsfiaiently. However, this finding hints toward a veow
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Figure 4.8: (a)STM constant-current map of individual Co adatomsMbhG. The white
guidelines to the eyes indicate hollow sites of graphenerseiicomb lattice. The inset thus
reveals top site adsorption for Co adatoms. Tunneling passiaréJ = 0.5V, | = 0.025 nA
andU = -05V, | = 0.3 nA. (b) Constant-current map of individual Ni adatoms on the
same surface. According to the inset, Ni adsorbs on thewdlite. Tunneling parameters are
U=04V, | =01nAandU = -0.12 V,1 = 0.5 nA. (c) Line profile as indicated in (a)
showing a single protrusion for the Co adatom. (d) Line prafgendicated in (b) revealing
two maxima and thereby a ring-like protrusion with a depm@ss the center in case of the
Ni adatom. The insets of (a,b) are adapted fieefboet al,, 2013b

diffusion energyf Fe onMLG and, hence, to a weak interaction of Fe with the underlying
Substrate.

Provided the case of @dLG, several individual adatoms can be identified as red protru-
sions in the overview image, compare F§8@). The variations in the dark-blue back-
ground color of the surface is due to the interface layeaufferet al., 2009. The in-
set shows a typical high-resolution image of a Co adatom with d&tomically resolved
graphene lattice at the same time. The white guidelines @oetfes correspond to hol-
low sites of the honeycomb lattice. Since the center of the @xican matches a triangle
spanned by these lines, the adsorption site is determindgk ton top. This means, that
the Co adatom adsorlmn top of a C atonof graphene’s lattice. While most theoretical
approaches predict hollow site adsorption for Co adatomsraphgne Duffy et al, 1998
Yagi et al, 2004 Maoet al, 2008 Sevincliet al., 2008 Johllet al, 2009 Caoet al, 201Q
Yazyevet al, 201Q Valenciaet al., 201Q Sargolzaeet al,, 2011, Rudenkoeet al,, 2012, this
finding confirms calculations performed within thgeneralized gradient approxima-
tion (Perdewet al,, 1996 using aron-site Coulomb potenti@GA+U of U = 4 eV. By means
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of this model, Co atoms were found to adsorb on top of C atomsiglaspin state witls =
3/2 and an electronic configuration ofi®s' (Wehlinget al, 201Q Wehlinget al., 2011).
Note, that individual Co adatoms on graphene were invesiiga¢fore Brar et al, 2010. Un-
fortunately, Braret al. did not identify the adsorption site for Co adsorbed on grapt®0O..

The adsorption behavior fiers for individual Ni adatoms, compare Fig.8b). Ac-
cording to the high-resolution image, the center of the @uatperfectly matches
a crossing point of three guidelines indicatirmpllow site adsorption in case of
Ni/MLG. This is consistent with recent experiment&yamfiet al, 20123 and theo-
retical reports Dufty et al, 1998 Yagi et al, 2004 Johllet al, 2009 Valenciaet al., 201Q
Caoet al,, 201Q Yazyevet al, 201Q Wehlinget al,, 2011, Sargolzaeet al,, 2011). The Ni
adatom is characterized by a ring-like protrusion with ardegion in its center. The
line profile of Ni thus exhibits two maxima contrary to thedimprofile of Co, compare
Figs. 4.8(d) and 4.8(c). This strengthens the assignment offetient adsorption sites for
both species. The adsorption of Ni on the hollow sites wadagxgd by an orbital selec-
tive coupling of Ni orbitals withE; (dydy;) and E; symmetry (l,y, ds._,2) to graphene’s
Dirac states Gyamfiet al, 20123. The appearance of the Ni adatoms with a central de-
pression is a result of the node along thexis, which the aforementioned orbitals ex-
hibit. This node consequently appear as a depressiddiTid topographies. In principle,
hollow site adsorption in case of Ni was theoretically pegelil for a variety of electronic
configurations (Vehlinget al,, 2011). However, by means d8TS experiments, Gyamfet

al. found strong indication, that Ni adatoms are predominaintlghe 31'°4s’ configura-
tion (Gyamfiet al,, 20123.

The generalized gradient approximation including an ée@-Sioulomb potential GGA+U)
model utilized by Wehlinget al. additionally supports th&TM investigations regarding an-
other aspect. At first approximation, thefdrence of the binding energies of various adsorp-
tion sitesAEg can be used as an indication of tlgfusion barrier This difference is the
smallest for Fe AEg(Fe) = 0.02 eV), followed by Co and NiAEg(Co) = AEg(Ni) =
0.15 eV) Wehlinget al,, 2011). Moreover, the absolute binding energy of &s(Co) =
0.62 eV) is smaller than that of NEg(Ni) = 0.97 eV). By definition, this illustrates a weaker
binding with the substrate. Since Fe adatoms were not siathlen the STM experiments and
effective difusion temperatures @i (Co) ~ 50 K andTp(Ni) ~ 97 K (Gyamfi, 2012hwere
determined, the experimental results and theoreticautalons are well in line.

4.3.3 XAS and XMCD on TM Adatoms on MLG

According to Sec4.3.1 theterrace widthof MLG is about 300 nm. This is an important
aspect regarding th€AS/XMCD experiments with spot sizes of the X-ray beam in the mi-
crometer range. A large corrugation with many step edgebeiunderlying SiC substrate
might influence the properties of the adsorbed nanostrestiEEven ifMLG is an uninter-
rupted closed layerLauffer et al., 2008, anindirect influencedue to the SiC step edge is
possible. It can be illustrated by the local variation of geFpendicular direction. With re-
spect to flat regions d¥ILG, the perpendicular direction is canted on the bended regabn
the step edges. Therefore, magnetic anisotropy directiogist be tilted if the nanostructures
are adsorbed on these bended regions. With the obtainedaenidth, the influence of the
bended regions is reduced to aboui o, presuming a width of the region of about 2 nm.



4.3 Individual Transition Metal Adatoms on Graphene

55

This corresponds to eight unit cells MiLG. Consequently, an influence on the properties of
adsorbates originating from underneath SiC step edgesepizebe negligible.
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Figure 4.9:XAS and XMCD measurements performed at thg; edges for (a) 0.5%ALE
Fe, (b) 0.5%ALE Co, (c) 0.7%ALE Ni and (d) 14% ALE Ni on MLG for a magnetic
field of 5 T and a temperature of 10 K. The upper (lower) pangbldys data acquired at
normal, i.e. O (grazing, i.e. 70) incidence angle. The insets of subfigures (a,b,d) exHikit t
XMCD data obtained at both angles normalized byXKA& intensity for thel; edge. Adapted

from Eelboet al., 2013a
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In case of thexAS/XMCD experiments, the graphene samples were of course degdsed ut
ing the same procedure mentioned before. As a result, tipagion procedures were equal
to those of theSTM-based experiments fiects provoked by the flerent experimental setup
are hence not expected. In order to determine the coverddgies DMs correctly, calibration
measurements were performed using a Cu(111) substrate. Goppeleaned according to
the procedure given elsewhenei€tzschet al, 2004. Except the timeequal deposition pa-
rametersvere used for the calibration measurements and the actpasdion. Becaus8TM

was performed at room temperature, the thermal energy wWiasisnt to enable accumulation
of theTM adatoms. This decreases edfe&s and enhances the precision of determining the
deposition rates. As a result, the XAS intensity can be correlated to the coverage.

The characterization of the nanostructures performed BnsefXAS andXMCD measure-
ments is summarized in Fig.9. The figure shows the magnetic absorption profiles (compare
Sec.2.5) for positive (u,) and negativey(_) helicity. TheXAS spectra are generally used to
gain information about the electronic properties of the gamFor instance, thXAS line
shape can be used to indicate #iectronic configuratiorof the ground state if compared to
theoretical multiplet calculations. Furthermore, Fid@ shows theXMCD (u_ —pu, ) for 0° and

70° enabling to investigate the out-of-plane and in-plane retigiproperties.

A first important observation is, that thé€AS line profiles deviate from those obtained
on multi-layer films of Fe, Co, and NiGhenet al, 1990h Chenet al, 1995. In addi-
tion, they also dter from data obtained on metallic substrat€&aihbardellaet al., 2003
Blonskiet al,, 2010. The XAS spectra, shown in Figd.9, reveal amultiplet structure for

all configurations contrary to those earlier reports. Thidtiplet structure generally hints
toward a ratheweak interactiorregarding two aspects. Firstly, the interaction betweel in
vidual nanostructures and, secondly, the interaction éetvthe nanostructures and the sub-
strate. Consequently, the weak interaction explains tfierdnt behavior, because on metallic
substrates or in multi-layer films the interaction is uspatrengthened. The decreased inter-
action strength is supported by two additional expectatiéirstly, the inert-like behavior of
graphene Qhtaet al., 2007 suggests this behavior. Secondly, according to the faimall
binding energies (between 0.29 eV and 0.97 &BA+U model calculations predigthysi-
sorptionin case of Fe, Co, and Ni adatoms on graphé&teh(linget al,, 2011J).

XAS and XMCD on Fe/MLG

In case of Fe, th&XAS line shape reveals a broad peak for theedge and two sharp res-
onances at théz-edge, compare Figt.9a). Interestingly, the dichroism at thg-edge is
mainly caused by the low energetic resonance. The origihefhiultiplet structure remains
unknown. It might trace back tmany-bodycrystal field or hybridization gfects

A comparison of the XAS line shape to theoretical multiplet predic-
tions (Van der Laaret al, 1992 indicates a &° electronic configurationof the ground

state of the Fe adatoms, if a crystal field strength dbq0= 0.5 eV is assumed. How-
ever, this conclusion has to be treated carefully, becabsesymmetry of graphene
(dihedral: @) is lower than the symmetry used within the calculationgrdtesdral:

Tg) (Van der Laaret al,, 1992. Additionally, the crystal field strength D@ cannot be deter-
mined from the performed experiments. These limitationg awount for the deviations of
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the concluded & configuration from the &4s' configuration, predicted within theoretical
models for Fggraphene Johllet al., 2009 Wehlinget al,, 2011). Although disagreement
exists regarding this issue, the predictions match the rarpatal results concerning a
different issue. The calculations predict a high-spin grouatesthat is in line with the

experimentally determined branching ratBR-. = 0.74. This also suggests a high-spin
ground state of Fe (compare S@dfor further explanations abo#R).

Unfortunately, the orbital moment and the spin sum rule oabe applied because the mag-
netic moments were not saturated at the maximum magneticaialilable B = 5 T). Instead,
the ratioR (compare Se.6) can be evaluated and givBs. = 0.05+ 0.03. In view of the
suggested high-spin ground state, this value indicasesall orbital magnetic momeuwf the
adatoms, which is in line with recent relativisid=T calculations $argolzaeet al., 2017).

The inset of Fig4.9(a) can be used to conclude about the easy-axis of the magnethents.
It depicts theXMCD for the Lz-edge normalized by th¥AS intensity. Thel; resonance in-
tensity, acquired at normal incidence angle, exceeds tipditaiche at grazing incidence angle
by 20%. This indicates anut-of-plane easy-axi®r FEMLG.

XAS and XMCD on Co/MLG

The XAS/XMCD experiments dealing with Co adatomsMhG are depicted in Figd.9(b).

In this case, theL; edge consists of three individual resonances while for lthedge
again no multiplet structure can be resolved. Similar totke,dichroism at thé.; edge is
mainly given by the low energy resonances. Interestingly,multiplet features are less pro-
nounced compared to the case of Fe which hints towasttamger interactionin case of
Co. This is particularly in line with the predicted bindingeggies of Fe (0.27 eV) and Co
(0.62 eV) Wehlinget al, 2011 and theSTM observations concerning the stability of these
species.

A comparison of th&XAS line shape to the theoretical predictioNaf der Laaret al., 1992
suggests ad electronic configuratiorof the ground state, if again a crystal field strength
of 10Dqg = 0.5 eV is assumed. The branching ratio determined in case of Gchemthat
of Fe, i.e.BR:, = 0.74, and again suggests a high-spin ground state. On the ol the-
ory also predicts a high-spin ground state. On the other htdigl result was achieved for
a 3084st electronic configurationJohll et al., 2009 Wehlinget al, 2011). The deviation be-
tween experiment and theory concerning the electronic gordtion may trace back to the
aforementioned discrepancies regarding the crystal symes@nd the unknown crystal field
strength.

Equal to the case of Fe, the magnetic moments were not sadutdbtivated by the same
branching ratios of Fe and Co, the evaluation of the rR§g compared to the value of Fe,
is of interest. For Co, this quantity is larger, iR, = 0.35+ 0.02, which indicates aigher
orbital moment that is in line with theory $argolzaeet al., 2011). Furthermore, the inset
of Fig. 4.9b) exhibits, similar to Fe, an increased normali28dCD intensity for normal
incidence angle depicting aut-of-plane easy-axigs case of Co as well.
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Figure 4.10: (a) Theoretical spin-averagedndd LDOS as well as predicteXAS spectra
for Ni monomers on graphene. (b) The respective calculatfon Ni dimers on the same
substrate. Adapted froigelboet al., 2013a

XAS and XMCD on Ni/MLG

Figure4.9(c) illustrates the results of 0.0@8M_E Ni/MLG, that yield an interesting peculiarity.
The XMCD is quenchedndicating that the Ni adatoms exhibit @'84<° electronic config-
uration. This would be consistent with previous resusfty et al, 1998 Yagi et al., 2004
Valenciaet al, 201Q Caoet al, 201Q Wehlinget al,, 2011 Gyamfiet al., 20123. Due to the
closed 8-shell, theXAS profiles are expected to shawo absorption resonancdsit only
step-like features originating from non-resonant trams#, compare Se@.5. In contrast, the
XAS spectra depict aultiplet structurewith basically two resonances at thg-edge and a
broad resonance with two contributions for theedge.

In order to explain this contradiction, atomistic simubaws using first-principleDFT
were performed to model the Ns and d-states and theXAS spectra at thels-edge.
The model comprises the Vienrab initio simulation packageKresseet al., 1994 with

a projector augmented plane wave based cdBliéchl, 1994 Kresseetal, 1999 and
the WIEN2K package Rlahaet al, 1990 with a full-potential linear augmented plane
wave Krogh Andersen, 197%asis sets. The generalized gradient approxima@GibA) was
employed to the exchange-correlation potential, whilergsilts were converged carefully
with respect to the number &fpoints. The system was modeled byxa3graphene supercell
of 18 carbon atoms with Ni placed on top. TKAS spectra were calculated within the dipole
approximation using Fermi’s golden rulBifac, 1927.

The calculated_; XAS spectra for Ni monomers adsorbed in hollow sites are shown in
Fig. 4.10@). They yield amultiplet structurewith two pronounced resonances in line with
the experiment. The spectra mainly follow the estimatddOS although thes-LDOS pro-
vides the strongest resonance. According to 3€g.this is caused by the transition matrix
element being enhanced in case of transitiond-gtates compared ts-states. Comparing
the theoretically determined spectra to the experimerdtd,deveals reasonable agreement.
While the separation of the predictéd resonances is given yEeory = 0.9 €V, the exper-
imentally determined separation is slightly larger, M.y, = 1.3 eV, compare Fig4.9(c).
The relative intensities of both resonances{8 = A < B’) are in line for experiment and
theory.
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By this comparison the conclusion is unavoidable, that thasuedXAS spectra origi-
nate almost entirelyrom unoccupied Ni d-stateJhis finding is only consistent with the
previous report Gyamfiet al, 20123 and with the vanishingKMCD, if the d-occupation
of the Ni adatoms close to, but not perfectlg'® It is hence higher compared to bulk
Ni (Chenet al, 1990h. In agreement with the Anderson impurity modAh@erson, 196},
no magnetic moment can be formed if the occupation is closgftdl shell. Consequently, a
vanishingXMCD is expected.

The small number of holes in the Nd3hell is due to hybridizationfiects. Firstly, peak A
arises from the hybridization of Ni.-states with Nis-states, that marginally contribute to the
XAS. Secondly, peak B’ is dominated by the hybridization ofdyj- andd,._,.-states with
graphene’g,-states. The origin of this feature is the exclusive coupbif conduction band
states near the van Hove singularity of graphene, i.e. thedtinuity in theLDOS, to this
kind of d orbitals exhibitingE, symmetry Gyamfiet al., 20123.

In case of an increased coverage of 0.&14& Ni on MLG, the experiments reveal dramat-
ically different results. According to Fig.9(d), the relativeXAS intensities of the leading
resonances at tHe;-edge reversed. In addition, and even more important, al sunssignifi-
cantXMCD effect occurred arising from the first of both resonances.

In order to explain the experimental observations the t¢aficuns were extended to Ni
dimers, shown in Fig4.1Qb). The calculations are in accordance with the experiment
garding two aspects. Firstly, two main resonances at.thedge were found, whereas, op-
posite to the lower coverage, in this case the low energy eakonger in intensity. Sec-
ondly, the predicted energetic separation between botinaeexes matches the experiment
(AEtheory = AEexp = 1.2 €V). Interestingly, peak C’ shifts about 0.5 eV downward memgy
compared to the monomer case. This can be attributed tdieasaof the band structure of Ni.
More precisely, the unoccupied dimestates are shifted to lower energies while the amount
of unoccupied-states is increased. This hints to an enhanced hybridizafi Ni s-orbitals

in the dimer case and consequently causesltbibitals to depopulate.

The dfect amplifies according to thmean cluster sizdn fact, small clustersng; < 4) are
found to benonmagneticbut for larger clustersn; > 4) the magnetic moment sable It
increases up to 0.8& per atom in case of a closed Ni layer on graphene. The ocagren
of anXMCD can hence be understood with respect to the increased gevdrais causes an
enhanced fraction of larger clusterg;(> 4) for statistical reasons. An easy-axis of the mag-
netization cannot be determined though. According to teetiof Fig.4.9(d), the amplitudes

of the XMCD are equal for normal and grazing incidence angle.

4.4 The Influence of the Substrate

In the foregoing section, the propertiesidfl adatoms oMMLG were clarified. Regarding the
two-dimensional electron gas, these adatoms represdntipaiion centers. In general, impu-
rities adsorbed on graphene are expected to cause elecatbergg between both sublattices
of graphene. This type of scattering is referred tnéesrvalley scatteringWith respect to the
band structure, intervalley scattering can be illustrddgdcattering between both inequiva-
lent K-points. The &ect was already experimentally observed for the case ottsedathin
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grapheneRutteret al., 2007 or induced by surface-adsorbed impuritidaflet et al., 2007).
Interestingly, in the vicinity offM impurities onMLG this dfect was not observed.

Motivated by this lack;TM adatoms were deposited on a second type of graphene, namely
QFMLG. According to Sec4.2.2 this type of graphene fiers in anapparently minor way
from MLG. The underlying substrate is equal, both types of graphghibie well-defined
linear band dispersions and properties close to those efst@anding graphene. Only the de-
coupling mechanism ffers, which results in a reduced apparent corrugation of uhface
and in an even enhanced decouplifigceency in case 0QFMLG. As a result, observing or
not-observing intervalley scattering QFMLG was expected to provide insight into its mech-
anism. The study focused on Ni and Co adatoms due to the negafperiences made ISTM
investigations performed on Fe adatoms. The samples waia pgovided by the group of
U. Starkefrom theMax Planck Institute for Solid State ReseanstStuttgart and also grown
in an Ar-atmosphereEmtsevet al, 2009 Riedl et al,, 2009. Prior to theSTM experiments,
the samples were degased indigldV at~ 850 K to remove residual contamination.

44,1 STMSTS on CgQFMLG

Figure 4.11 displays Co adatoms being adsorbed@FEMLG. In view of the STM obser-
vations obtained oMLG, it was surprising, that oQFMLG two diferent specie®f Co
adsorbates were observed.Juwas as a triangular appearance with a “Y”-shaped depression
on its center, shown in Figt.11(b). In contrast, according to Fig.11(c), Cq; appears as a
“usual” adatom with a sharp protrusion in its center. Thiedénces in terms of appearance
and apparent height can be easily seen from the line profilengn Fig.4.11(d). In order

to exclude, that Cotype features are entailed by clustering of three Co atormen#&ol ex-
periment on a W(110) substrate was performed. By using the dapwsition parameters, an
average number of Co adatom per surface unit was estimateglisTbnly compatible with
the experiments on GQFMLG, if Co, features originate from a single Co atom. The high-
resolution images enable to determine the adsorptionditbese species. Similar to the case
of MLG, the white guidelines to the eyes display hollow sites. e, is adsorbed otop

of a C atom, whereas @Gas adsorbed on thieollow site

In addition,STSwas performed on both types of adsorbates, depicted iMdEid(e). While
ramping the voltage a strong change of the tunneling cumért —0.25 V was observed

in case of Cg. This resonance goes hand in hand with a change of the appeai@vard

a triangular shape. In conclusion, £ohanged toCo,. Despite this typical signature indi-
cating a change from one type of Co into the other, one mighé&xpther characteristic
features for both types of adatoms. In general, theory ptedharacteristic shapes of Fano
resonancesdHano, 1961 within the diferential conductance depending on the adsorption site
of the particular adatonmJchoaet al., 2009. Importantly, these resonances are predicted for
small tip-sample separations, at which Co usually is maatpdl for the particular sample
system described here. Consequently, these resonancesxperanentally not detected and
a comparison between theory and experiment regardingstigiis obsolete.

Figure4.11lreveals some additional features. The overview image yisdderal dark depres-
sions on the substrate. These arise friim-hydrogen-saturated dangling borafshe under-
lying topmost Si atoms of the crystal. Note, that neitherasecof Co nor in case of Ni, an
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Figure 4.11: (a) Constant-current map of two types of Co momsrmar QFMLG. Tunnel-
ing parameters ard = 0.3 V andl = 0.1 nA. (b,c) High-resolution images indicating top
and hollow site adsorption in case of Cand Cg, respectively. Tunneling parameters are
U=-03V,I =01nAandU = 0.3V, | = 0.1 nA. (d) Line profile across Goand Cg
adatoms as indicated in (a). (e) Setlaind d/dU spectra recorded 0QFMLG and on the
adsorbed Co impurities. Tunneling parameters forSi&areU = 0.3 V andl = 0.07 nA.
Subfigures (a,d and e) are adapted fi6etboet al,, 2013b

influence of these features was revealed onto the adsompiometries or on the properties
of the adatoms. This suggests that the defect density wadswotw have a sizableffect on
the aforementioned properties.

4.4.2 STMSTS on NJQFMLG

In case of NIQFMLG, two different species of adatoms were observed as well. This cdw first
be seen from the overview image, given in Fgl2a), and secondly from the indicated line
profile, displayed in Figd.12d). Nis exhibits the same characteristic appearance as in case of
MLG, namely a ring-like protrusion with a central depressiorcdntrast, N§ appears with a
central protrusion only. Equal in both experiments is theoagttion site of the nodal-type Ni

i.e. hollow site compare Fig4.12b). Consequently, Miis adsorbed in theop siteaccording

to Fig. 4.12c). Although the adsorption site of the Ni adatoms can beipudaied by the
STM tip, a switching from one type to another duri8J S experiments was not observed,
compare Fig4.12e). The spectra only showftikrent intensities of theDOS of both species,

but neither characteristic resonances nor sudden changes.
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Figure 4.12: (a) Constant-current map@FMLG after the deposition of a small amount of
Ni atoms at 12 K. Tunneling parameters adre- —0.5 V andl = 0.1 nA (b,c) High-resolution
images revealing the adsorption site of\Nind Ni to be hollow and top site, respectively.
Tunneling parameters at¢ = —-0.1 V, | = 0.09 nA andU = -0.05V, | = 0.09 nA. (d) Line
profile along the line indicated in (a) comparing Ni atomsaled on both adsorption sites.
(e) STSspectra taken on Ni atoms adsorbed@@MLG. Tunneling parameters f&TSwere

U = 0.4V andl = 0.05 nA. FromEelboet al,, 2013b

443 QFMLG vs. MLG

On the one hand, the deposition procedures were identicah#o studies orMLG and
QFMLG. On the other hand, a completelyférent adsorption behavior was found. This con-
tradiction has therefore to be related tffeliences induced by the substrates even though one
might expect only small variations of their properties.

A first difference between those substrates is given in terms etitffi@ce roughnes#\ sizable
effect of the corrugation on the properties of adsorbed imisntas, for instance, reported in
case of carbon nanotubd3yrgunet al,, 2004 Valenciaet al,, 2010. Although they generally
represent a dlierent sample system, nanotubes can be considered as tedsheeets of
graphene depending on their diameter.

For the study at hand, one might hence wonder whether theradafproperties are in-
fluenced by the enhanced surface roughness in cas4L&f. For MLG, the corrugation
arises from the moiré pattern induced by the interface ldgpegrestingly, this type of moiré
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pattern was revealed to have a strong influence on the prepet graphene in case of
MLG/Ru(0001) Gyamfiet al,, 2011). By means ofSTSa strong bonding between substrate
and valley regions and a weak bonding between substrate ihmdgions was found. This
indicates improved properties of the hills, which consexjyeare more similar to free-
standing-graphene. Hence, an influence of the/36« 6v3)R30 superstructure in case
of MLG/SiIC(0001) on the properties of graphene seems plausibls. might straightfor-
wardly influence the properties of the adsorbed atoms. ksmr#ason, the adsorption sites
onMLG/SiC(0001) were investigated with respect to the moiré'§36 6 V3)R30 unit cell.
Neither in case of Co nor in case of Ni an influence of the moirttepa on the adatoms’
adsorption sites could be detected. For all cases, Co adsorag, while Ni adsorbs on the
hollow position. In addition, by means 8fT S the electronic properties were found to be equal
among all adatoms of each species, independent of thevegtatsition within the moiré’s unit
cell. Consequently, anffect based on the corrugation LG/SiC(0001) is concluded to be
negligible.

Regarding the multiple configurations, thefdrentSTS features obtained for G¢Cog on
QFMLG have to be assigned ttfferent electronic propertiebecause an atomic origin (clus-
tering) was excluded. Multiple stable configurations of Cogpaphene were predicted by
means of an active space self-consistent-field apprdaadenkeet al., 2012. These calcu-
lations predict diferent equilibrium heights above the graphene sheet dfetelt electronic
configurations. The configurations were computed to be eB8t&s’ or 3d°4s’. However,
owing to the fact, that equal adsorption sites (hollow siteje found for both configurations
and top site adsorption was not predicted, this model isitaida to explain the experimental
observations.

For a specific Coulomb potential,ftBrent adsorption sites of Co on free-standing graphene
were predicted within the aforemention€@IGA+U approach \(Vehlinget al, 2011). For

U = 0 eV, hollow site adsorption was found exhibiting d°as’ electronic configuration,
whereas in case &f = 4 eV, a 3124s' configuration and top site adsorption were computed.
In contrast, the preferred adsorption site of Ni is the hlfmsition independent of the on-
site Coulomb potential resulting in a non-magnetic eledtroanfiguration of 8'°4s’. Hence,

the calculations performed for free-standing graphenw gfesfect agreememtith the exper-
imental observations oNILG, presented in Sed.3. For this reason, the assumption seems
plausible that th6&GA+U (U = 4 eV) model Wehlinget al, 2011 might also appropriately
predict the properties of Co and Ni adatoms@RMLG.

The experimental observation of two simultaneously stabkorption sites is consistent with
this model if thebinding energiesire discussed in more detail. The energyedences impor-
tant for the difusion processes are 0.15 eV in both cases, Co and Ni. Thisasngifiusion
temperatures of about 65 K. As a result of the deposition &zatpre being 12 K within the
experiments, the adatoms can be assumed to be immobile.dBoepéion behavior of the
adatoms is thus expected to be outtleérmodynamical equilibriumrherefore, on the one
hand, the observation of twoftirent adsorption sites in the case@QFMLG is not surpris-
ing. On the other hand, this scenario is supposed to be valiMEG as well. It is hence
unexplainable why only one type of Co and Ni adatoms were famdLG.

Further discrepancies occur between the experiment and BS&A+U
model Wehlinget al, 2011 regarding the apparent heights in ti8IM topographies
compared to the calculated heights of top and hollow sit@rbdsl atoms. In case of Ni,
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Figure 4.13: (a) Three-dimensiorBTM image ofQFMLG revealing a (/3 x V3)R30® pat-
tern in the vicinity of Ca adatoms. The-scale is exaggerated for visual clarity. Tunneling
parameters arel = —0.3 V andl = 0.07 nA. (b) 2DFFT analysis of theSTM topography.
Yellow circles indicate spots originating from grapheratsice. The inner spots are related to
intervalley scattering of electrons between nonequivdlérac cones. Its periodicity is 3.7 A,
equal to the wavelength: = 27/ks = 3a/2, wherea is graphene’s lattice constant. Adapted
from Eelboet al, 2013b

the theoretically predicted heightffiirence (0.3 A) matches the experimental estimation. In
contrast, this is not the case for Co. Here, the experimgrdatiermined dference £ 0.8 A)
is about twice as large as the theoretically computed odeXp.

Therefore, in view of the dlierent observations on both types of graph@aoseof these mod-
els predicts the properties of the adatoms consistentig. Aihts toward significant substrate
effects, namely thélegree of decouplinghat so far remained neglected by theory. It seems
that this needs to be considered for an appropriate deseript the properties of individual

3d TM adatoms on graphene on varying (and realistic) substrates.

4.4.4 Intervalley Scattering on QFMLG

QFMLG was chosen as a substrate due to the lack of intervalleyesicgttin the vicinity
of TM adatoms orMLG. Importantly, thedeposition of Coon QFMLG reveals this type
of scattering. This enables to precisely investigate tfiexein a controlled manner, compare
Fig.4.13a). The graphene lattice in the vicinity of Co adatoms exbién interference pattern
which was analyzed by means of a fast Fourier transféRT), shown in Figd.13b). While
the six outer (yellow marked) spots originate from grapleladtice, the inner spots stem from
a (V3 x V3)R30 superstructure. This superstructure is entailed by theatley scattering
for which the Co adatoms induce the symmetry breaking.

Opposite to the diameter of the superstructure beidgnm in case of the y-shaped Goype
adsorbates, the diameter reduces to 2 nm in case gtype adatoms. For Ni adatoms, the
effect was not observed. TH@GA+U model Wehlinget al,, 2011 predicts diferent elec-
tronic configurations among these adsorbates,fGe = 3d®, Ctholow sie = 3d°, Ni = 3d™°).
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As a result, the ruling criterion for the strength of thi$eet is suggested to be the valence
state of the adatom. Moreover, as already mentioned fieetevas not found in case bLG.
This hints again toward an influence of the substrate-grapligeraction or an ingficient
resolution caused by the superimposed corrugation duestimtérface layer.

4.5 Summary

With the preceding sections deep insight was gained intdiéhe of individual magnetic
nanostructures grown on graphene. A SiC(0001) surface Wexdese for conceptional reasons
because it is well characterized, can be prepared with higthitg, and allows for a direct
connection to state-of-the-art Si-based semiconductacee.

By means of dierent experimental approaches, namely $1&M and X-ray based spec-
troscopy, combined with first-principld3FT calculations, Fe, Co, and Ni adatoms and clus-
ters onMLG/SiC(0001) were investigatedEé€lboet al, 20133. Interestingly, Fe and Co
reveal paramagnetic behavior with out-of-plane easy-akXbe data of Ni adatoms yield
the final proof of a previously reported nonmagnetic groutadesin the regime of single
atoms Gyamfiet al, 20123. The XAS spectra support th8TM findings of generally weak
interactions (physisorption) between graphene and thgsestof adatoms. This ultimately
leads to the impossibility of assigning the adsorption sft€e with the available setup. In
contrast, Co was identified to adsorb in the unusual top posifihis is contrary to most
theoretical results, but can be confirmed if an on-site Coblamtential is included in the
theory. Importantly, in terms of magnetism, Ni is not unusalbhe experiments clearly prove
that for elevated coverages a significXMCD effect arises. Theory was able to attribute this
effect to thed-shell occupation of Ni which scales down according to tleeease of the mean
cluster sizen. This way, Ni clusters can be tuned between nonmagnetc4) and magnetic
behavior (1 > 5).

For MLG/SIC(0001), the first layer of graphene is decoupled by thearaibterface layer
saturating the dangling bonds of the topmost Si atoms of tbstgate. The intercalation of
hydrogen &ectively decouples the former strongly bonded interfagerand turns it into
the first layer of graphene, i.QFMLG. At first glance,QFMLG/SIC(0001) and possibly
adsorbed nanostructures are expected to exhibit propertisy similar to the scenario of
MLG/SiC(0001). Surprisingly, this moderate variation of thesttdie alters the above men-
tioned observations significantly.

By a purelySTM andSTSbased investigation dramatic changes in terms of adsorpiies
and adatom-substrate interactions were revealed by egitatheMLG to a QFMLG sub-
strate Eelboet al,, 2013h). More precisely, both Co and Ni show up QMLG in two stable
configurations. They are either adsorbed on the top or tHeviasltes of the substrate. Another
important finding is that the combination @FMLG and Co adatoms enables to investigate
the dfect of intervalley scattering in a controlled manner. Tlfie& arises from the scattering
of Dirac fermions between inequivalelitpoints within the Brillouin zone of graphene.

Regarding the diierent observations dMLG andQFMLG, the corrugation of the substrate
was concluded to have a negligible influence. Instead, therdnhces were assigned to the
degree of decoupling of the respective graphene. To this @aMLG represents the "im-



66 Chapter 4. Graphene

proved" graphene since its chemical potential matchedDfeven better thamLG. Im-
portantly, there is no comprehensive theoretical modetiwitian conclusively explain the
different findings on the very similar substrateQMLG andMLG on SiC(0001).
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Chapter 5

Topological Insulators

Despite graphene, another modern class of materials, gaheektlass of topological insula-
tors, was investigated being subject of this chapter. &md the graphene-based studies, the
main focus was put on the combination of promisifigcandidates with smallM nanostruc-
tures. The basic concepts and propertieBlsfare introduced in Seb.1 The section involves

a discussion of the expected phenomena and potential apphis. Subsequently, the back-
ground of the experiments performed ©ls is described in detail in Se6.2 This involves
general aspects of the materials 8& and BiTe; and details of their preparation.

TheSTM/STS andXAS/XMCD-based experiments as well as the related theoreticallaalcu
tions for Co adatoms and nanostructures os8Bj are presented in Se6.3. This work was
published recentlyEelboet al, 20139. The corresponding calculations were performed by
G. Bihlmayerfrom thePeter Griinberg Institute and Institute for Advanced Sirtioies.

The proceeding section, Sex4, deals with another combined experimental and theoretical
study. Individual Fe adatoms on the surface ofTBs were investigated, whereas the corre-
sponding manuscript was lately publishé&tklboet al, 2014. The theoretical contributions
were made by th&heory of Dirac Materials'group ofO. V. YazyevBoth Bi,Se and BhTes
samples were provided by Miotkowskifrom the Purdue Universityin the United States. A
summary of the maiifl-findings finalizes the chapter in Sé&c5.

5.1 Overview of Topological Insulators

The concept of topological insulators is based on gn@ntum Hall gect discovered in
1980 Kilitzing et al,, 1980. It represents the first experimental observation of altapoally
originated &ect. For his achievemeiit. von Klitzingwas awarded th@hysics Nobel Prize
only five years later in 1985.

By means of transport measurements, performed on two-diorals metal-oxide-
semiconductor samples at cryogenic temperatures (4.2d€)liar behavior was recognized.
Thebulk of the samples remainedsulatingif perpendicular magnetic fields of the order of
15 T were applied. In contrast, current was carried by chiammear the edges of the devices.
Consequently, these states were referred to as so-aallgel statesThe unidirectional edge
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Figure 5.1: lllustration of two topologically fferent objects, reflecting (a) a topological insu-
lator and (b) an ordinary insulator. The ring structure caroe modified into the trefoil knot
unless cutting the string. This is equivalent to a non-cwdus change and a necessary vari-
ation of the topological invariants describing both clasg&dapted fronMoore, 2010with
permission.

currents cause a quantized conductance without losse® diigstpation. The quantized con-
ductance is a direct consequence of the electrons’ ciroutéirdue to the topology of the sam-
ple. This means that the quantum Hall state depends on theajgoof the sample because
the electrons are confined to two dimensions and subject wbagsperpendicular magnetic
field. In contrast, the quantum Hall state is independent atiennl details I(aughlin, 1981
Thoulesset al,, 1982.

Henceforth, the concept of topology was developed in défédn, 199%. Topology depicts
structural properties of objects and can this way be usedhaoacterize a certain class of
materials. The concept enables to determine topologigarients, such as theéhern num-
ber or the Berry phase These quantities determine a material to be eitheordmary or

a wealstrong topological insulatorThe Chern number can be computed by an integration
over the Berry curvature. Although the integrand dependsedaild of the surface geome-
try, the Chern number, due to integration, does not. Instiéamhly depends on the global
topology Qi et al,, 20117).

To persist within the same topological class under a vanatif the sample surface, the tran-
sition from the initial to the final state has to be shooth i.e. adiabatic, character. More
precisely, the system is not allowed to pass a quantum presstton. As a result, the Chern
number remains constant during a smooth transition. Foroadiwensional sample, fdier-
ent number of holes reflectfterent classes of topology. Therefore, a sphere is topabgic
equivalent to an ellipsoid, whereas affe@ cup (due to the hole at the handle) is topologi-
cally equivalent to a donu@i et al,, 2011). For both examples one can consider procedures
to reform the initial to the final shape without introducindd#ional holes. In contrast, a
non-smooth transition requires discontinuities, comgage 5.1 The trefoil knot cannot be
transformed into the ring structure without breaking thiengt Consequently, the Chern num-
ber of both objects is tlierent.

The concept of topology can be easily applied to condensettnsystems, that exhibit an
energy gap£hang, 2008 In this picture, smooth transitions refer to the stapiit instability

of the energy gap. For a Hamiltonian of a many-particle systeth an energy gap between
ground and excited states, a smooth transition illustratpsocess of one gapped state of
the system into another gapped state without an interneedegbless state. This action can
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be more realistically illustrated by similarities of ordiy insulators and semiconductors. Al-
though the energy gap between valence and conduction baied sif the semiconductor is
much smaller compared to the ordinary insulator, one casidena transition of the respec-
tive Hamiltonian into the other without closing the gdgaanret al,, 2010.

5.1.1 Properties

A usual insulator is characterized by a large bulk band gaywd®n the valence and the con-
duction band. This cannot be overcome except for strongfinations of the material’s com-
position, e.g. by introducing electrically conductive daps. Similar to usual insulator§|s
exhibit bulk band gaps, that can be of significant size (s#vaundred meV). Opposite to
usual insulators, in the vicinity of phase transitions, aevariation of the topological invari-
ants, the bulk band gaps ©fs are bridged bgonductive gapless surface or edge staidese
connect the valence and the conduction bak@méet al., 2005. Note, that the interface of
aTl at a vacuum border depicts such a phase transition. The vasutopologically equiva-
lent to an usual insulator. Its conduction states are giyegldctrons and its valence states by
positrons.

Usual and topological insulators can be easily distingeddby the Chern number. The Chern
numberC characterizes an insulator being trivi@l & 0) or topological C # 0). It can be
computed via a surface integral of the respective objeak&hara, 2003 Thereby, the Bloch
wave functionsu,(k)) describing the object in the reciprocal space need to be knAvine
integral over a closed loop determines the according BemyatureF,, originating from the
object Berry, 1984.

Fn = =1Vi X (Un(K)IVi]un(k)) (5.1)

The Berry phase can be seen as a geometrical phase of the objdue reciprocal
space Berry, 1984. Finally, the Chern number is given by the surface integfahe Berry
curvature over the entire Brillouin zone:

C= % Zn: éFndzk (5.2)

In 2006, HgCdTe quantum wells were first proposed to be realisandidates for
strong 2D Tls (Berneviget al, 2009. They were experimentally realized only one year
later Konig et al, 2007). The samples consist of a structure of HgTe layers sanchalitie-
tween layers of CdTe with minimum thicknesses of 6.3 nm. Altbiecritical value, aband
inversionof the conduction-band-states and the valence-bapgtates enables the expected
2D TI behavior, compare Fig5s.2(a,b). The edge states are illustrated in subfigugh) by
the red and blue lines connecting the valence and conduatinds.

Soon after the first experimental realization of la their concept was generalized to three-
dimensional system&-(1 et al., 2007aMooreet al,, 2007 Roy, 2009. As is the case for a 2D
TI, the above described configuration is not achievable 8D atructure without atrong spin-
orbitinteraction that hence is a prerequisite. Fig&.€(c) shows a model of the band structure
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Figure 5.2: (a) Energy spectrum of thextive Hamiltonian of the HgTe layers sandwiched
between layers of CdTe in a cylindrical geometry. For a thiarqum well, this setup re-
sults in an insulating bulk energy gap. (b) For thick quantuetis, gapless edge states arise.
These bridge the bulk energy gap with opposite spin poltwiza on both edges. Adapted
from Qi et al, 2010with permission. (c) Schematic illustration of the evabutiof the py,,
orbitals of Bi and Se resulting in valence and conduction lsatés. The evolution is driven
by the chemical bonding, the crystal field splitting, and 8@, respectively. In particular,
the SOl leads to the band inversion highlighted by the green retgandhe model neglects
the s-orbitals, as theDOS at the Fermi surface is mainly given by tlgestates. Adapted
from Zhanget al., 2009awith permission.

of the 3DTI Bi,Se. It illustrates that th&sOl is the crucial ingredient to cause an inversion
of the p-orbitals. This is the characteristic feature of these ne(Zhanget al., 20093.

The SOI mimics the #ect of an external magnetic field by coupling the spin andtakbi
angular momentum degrees of freedom of the electrons. Tayis the electrons feedpin-
dependent forcesven in non-magnetic materials when they are moving thrabghcrys-
tal (Moore, 2010. For this reason, the electrons withffdrent spins propagate wpposite
directionsalong the edges giving rise to the quantum spin Hada (Murakamiet al., 2004.
The characteristic spin-dependent movement of the Dinawiéms established the nomencla-
ture of the so-callethelical edge statesThis is motivated by the formation of a left-handed
helical texture in momentum space.

The edge states showlinear-like dispersionThey hence cross each other in a certain num-
ber of Kramers degenerate poinis the reciprocal Brillouin zone. This means that the sys-
tem is robust with respect time-reversal symmetryAway from these special points, the
SOl lifts the degeneracy. The Kramers degenerate points threrédrm 2DDPs in the sur-
face band structureHasaret al., 2010. These level crossings of the helical edge states pro-
hibit a smooth transformation of @l into an ordinary insulator not showing these edge
states Qi et al, 2017).

Presuming an odd number of level crossjii3s, the Tl is called a stron§l characterized by
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respectingflRSand exhibiting topologically non-trivial states at the sstime. In contrast, an
even number 0DPs leads to a weakl characterized by non-stable edge states of the quantum
spin Hall state. According to E&.2this property is mathematically described by the winding
number of the Berry phase. This is even (odd) in case of alffiveak (non-trivigistrong)TI.

5.1.2 Three-Dimensional Topological Insulators

Realistic candidates for 3DIs are expected to be semiconductors with small band gaps that
consist of heavy elements. This suggestion bases on th&istla effect of theSO|, that is
strong for heavy elements. Furthermore, 8@l can only have a strong enough influence on
the material to change its phase, if the material’s band gagticiently small. Materials with
large band gaps are hence unsuitable.

The first realistic candidates of 3DIs were Bj_Sb, for 0.07 < x < 0.22 and
a—Sn Fuet al, 2007h. Indeed, by means of surface-sensiARPESexperiments, BisShy 1
was identified to be dl in 2008 Hsiehet al,, 2008. It also reveals the dissipationless quan-
tum spin Hall éfect Hsiehet al,, 20093. Here,ARPESis the method of choice because it
utilizes a modulated photon energy. This enables a cletindi®n of TSS from that of the
bulk 3D band structure. Topological surface states do regetse along a direction perpen-

dicular to the surface whereas the bulk statesHis@nret al., 2010.

5.1.3 2" Generation Topological Insulators

Unfortunately, Bi_4Sh, is a randomly distributed alloy. Therefore, additional didiates of
strong topological insulators were searched and foundinvitie so-calledsecond gener-
ation of strongTls, i.e. BLSe, Bi,Tes, and ShTe; (Xia et al, 2009 Zhanget al, 2009a
Chenet al, 2009. These materials feature several advantages compared (&Bi Firstly,
they arestoichiometric compositiorend, thus, can in principle be grown with higher quality.
This is expected to improve the signal-to-noise ratio inegkpents and to enhance the ob-
servability of TI-related éects. Secondly, these materials exhgiable bulk band gapsf

up to~ 300 meV, much larger compared to,BiSh,. This feature enables to observe the topo-
logical behavior even at room temperature and strongly avgs the possibility of their use
for applications. Thirdly, these materials exhibit the jgiest surface state which is allowed
for 3D TlIs. According to Fig5.3 they are characterized bysangle Dirac pointatI” whereas
Bi1_xSh, shows five crossings at the Fermi energy. This simplifies elegbuation. One might
think that a singldDP violates the fermion doubling theoremiglsenet al., 1983. This the-
orem states that for a system preserviiRS D must come in pairs. The doubling theorem
remains valid due to the partnBP being located at the opposite surface of Tihe

With respect to their outstanding propertie&! g@eneratioriTls show various similarities to
graphene. On the one harids and graphene af2irac materials On the other hand, due to
the two sublattices, graphene exhibits two Dirac coness& laee furthermore spin-degenerate
and, thus, are contrary to the single Dirac cones'®fj2neratiorTls. This diference leads to
interesting consequences important for applications anddmental physics.

A first difference betweerTls and graphene is given by th@HE. Although it is
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Figure 5.3: Energy and momentum dependence o D@S on the (111) surfaces of layered
and stoichiometric crystals of Bbeg; (a), BibTes (b), and SbTe; (c). The results were ob-
tained by first-principles electronic calculations. Themvar colours represent higheDOS,
whereas red regions depict bulk valence and conductionsb&idarly, the calculations sug-
gest the existence of gaple§§Ss. These are depicted by the thin red lines, that bridge the
bulk energy gap and for@Ps atl". Adapted fromZhanget al., 2009awith permission.

observable in both material classes, it is spin-degeneratgraphene Kaldane, 1988
Novoselovet al,, 2005 Zhanget al,, 2005 due to thespin-degenerat®Ps mentioned before,
compare Fig5.4(a). As a consequence, electrons can propagate in the peesérdisor-
der with diferent spin orientations in graphene. In contrastTlis, the propagation direc-
tion is linked to the spin giving rise to the non-degnema@ntum spin Hall gect shown in
Fig. 5.4(b).

This directly provokes another interestinfjeet. In contrast to graphene, on the surfaces of
strong 3DTIs, backscattering is suppresséa the vicinity of surface disorder, e.g. near a
step edgeRousharet al., 2009 Zhanget al,, 2009h Alpichshevet al, 2010. Usually strong
disorder centers cause a formation of an insulating sfstddrson, 1958 This is diferent

for Tls, which are protected against this mechanism. This way, difeer from both, metal
substrates, that "accidentally" exhibit surface stated,graphene, that also is expected to
become localized in the presence of strong disor@astro Neteet al,, 2009.

More precisely, the féect bases on the spin-dependent motion of the electronsedi tur-
face along a specific directiomRSleads to alestructive interferencef all possible backscat-
tering paths and thus to the suppression of backscattéfarga nonmagnetic perturbation on
the surface, backscattering can in principle be cause8@ If an electron with a fixed
spin state impinges on the scattering center, it turns reitleek- or anticlockwise around
the impurity. Importantly, the electron can only propagate the direction it came from, if
its spin state inverts by an angteor —z, compare Fig5.4(c,d). This way, both paths fiier
by 27 which leads to an inversion of the wave function, that désrithis electron. As a re-
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Figure 5.4: (a) In case of the quantum Hall state, propagagiectrons exhibit spin-
degeneracy. (b) Presuming the quantum spin H&dce of Tls, the propagation direction is
linked to the intrinsic spin. (c) and (d) In the presence GRS respecting (non-magnetic)
perturbation, backscattering is suppressed owing to tk&uddive interference induced by
the spin reversal. Adapted fro@i et al, 2011with permission.

sult, a destructive interference is obtained leadingedect transmissianThis illustrates the
absence of available states for backscattering. It depisfsin-dependeritallistic transport

of the charge carriers. However, fér > 0, inelastic backscattering processes are allowed.
In general, these will contribute to the conductivity andddodiffusiverather than ballistic
transport Hasaret al,, 2010.

This can be visualized by means ARPESexperiments. Constant energy contours exhibit
a hexagonal warping afuasi-particle interferencpatterns. Those arise from the interaction
of the TSS with the threefold symmetric crystal potential, that isudkiproperty. By this
mechanism, certain scattering channels are enhanced oednjoeothers Chenet al., 2009

Fu, 2009 Zhanget al,, 20090. An important aspect is that the hexagonal warping is gtien
ened in the case of Bie; because its bulk band gap is much smaller compared to
Bi,Se; (Chenet al, 2010.

5.1.4 Expected Hects and Potential Applications

Concerning applications,"2generatioriTls are most promising candidates due to their en-
larged bulk band gap. Bles is already well known and commonly used in thermoelectric
devices for applications at room temperature.

In view of potential applications and fundamental sciergcgeneral problem to be solved is
the intrinsic doping gfect of Tl substrates. This is entailed by the fact that many of the in-
teresting €ects are observable only if the chemical potential, i.e Réeni level, is located
near theDP. Due toimperfectionsgluring the growth process, this condition is usually not ful
filled. The chemical potential is generally shifted to thékkzonduction band being not even

in the bulk band gap anymorelér et al,, 2009 Alpichshevet al., 201Q Bianchiet al., 201Q
Wanget al,, 2011).

For Bi,Se (Bi,Tes) the shift mainly originates from two fierent types of intrinsic defects.
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These are firstly Sg(Teg;) antisite defectsGhoet al, 1999 Urazhdinet al,, 2002, where ex-
cess Se (Te) atoms occupy Bi lattice sites, or secondly Seétancies$canloret al, 2012
Zhanget al,, 20121. Both types of defects lead to a considerabboping of the pristine sub-
strate. The dopingfiect can be reduced or compensated by a moderate Ca- gddling
(Sn-doping) of the BiSe (Bi,Te;) substrate introducing hole carrier€Henet al, 2009

Hor et al,, 2009 Hsiehet al,, 2009h. Manipulating the substrate’s band structure in this way
enables the ability of precisely adjusting the chemica¢pbal near th®P. Consequently, ex-
cellent tunability by the application of electric fields ishéevable, another feature interesting
in view of electronic devices.

Regarding fundamental physics, a variety fieets exists, that is accessibleTirbased sam-
ples. MoreoverTIs are also potential candidates for technological apdicat although some
drawbacks have to be overcome for their realization, compac6.2

In view of the protection of th&SSs with respect td RS, quite naturally, the breaking of this
symmetry is expected to cause strong influences off kipgoperties. Consequently, most ef-
fects are related to such a violation. Breaking Kramers degey of thel SSs can be achieved
by altering theTl surface with magnetic impurities that exhibit a oet-of-plane magnetiza-
tion (Qi et al, 2008 Liu et al, 2009 Wray et al,, 201]). This dramatically modifies thé&l
properties leading to the opening of a finite energy gap ab#df the DPis moreover tuned
toward the bulk band gap, this perturbation turnsThento anordinary insulatorexhibiting
insulating behavior with respect to both, bulk and surface.

The presence ofRSbreaking perturbations alséfacts theTl in a different way. Considering
the perturbation as a scattering center, the destructiggénence, that is generally present on
Tl surfaces, is disrupted. The aforementioned suppressimewsicattering of the helical edge
states is thus lifted due ®OI with this impurity Qi et al,, 2011J).

Another consequence of lifting Kramers degeneracy by ntagperturbations, is the expecta-
tion of a half integer quantized Hall conductan&afkratov, 198)7 This way, the proximity
to magnetic insulating perturbations gives rise to @memalousQHE, that is a band insu-
lator with quantized Hall conductance but without orbitagnetic field Qi et al,, 2011J). It

is detectable by means of transport measurements if a donadins introduced inside the
magnet Hasaret al,, 2010.

Furthermore, TRS breaking of the surface states gives rise to the magnetdelesf-
fect (Qi etal, 2008 Essinet al,, 2009. This means, in the presence DRS breaking, on
the surface of &1, an electric field generates a magnetic dipole or, alterelgtea magnetic
field induces a charge polarization. The phenomenon isdirieaown from multiferroic ma-
terials Ramestet al,, 2007). Compared to multiferroics[Is have to be seen as the superior
choice for potential applications. This is owing to the giyeanhanced speed and reproducibil-
ity in TIs. Here, the £ect results purely from the orbital motion of the electrons.

An outstanding prospect of H-based application is given by its combination with a super-
conductor. This is expected to enable the existenddajbrana fermiongMajorana, 193Y.
These are particles which are their own antiparticles. deMajorana fermions are electri-
cally neutral and are in most respects "half" of an ordinama®fermion Wilczek, 2009. For

a heterostructure consisting offh and a superconductor, the surface of the superconductor
may transfer Cooper-pairs into tie. This way, theTl surface becomes superconducting it-
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Figure 5.5: (a) Structural model of the crystal lattice 0§38 in a side and top view. The
quintuple layers are only weakly bonded by van-der-Wadksrattion between adjacent Se
atoms. Adapted frordhanget al., 2009awith permission. (b) Structural model of the unit cell
and the crystal lattice of BTes in a side view. The quintuple layer is indicated by a black box
whereas adjacent Te atoms are van-der-Waals bonded. Ald&pte Haoet al., 2012 with
permission.

self due to theroximity gfect The resulting 2D superconducting state is not spin-degéme
and contains only half the degrees of freedom of an ordinatainThis enables to induce a
vortex core inside the superconductinbsurface. Since Majorana fermions are expected to
exist in the vicinity of these vortex cores, both are trappethe superconductingl surface
region Jackiwet al, 198Q Fuet al,, 2008. Importantly, this conceptfiers the opportunity
for the firstdirect observatiorof Majorana fermions.

In view of potential quantum computing applications, a Maj fermion depicts a degener-
ate two-level system, i.e. a qubit. Majorana fermiofieioahigh reliability because they obey
non-Abelian quantum statisticMporeet al,, 1991). This tremendously reduces potential er-
rors in quantum computing devicdsitaev, 2003 Collins, 2006.

5.2 Experiments on TIs

Turning to the desired experiments BNl nanostructures, appropriakésubstrates have to be
chosen first. In this view, the advantages #f@eneratiorTls compared to the initially inves-
tigated topological insulators, such as BBh,, were obvious (compare Seg.1.3: Growth
with higher quality, the simplest possibld band structure, and large bulk band gaps are
expected to ease the investigations. As a consequengegBind BpTe; were chosen as
appropriate substrates for the investigations of adsonaedstructures. In this section, the
bare substrates are introduced and characterized in mtag loe means ofSTM andSTS
experiments. Therefore, the presented data representatti@s point for the adsorption of
magnetic Co and Fe nanostructures.

According to Fig.5.5, the crystal structures of B$e; and BpTes are very similar. The (111)-
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oriented crystals are built up of so-callgdintuple layersA quintuple layer consists of al-
ternating layers of two times Bi and three timegT®e Inside each quintuple layer, the atoms
are covalently bonded. In contrast, adjacent quintupleraare only weakly bonded by the
van-der-Waals interactiobetween adjacent Se (Te) atoms. Consequently, outer andSene
(Te) atoms are inequivalent with respect to their electq@moperties due to the ftierences
in hybridization. The in-plane lattice constants are 4]#8and 438.3 pm for BSe and
Bi,Tes, respectively. The rhombohedral unit cell comprises tlggatuple layers. Hence, the
lattice constants in thedirection are 2.864 nm and 3.049 nm, respectively. The lstgghts
corresponding to a single quintuple layer are 0.955 nm abt6lnm.

The single crystals of BEe; (Bi;Tes) were similarly grown via thé&ridgman techniqueTo
this end, a mixture of high-purity elements was initiallyoslized and purified by mul-
tiple vacuum distillations. Subsequently, the mixture Vi@ated to elevated temperatures
(» 1150 K) for several hours. Afterward, it was slowly cooledmtioinside Se (Te) atmo-
sphere to compensate for vacancies. Finally, the crystate wone refined at low speed to
obtain samples well-oriented in the (111) direction.

Recently, significant improvements were reported concgrthie quality ofTI samples pre-
pared by means &BE (Zhanget al,, 201Q Li et al, 201Q Wanget al, 2011). These works
prove that the characterisfid properties already arise at small film thicknesses of ongma f
quintuple layers, i.e. about six in case 0p8& and about two in case of Bie;. More impor-
tantly, a significant charge transfer from the substratestd theT! thin films was revealed
in the low-thickness range. Therefore, it is important téenthat the samples, used within
the experiments at hand, were single crystals with mucletatigicknesses. Consequently,
influences from the sample plates or the conductive adhegve naturally avoided.

Preparation for Experiments

For the experimental investigations the crystals were rrexlito sample plates made of tung-
sten using conductive adhesive. In addition, pieces of glna@num foil were glued on top of
the crystals. Regarding ttf®TM andSTSmeasurements, the samples were transferred inside
the UHV-system into the cryostat, compare S8d. After the samples were cooled down
to 4.2 K, they were cleaved inside the cryostat, whereas #ehanical hand (wobble stick)
was used to grab the molybdenum foil. If the foil is actualiyled sideways relative to the
sample plate, the single crystals break along the (11&etian. This is a result of the weak
van-der-Waals interaction between adjacent quintupleriayHuge areas ehonatomic steps
can be achieved - step edges are extremely rare. Similaetm#asurements on graphene,
compare Sec4.3 this is a welcome precondition for tHAS and XMCD measurements.
Step edges might falsify the experimental results due fier@int types of interactions with
attached nanostructures.

Unfortunately, in case of théAS andXMCD measurements a cool-down of the samples prior
to the cleaving process was not possible. Hence, the samptexleaved at room temperature
insideUHV and immediately cooled down to a temperature-d@ K within fifteen minutes.
Room temperature treatmentDifs over longer time periods usually involves a significant al-
tering of theTI’s band structureRianchiet al,, 2010. This originates from a relatively strong
reactivity of these surfaces with molecules from the rest @uch molecules are gettered
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Figure 5.6: (a)5TM constant-current map of the f8e; surface. For these tunneling parame-
ters U = 500 mV,1 = 300 pA) topmost Se atoms are visible as yellow protrusiome T
triangular feature at the right border of the image depiasldomly appearing pristine defect
of the substrate. (B TSperformed on the surface at various tunneling currents stdtaliza-
tion voltage wadJ) = 300 mV. The global minimum of the conductance can be assityix
DP, that is indicated by a gray line &t —-310 mV. (c) Dependence of the absolute minimum
of theLDOS on the applied bias voltage.

by theTIl modifying its band structure significantlianchiet al,, 2011). However, since the
samples were cooled down within 15 minutes, thfe& is assumed to beegligiblefor the

data presented here.

5.2.1 Pristine BpSe&

Figure5.6shows typical results froil8TM andSTSexperiments performed on f8e; crystals.
The constant-current image in Fig.6(a) reveals a uniform surface with yellow protrusions
representing topmost Se atoms. Besides, an exampi&@duent triangular defects visible.
According to the explanation given in Sécl.4 these defects were assigned t@; Smtisite
defects Urazhdinet al, 2002. Apart from that, the in-plane lattice constant was deieeah
according to the line profiles indicated in Fig.6(@). The line profiles result in a combined
lattice constant ofe,(Bi,Se;) = 4143 pm, close to the literature value.

Furthermore, the crystal was investigated by meanSTH shown in Fig.5.6(b). Within
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the series of current-dependent spectra, several chasticke can be easily identified. All
spectra exhibit sharp enhancements oflb©S at about -450 mV and -50 mV. These risings
depict theonsets of the bulk valen@ndconduction bandef Bi,Se, compare Fig5.3a).

In between these features, hBOS is greatly decreased and arises mainly from the surface
states of the crystal. Thereby, all spectra exhibit a glabaimum at an energy of —310 mV.

It is obvious from the band structure that thBOS is minimized at the energy where the
TSSs cross each other. Hence, this global minimum in $& spectra is assigned to the
DP of Bi,Se. The shift of theDP with respect to the Fermi level illustrates the intrinsic
n-doping dfect Hor et al,, 2009 Bianchiet al,, 2010 due to the presence of Seantisite
defects Urazhdinet al, 2002 and Se vacanciesS¢anloret al, 2012 Zhanget al,, 20120h).
The absolute values of the global minimum of ti2OS can be extracted and investigated
depending on the applied bias voltddecompare Fig5.3(c). A straight line was fitted to the
data points. This line does not match tkyeorigin of the plot. According to Se&.1.2and
Sec.5.1.3 this indicates dinite contribution of bulk statete the overall conductivity.

5.2.2 Pristine BpTes

Bi,Tes investigated by means 8TMis depicted in Fig5.7(a). Similar to BSe;, the substrate
exhibits wide and smooth areas. The topmost Te atoms arenshewellow protrusions for
the tunneling parameters used here. The infrequent piogudover-shaped defects were
identified before and assigned togTantisite defectsWanget al,, 2011). Again, the in-plane
atom-atom distance was evaluated as indicated and resalig{Bi.Te;) = 4443 pm, close
to the literature value.

The STSresults obtained on Ble; are depicted in Figss.7(b,c). The onsets of the bulk
valence and bulk conduction bands are identifiedld mV and+95 mV. In good agreement
with the theoretical band structure calculations foy33 and BbTes, compare Figss.3(a,b),
the bulk band gap is much smaller in case ofTRs. Furthermore, the global minimum in the
STSspectra atr +40 mV must not be straightforwardly assigned to B¢ since in the case
of Bi,Tes, theDP is buried by the onset of the bulk valence band.

To determine the energetic position of tB the linear slopes of the “remaining” surface
states in theSTSspectra can be used, compare FEg/(c). By fitting straight lines to these
sections of the spectra, tlE#° can be estimated in a simple approximation by the intersecti
point with thex-axis. This point indicates a vanishihdpOS and depicts the ideal situation
of an ultimately sharp crossing of tie&Ss. This way, theDP is roughly determined to be at
~ —35 mV indicating again a pristine electron doping of the skemghat is well in line with
previous observationd(pichshevet al,, 2010 Wanget al, 2011). The shift with respect to
the Fermi level can again be assigned to the existencespaasite defectsGhoet al., 1999
and Te vacanciesSganloret al,, 2012 Zhanget al,, 20120). Note, that this procedure is not
reliable to precisely evaluate tld° but, instead, has to be seen as a simple approximation. Er-
rors may be due to the fitting of the straight lines. These fmannstance, originate from bulk
contributions (finite temperatures, vacancies, crystgerfections). Such influences would
mask the "true" conductivity of th€SSs and result in a misleading gradient of the straight
lines. Furthermore, they wouldfact the real conduction at th&P as well, compared to the
idealized case at hand.
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Figure 5.7: (a)STM constant-current map of the Bie; surface. For these tunneling parame-
ters,U = —400 mV,| = 200 pA, topmost Te atoms are visible as yellow protrusiore T
triangular clover-shape feature in the lower region of thage depicts a seldomly appearing
type of a pristine defect of the substrate. It was assignedTig; antisite defect. (bpTSof
defect-free BiTe; at various tunneling currents. The stabilization voltages = 500 mV.

(c) Magnified view on the bulk band gap. In contrast to3&s, the DP is buried and, thus,
has to be determined by the linear slopes of t8&s. According to this procedure tiEP is
found at~ —35 mV.

5.3 CoonBpSg

The first experimental investigation focused on Co nanottras deposited on B$e. The
Co coverages were varied in the range of OMLE up to 0.10ALE. The samples were pro-
vided byl. Miotkowskifrom thePurdue UniversityTo elucidate the findingBFT-based cal-
culations were performed b@. Bihlmayerfrom the Forschungszentrum JuliciThe pristine
substrate was precharacterized prior to$iéVl experiments, compare Séc2.1

In view of the XAS and XMCD investigations, background spectra on the pristine cig/sta
were acquired first. Moreover, the deposition rates wererdehed using a W(110) substrate,
that was cleaned as described elsewhBaéet al, 2007). Similar to the graphene-based
experiments, equal deposition parameters (excluding) timege used for these calibrations
and the actual measurements. Afterward, the coverage Was=d by means &8TM. This
way, the coverage can be assigned tolth&XAS intensity.
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5.3.1 STMon CgBi,Sg

After the precharacterization of the bare substrate, coenpac5.2.1, minute amounts of Co
were deposited with the sample helckat2 K. A summary of th&STM observations is given
in Fig. 5.8 Obviously, Co appears o diferent type®f adsorbates, henceforth calledCo
and Cg. Both types of adatoms clearly occupytdrent adsorption sites, which is evidenced
by the white guidelines to the eyes. This is in line with a restudy dealing with Fe adatoms
on the same surface, where the authors observed theretit types of adsorbates after low
temperature deposition as wald@nolkaet al., 2012.

According to Fig.5.8(b), Cao, appears as a protrusion in agg-shaped fashiofrurthermore,
the corrugation of the substrate is influenced by @evealing a sixfold symmetric pattern.
The substrate in the close vicinity is modified to exhibitwéo intensity and six faint protru-
sions can be seen symmetrically located around the adatom.

In contrast, the appearance ofgde strongly diferent, shown in Figs.8(d). At this bias volt-
age U = 200 mV) Cg appears in driangular fashion According to control experiments,
performed on a W(110) substrate, g=type features originate from a single Co adatom. Al-
though Cg@ exhibits also a central protrusion, the apparent heightusimsmaller compared
to Cay. This can be easily seen from the color scales of both sulefsgiMoreover, the in-
fluence on the substrate in the event og@othreefold symmetric. Note, that especially the
appearance of Getype adatoms is strongly bias dependent. At larger bidSes,appears
as an egg-shaped protrusion as well, but, compared fo With a smaller apparent height.
Furthermore, the influence on the substrate remains tHdegfonmetric.

Interestingly, both types of adatoms show up withféedent commonness. This suggests that
one of the adsorption sites might be energetically faverabhe relative abundance between
both types is aboutc,, /nco, = 3/1. However, the extremely low coverage of the sample
in combination with the limited scan area and scan speede&WM calls for a careful
examination of this value.

To elucidate theSTM observations,DFT calculations were performed employing the
GGA (Perdewet al,, 1996 and using the full-potential linearized augmented plaaee
method as implemented in the FLEUR-cod&dgh Andersen, 1975Wimmeret al, 1981
Weinertet al, 1982 Blugeletal, 2006 FLEUR,n.d). The model comprises a
(\/§ X \/§) R30° unit cell of four quintuple layers of the substrate.

Within the theoretical modeling, the fcc hollow site is fauto be energetically favorable
by ~ 90 meV compared to the hcp hollow si®TM constant-current maps were simulated
by integrating theLDOS between the lower boundary, i.e. the Fermi level, and thesupp
boundary given by100 mV. Although this value slightly deviates from the expemtally
used bias o#+200 mV, aremarkable agreemeritetween theory and experiment concerning
the appearances is found.

The simulated pristine surface, given in the inset of Bi§a), exhibits that topmost Se atoms
occur as protrusions in constant-current topographidsesetbiases. Hence, the Co adatoms
do not occupy the top position but instebdth hollow sitegfcc and hcp). According to
Fig. 5.8(c), Co atoms adsorbed in a fcc hollow site are expected toaammegg-shaped
protrusions In contrast, Co adatoms adsorbed in the hcp hollow site angated to show up
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Figure 5.8: (aSTM constant-current map of two isolated anéfelient Co impurities on the
surface of BjSe;. Tunneling parameters até = 200 mV andl = 750 pA. The inset reveals
the simulated topography for a biasWdf= 100 mV. The white guidelines to the eyes repre-
sent top positions of the surface Se layer. (b) Magnified WeuCq, revealing an egg-shaped
appearance and a sixfold induced pattern in the subst@t8irhulatedSTM topography of

a Co atom adsorbed in the fcc hollow site for a biagJot= 100 mV. (d) Magnified view
on Cg showing a triangular shape of the adatom and a threefolémpatin the substrate.
(e) Simulated topography of a Co atom adsorbed in the hcp vaadite for a bias of

U = 100 mV. Adapted frontelboet al,, 2013c

in atriangular fashion compare Fig5.8(e). For both hollow sites a relaxation of the Co atoms
into the crystal of about 0.2 A is found. Although the strosigatensity in the latter case is
predicted to appear at the edges of the triangle, the agredragveen theory and experiment
is striking. This suggests that gaype (Cg-type) atoms are adsorbed in fcc (hcp) hollow
sites. This assignment is particularly in line with the tielaabundance of the adatoms. By
this assignment, the energetically favorable fcc-adsbduatoms are found more often than
their counterpart. Note, that the simulations can hardly®ed to predict the influence on
the substrate, because they were performed forfiattere coverage of 0.3BLE to keep
the computational costs low. As a result, the calculatieweal an overlapped impact on the
substrate originating from fierent adatoms within the unit cell.

Comparing these results to an experimental work reportedrédYe et al, 2012, which
deals with the particular sample system of/BigSe, uncovers a sharp contradiction. In
this work, not only a single adsorption site of Co adatoms os88iwas found, but this
was moreover identified being thep positionof the surface Se layer. Although this contra-
diction cannot be unambiguously clarified, a possible cawiggt be given by the dierent
preparation conditions. In the earlier study, both theteaprocess of the single crystals
and the Co deposition were performedradm temperatureEven though in this case the
thermal energy is high enough for the Co atoms to relax on thface a top site adsorp-
tion is surprising owing to the energetically favorable pasition. Hence, it should be men-
tioned, that at room temperature othdlieets can occur as well. For instance,exthange
processof Fe adatoms originally deposited at low temperatures enBihSe; surface was
found recently chlenket al,, 2013. The authors revealed that by a very moderate annealing
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Figure 5.9:STS experiments performed on fe before (righty-scale) and after the de-
position of Co (lefty-scale). Tunneling parameters dde = 200 mV andl = 100 pA.
The blue arrow indicates the global minimu@R) before Co deposition. Upon this de-
position, the global minimum shifts downward in energy byuab-50 mV (black arrow).
Furthermore, in the event of Gpa characteristic resonance~at—400 mV was identified.
FromEelboet al., 2013c

Fe adatoms can flluse into the bulk crystal already at= 260 K. There, they substitute Bi
atoms at their lattice sites. This goes hand in hand with avtrof clusters at the surface.
These clusters are assumed to contain the substituted Bsatbramains an open question
whether similar processes can also occur for Co. Howeverithierent preparation condi-
tions might in principle explain the fierent findings of the previous work'¢ et al., 2012
compared to the data at hand.

5.3.2 STSon CfBi,Sg

Besides the topographic characteristics, the electrooiggrties were investigated by means
of STS Therefore, prior to the deposition of Co adatoms, the prestubstrate was examined
first, compare Fig5.6(b). After the surface was exposed to Co, point spectra wejeitsc

on both types of adsorbates and on the surface far away frgnmgourity, summarized in
Fig. 5.9. This so-called fi-dopant spectrum reveals a shift of the global minimum ofuabo
—50 mV upon the deposition of Co from—-310 mV toward~ —355 mV. Co hence serves for
anelectron doping gectof the sample.

As pointed out in Sec5.1.4 the moments of the magnetic adatoms are expected to have a
strong influence on th&SSs by opening a gap at tHaP (Liu et al, 2009 if their magneti-
zation is aligned perpendicular to the surface plane. Euarbre, a recent theoretical work
predicts such an opening for the explicit system ofBlg5e; (Schmidtet al,, 2011]). In con-

trast, according to Figh.9, an opening was experimentalhot observed, neither far away
from the adatoms nor in their close vicinity. This finding gagts an easy-plane anisotropy
for Co/Bi,Se; in the low coverage regime.

Interestingly, the spectra of the adatoms reveal an additi@sonancen case of Cg at
~ —400 mV. Cq-type atoms do not reveal a similar resonance for the tumggarameters
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Figure 5.10: Fat band analysis and vacuD@S of Co atoms adsorbed in the (a) fcc and (b)
hcp hollow site. While spin-up states are labeled red, spimrdstates are labeled blue. The
size of the circles indicate the spin-polarization of tregest in a region above the surface. The
gray lines indicate th®Ps, that are determined to be at -550 meV and -250 meV for the fcc
and hcp position, respectively. Frdaelboet al., 2013c

chosen. Importantly, during teTS a modification of Cg adsorbates was observed several
times. Thereby, the appearance and the adsorption sitgetidoward Cg. A change from
Cos toward Cg was never detected. This observation is particularly ia With the assign-
ment of Cq, to the energetically favorable fcc-site.

The diferent electronic properties and théfeient appearances of both types of Co adatoms
suggest dferent hybridizations with the substrate. This is furthezrsgthened by the discrep-
ancy between experiment and theory regarding the relaxdépths. Although theory predicts
similar values for hcp- and fcc-occupation, the experirantesolved apparent height<iir
strongly, compare Figh.8b) and Fig.5.8(d).

To gain insight, a fat band analysis of the adsorbates wdsrpgd, shown in Fig5.10 The
figure presents the spin-resolvB®DS of both types of Co with respect to their easy-axes.
The easy-axes are given by the computed anisotropies wiedoand to beK¢,. = —6 meV
(easy-planenisotropy) an&Kn., = +3 meV (out-of-planeanisotropy). Although it might be
surprising at first glance, site-dependent anisotropigs weported before for the systems of
Fe and Co adatoms on Rh(111) and Fe adatoms on Pd@#ofski et al., 2010 as well as

Fe adatoms on Pt(111Kkajetoorianset al., 2013h. Note, that the calculations at hand were
again performed for anfiective coverage of 0.38LE. Therefore, they cannot be used for a
direct comparison with th8TSobservations.

TheDPs are found at -550 meV and -250 meV for fcc or hcp occupatespectively. Presum-
ing fcc occupation, the band structure shows two additi@uabands at +300 meV above
theDP. These bands are shifted4o-100 meV below th®P in the case of hcp. With respect
to the conduction band minimum, these prominent Co-indu@akp are found -120 meV
(fcc) and -220 meV (hcp) lower in energy. From thissteonger hybridizatior{gain of bind-
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ing energy) in case of hcp is evidenced. In view of thepBstates being most sensitive to
the diference between fcc and hcp occupation, the Co bands thusaiggnainly from the
hybridization of Co minority states with Bi,-states. In the hcp case, these states are shifted
downward in energy. Therefore, the smaller Bi-Co distancédis ¢ase leads to a stronger
hybridization and a gain of binding energy at the center efBhillouin zone. This explains
thedifferent dispersionsf the Co bands for fcc and hcp, compare FigdQ@a,b).

5.3.3 XAS and XMCD on CgBi,Se;

Furthermore, the Co nanostructures were also investiggtéd\ls andXMCD, summarized

in Fig. 5.11 As already mentioned in Seb.2 the cleaving process was performed at room
temperature and the samples were subsequently cooled dolastas possible. The deposi-
tion was done at low temperatures with the substrate hélldxa6 K. Similar to the graphene-
based experiments the upper (lower) panel reveals datenettat normal (grazing) incidence
angle to examine the out-of-plane (in-plane) properties.

According to Fig.5.11(a), theXAS line shape exhibits a single strong resonance with a high-
energy shoulder at thks-edge and a single resonance at theedge. The comparison of
the experimental data with theoretical multiplet predins an der Laaret al., 1992 sug-
gests a @ electronic configuratiorof the ground state of Co, if a crystal field strength
of 10dqg = 1.0 eV is assumed. Similar to the case of graphene, this findagytb be
treated carefully. The rhombohedral crystal structure @EBi exhibits a dihedral By space
group and therefore shows a lower symmetry than used witlg@rcalculations (tetrahedral:
Tq) (Van der Laaret al, 1992. However, the electronic configuratioml3is the free-atom
configuration of Co. Presuming its correctness, this obsiervas in line with recent reports
on F¢Bi,Se (Honolkaet al,, 2012 and CgBi,Te; (Shelfordet al,, 2012. In these reports,
the TM adatoms were also found to be in their pristine configuration

Turning to the branching ratid’boleet al,, 1988, a value oBR= 0.84+ 0.01 is found. This
suggests digh-spin ground statef the Co nanostructures. From the inset of Fdl1(a)
the easy-axis can be estimated. The normalizedignal strength is enhanced by 20%
for the data obtained at grazing incidence angle. Conselguanteasy-planeanisotropy is
determined for the low-coverage regime. Importantly, iewiof the relative abundance of
both Co species within th8TM experimentsiic,, /Nco, = 3/1) and the prediction of an in-
plane easy-axis for GQ, this observation particularlgtrengthenshe assignment of Go=
Coc. The easy-plane anisotropy is on the one hand in agreem#nEwion B;Se; after low
temperature depositiotipnolkaet al, 2012. On the other hand, it is contrary to predictions
of an out-of-plane anisotropy for the particular system ofBrs5e; (Schmidtet al,, 2011])
and to experimental studies dealing with Co and Fe adatoms,@&gifter room temperature
deposition Ye et al,, 2012 Ye et al,, 2013.

The results obtained at an increased coverage of ALEB reveal interesting modifications.
The XAS line shape basically remains constant but reveals a fagredse in intensity of the
L3 high-energy shoulder, compare Fig11(b). Moreover, the branching ratio is found to be
independent of the coverage indicating again a high-smorgt state of Co. In contrast, the
normalizedXMCD, given in the inset, exhibits a surprising variation of tlasyaxis which
now pointsout-of-plane According to the series of coverage-dependent normalizeaten-
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Figure 5.11XAS and XMCD spectra for (a) 0.0ALE and (b) 0.08ALE of Co/Bi,Se; for
normal (upper panel) and grazing (lower panel) incidenggea he insets show théMCD
signal strengths normalized by t¥AS Lz peak intensities. (¢) NormalizedMCD signals

of the Lz-edge for a series of coverages ranging from AQE to 0.08ALE for normal (left
panel) and grazing (right panel) incidence angle. The edldines are guidelines to the eyes.
The series goes hand in hand with a downshift of the peakiposiiith respect to the energy.
Adapted fromEelboet al,, 2013c

sities, shown in Fig5.11(c), this modification of the anisotropy depictspin reorientation
transitionfrom in-plane toward out-of-plane. With respect to the aacw level of the cover-
age estimation, th8RT occurs between 0.04LE and 0.08ALE.

Similar to the graphene-based experiments, the magndtafrailable 8 = 5 T) was not suf-
ficiently strong to saturate the magnetic moments of the Costauctures. The sum rules thus
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Figure 5.12: Coverage-dependence of the calculated Rafieft y-axis) and thd.; XMCD
peak positions (righty-axis) for normal and grazing incidence angle, extractemfr
Fig.5.11(c).

must not be applied. Instead, the ra@f orbital to dfective spin moment was determined.
According to Fig5.12 this ratio is found to b&°! = 0.33+0.02 in the low coverage regime.
Importantly, the value exceeds the Co bulk value signifigaf@henet al., 1999. This indi-
cates the character aidividual adatomsnvestigated here. Furthermor@®°! shows good
agreement with previous resultég(et al,, 2012).

Since the branching ratio and t&S line shape are basically independent of the coverage,
the same electronic configuration with a high-spin groumdiesis expected for the elevated
coverage. Consequently, the spin moment is expecteghtain constantipon increasing the
coverage toward 0.08LE Co. Regarding the orbital moment, an increase of the coverage
generally goes hand in hand with a loweringwf(Gambardellat al,, 2003, thus the ratid?

is expected to decrease. Instead, an unexpectiad of the ratioaccording to the coverage is
found, compare Figh.12 For the highest coverage, the ratio is estimateg@d%= 0.49+0.03.

Taking a closer look, this pretended contradiction can q@a@xed by respecting the spin
reorientation transitionRT) mentioned before. For the low coverage regime, an easyepla
anisotropy was determined, i.ex* > n¥, for z denoting the direction perpendicular to the
surface plane. In this case, the ratio is thus givenRBY* = m¢/mg ., = 0.33 + 0.02.
For the high coverage regime the anisotropy has rotated tafepiane, which implies
m‘ < m¢ (Bruno, 1989. Moreover, within the theoretical model, the magneticnspio-
ments were found to be almost independent of the orientateam ~ mg (1.17 ug/atom~
1.15 ug/atom). Assuming a constant ratio of in-plane orbital monserd in-plane spin mo-
ment while increasing the coverage, the experimentallgrdghed boost oR (R > RO%%)

is plausible and essentially driven by tBRT. Note, that within this discussion the spin dipole
momentmp, which is part of the ffective spin momentnfs efs = Ms + Mp), iS assumed to
have a negligible (coverage-independent) influence.
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Figure 5.13: STM topography of 0.10ALE CoBi,Se. Tunneling parameters are
U = —200 mV andl = 500 pA. At this bias, Cg type adsorbates appear in a triangular
fashion pointing to the lower border of the image (green); §pe adsorbates appear in a
triangular fashion as well, but point to the upper borderh& tmage (red). In addition, a
significant amount of clusters (yellow) is observed.

5.3.4 Spin Reorientation Transition of CgBi,Se;

The remaining open issue concerns the origin of3R&. A first possible explanation is given
by a coverage-dependence of the relative abundance of &cb@nhollow site occupations.
If for an increased coverage, the preferential occupatimmges from the fcc toward the hcp
hollow site, theSRT would be caused by the theoretically predicted out-of-@lanisotropy
for this site. To this end, a series of coverage-depen8&M experiments was performed up
to an overall coverage of 0.J8ALE Co/Bi,Se;, exemplarily shown in Fig5.13 According to
Fig.5.9 Co adsorbed in the hcp hollow site exhibits a resonance @rv0in theSTSspectra.
This way, for every coverage, the ratio of adatoms, thatl@ithiis resonance compared to the
rest, can be determined. Although this ratio fluctuatesevinitreasing the overall coverage
of Co/Bi,Se, the ratio does not invert. Gadatoms remain the predominant species, even if
the coverage is raised, compare FBdl3 The SRT can henceot be driven by an inversion
of the relative fcghcp abundance.

Instead, a dferent éfect is ascribed to be responsible for 8IeRT. When the overall coverage

is raised, themean distancdetween individual Co adatoms is decreased. Above a critical
coverage, this reduced distance is likely to cause a signfifimicrease of thenteraction of

Co impuritieson the surface. As a result, Co clusters are expected to graheosurface. In

the coverage-depende8T M studies, exactly thisfeect was observed, compare the yellow
squares in Fig5.13 It seems plausible that the properties including the mégaeaisotropy

of the Co atoms bonded in these clusters deviate strongly fhase being individually ad-
sorbed on the BBeg surface in the low coverage regime. In particular, the emgrgrowth

of clusters certainly influences the chemical state andrystal field splitting of the involved

Co atoms.
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These fects are supposed to be observable by meaX&\&fandXMCD. Their line shapes

are results of the averaged electronic properties of thereble of fcghcp Co adatoms and
clusters probed by the X-ray beam. In agreement to thesgliteua relativalecreasef the
high-energy shoulder at the;-edge can be determined for the elevated coverage, compare
Figs.5.11(a,b). Furthermore, Figh.12reveals that by increasing the coverage, a continuous
shift downward of the peak position with respect to energyues.

Compared to the stronglyffected magnetic properties, the described variations ofiriee
shapes are very moderate. This basically suggests thathdmaical state is not abruptly
changed. When raising the coverage, the number of clusterpared to the overall number
of individual adatoms is also expected to vary moderateie @ssignment of the described
effects to the variations of the adat@uster distributions when raising the coverage therefore
seems to be reasonable. TRRT is thus suggested to be driven tlyster formatiorupon de-
creasing the mean distance between Co adatoms. The argtioreigaupported by a recent
investigation of bulk doped Mn-B%eg; (Zhanget al, 20123. In this study, excess Mn clusters
on the surface were assumed to cause a significant influentte @urface magnetization of
the sample.

Importantly, even in the high-coverage regime, gap-openingvas observed by means of
STS This is contrary to the expectationSghmidtet al, 2011, because the magnetization
has rotated toward the out-of-plane direction, compare &t A gap-opening is of course
only expected in the vicinity of the out-plane-magnetized@purities. According to the fore-
going paragraph, these Co adatoms most likely are bondedstecs. Therefore, thefect
was potentially not observed, beca&ESnear such clusters was impossible. The tunneling
conditions were not dficiently stable. Furthermor&§TSwas performed in the absence of
external magnetic fields. Théfect might thus be unobservable due to a fluctuation of the Co
magnetic moments originating from an ifiscient stabilization. ThéFT calculations hint
toward other important issues regarding this gap-opertingn for a coverage of 0.38LE,

the gap-opening is computed to be only 60 meV wide. As thi®@mye is more than three
times higher than experimentally used and the gap moreaestaps with the Co bands, it
may be not resolvable at all.

5.4 FeonBjpTes

The remaining study is motivated by the finding of/BgSe;. For that system, an easy-plane
anisotropy was found for the low coverage regime. To gairathikty to investigate the pecu-
liar effects, that are expected fORS breaking perturbations onT, another combination of
TM adatoms and| was chosen. Therefore, the second study focuses on Fe alatothe
(111)-surface of BiTe;. Again, the samples were provided byliotkowskiand precharacter-
ized before the Fe deposition, compare &e2.2 DFT-calculations were carried out by the
group ofO. Yazyevrom theEcole Polytechnique Fédérale de Lausatmsupport the exper-
imental findings. Calibration measurements were carriedmatjust theL; XAS intensity
for a specified coverage. The deposition rates were detednising a W(110) substrate, that
was cleaned according to the procedure given elsewBadeet al,, 2007).
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Figure 5.14: (apTM constant-current map of an ensemble of Fe adatoms dieRievealing
two different types of adsorbates. Tunneling parametertlare—400 mV andl = 300 pA.
(b) High-resolution image of two individual Fe adatoms iftelient adsorption sites. The
white guidelines to the eyes indicate top positions of théase Te layer. Fg appears as a
triangular protrusion. Although the signature ofgFexhibits a combination of three smaller
protrusions arranged in a triangle, this signature is chlsea single Fe atom. Tunneling
parameters ard = —400 mV and = 300 pA. Adapted frontelboet al, 2014

5.4.1 STMand STS on F&Bi,Te;s

Similar to CgBi,Se, minute amounts of Fe were deposited on thgl&j(111) surface after
its precharacterization, compare SB@.2 This evaporation was again performed at cryo-
genic temperatures inside tBdM at~ 12 K. It results in an ensemble of individual adatoms
on the surface, depicted in Fig.14a).

Besides an intrinsic defect in the upper left corner that weseoved on the pristine surface
before, the constant-current image reveals the existehtwoodiferent typesf signatures,
called Fe and Fg. While Fe, is characterized by &iangular protrusionpointing to the
upper left, the signature of gas given by a combination ahree small protrusionsThese
are arranged in a triangular shape and point to the lowet cigtmer. According to the color
coding, the signature of keexhibits a much larger apparent height thag.F first glance,
the possibility exists that the signature ofgHaight consist of three individual Fe atoms. To
this end, a control experiment with equal deposition patarsevas performed on a W(110)
surface. The amount of adatoms per surface unit on bothrsi#sts only consistent if the
signature of Fgis generated by a single Fe atom. With respect to their appahapes, Fe
atoms are independent of the bias voltage. Insteaglappears in a dlierent and even more
complicated signature with an enlarged diameter at pesiiases. Note, that Eaeither at
positive nor at negative biases appears as a triangulaegh@gpression. This would be a
typical signature of an Fe atom thatfdised into the bulk and substituted a Bi atom at its
lattice position Hor et al, 201Q Okadaet al,, 2011, Songet al,, 2012 Schlenket al., 2013
Westet al,, 2012.

From the high resolution image, given in Figl4(b), it is obvious that both types of adatoms
are adsorbed idifferent sitesThe protrusions visible on the surface are caused by tti@cgur
Te layer. As a result, the Fe adatoms occupy fcc and hcp haii@s. Regarding the relative
abundance a distribution of 60% to 40% in advance @f Baletermined within the limited
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Figure 5.15: (a) lllustration of the atomic configuratiorfske atoms adsorbed in the fcc
and hcp adsorption sites based on first-principles calonkit While the upper panels give
a top view, side views including the vertical displacemarais be found in the lower panels.
(b) Schematic drawing of the potential energy surface asudtref the calculations indicating
that the fcc hollow site is energetically favorable by 370Mnig) SimulatedSTM topogra-
phies of Fe adatoms in the fcc as well as hcp hollow sites feasmltage o) = —400 mV.
Adapted fromEelboet al, 2014

scan area by th8 TM. No indication of a movement of the adatoms between bothrpeso
tion sites was found. Consequently, the relative abundanggests that the fiusion barrier
between both adsorption sites is much higher than the @laithermal energy.

The observation of two types of Fe adatoms is contrary to anteeport on the particular
sample system of FBi,Te3(111) Westet al, 2012. In that study, the existence of only a
single speciesf Fe adatoms was reported. Thefeiience might be caused by thdterent
deposition parameters. Westtal. deposited and investigated Fe at higher temperatures (50 K)
At this temperature, the thermal energy might béfisient to overcome the fiusion barrier
between both adsorption sites. This would consequentlyltresthe observation of only a
single type of Fe adatoms.

In order to understand th8TM observations, first-principles calculations were periedm
using the DFT framework employing the local density approximation imthg an on-
site Coulomb potentialLDA+U) as implemented in the QUANTUM-ESPRESSO pack-
age (Giannozziet al, 2009. To reflect the Fe atoms properly, a Coulomb potential of
U = 22 eV was usedococcioniet al., 2005. Note, that forTM adatoms the on-site
Coulomb potential is indispensable for correctly reprodgcboth the ground state mag-
netic moment and the magnetic anisotropy energidsnétiet al, 2013. The calculation

of the binding energies and thefldision barrier between both hollow sites was performed
by using the nudged elastic band approadbrikelmaret al,, 2000. Furthermore SOl was
included by fully relativistic pseudopotentials acting tre valence electron wave func-
tions Dal Corsoet al., 2005.

With this approach, the Fe atoms adsorbed in both hollow sitge modeled, summarized in
Fig. 5.15 According to subfigure Figh.15a), the hcp adsorbed Fe atoms relax only moder-
ately with respect to the-direction. This &ect is much stronger in the fcc position. Here,
with respect to the surface, the atoms relax aboftA into the crystal. The fcc hollow
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Figure 5.16:STSspectra of BiTe; acquired before and after Fe deposition. Thf tiopant”

spectrum was taken after the deposition far away from anypradse. Both types of Fe
impurities show characteristic resonances, either at +8%850r at -190 mV, respectively.
The stabilization parameters for tI&I'SwereU = 300 mV andl = 200 pA. Adapted

from Eelboet al,, 2014

site isenergetically favorabldy ~ 370 meV, compare Figh.15b). This diference is quite
significant and much larger than in case of Fe adatoms on®eBsurface, where calcula-
tions based on &GA+U-approach determine aftBrence of the binding energies of only
~ 70 meV Honolkaet al, 2012. The variation can be assigned to th&ealences in the
lattice constants of both substrates. The larger latticestemt of BjTe; allows for larger
displacements

In view of the relative abundance within tf&TM topographiesrize, /Nre, ~ 40/60), the
difference in the calculated binding energies hints towema-equilibrium thermodynamics
during the actual adsorption process. Otherwise, a mudiehigr even exclusive population
of Fez is expected. These considerations are in line with the fzatt the deposition was
performed at low temperatures, whicfiextively reduces the available thermal energy.

Moreover, the theoretical model was used to simu&® constant-current images for the
bias voltage used within the experimekt & —400 mV). The comparison of Fidh.14b)
with Fig. 5.15c) reveals that the signaturekearly reflectthe experimentally observed fea-
tures. They hence allow to assignaHg-e;) to be adsorbed in the hcp (fcc) adsorption site.
This assignment is particularly in line with the calculatethxations. The relaxation is much
stronger in the fcc-case and therefore in line witgHge adatoms exhibiting a much smaller
apparent height, compare Figl40b).

The magnetic spin moments were computed tafe= 2.7 ug/atom ancmgc'O = 2.5 ug/atom,
respectively. The orbital magnetic moments were compugeloletm® = 0.7 ug/atom and
mECp = 0.3 ug/atom. Interestingly, the magnetic anisotropies, givenh®MAE per atomK,

were both found to poinbut-of-planewith strengths oK™ = 12 meV andk"® = 10 meV.
This prediction is contrary to a recent report on the sametasystem, where agasy-plane

anisotropydue to orbital symmetry considerations was conclud&te(fordet al., 2012.
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The STSdata acquired on this sample system are summarized irbRi§. As already men-
tioned in Secb5.2.2 the global minimum in the spectra of the pristine crystabvi@und at
about+40 mV. Upon Fe deposition, this minimum shifts downward ierggy by about 90 mV.
This demonstrates thedectron doping gectdue to the Fe impurities in agreement with previ-
ous reportsChenet al, 201Q Wray et al,, 2011 Honolkaet al, 2012 Songet al,, 2012. In
addition,characteristic resonancesan be identified for both types of Fe adatoms: fox,Fee
resonance at —335 mV and, in case of lgea resonance at —190 mV.

A comparison of thes8TSfeatures with the theoretical calculationsi conclusivdecause
the theoretical model exhibits split resonances for eaph tf adatom. These are a result of
the supercell approximation employed within the modeltdad, the observation of single
resonances for each case of Fe impurities suggests thabéeye as simple scalar impuri-
ties Biswaset al,, 2010. This can be understood if the magnetic moments of the Fasato
are assumed to onlyeakly coupleo the TSS Note, that neither in case of the spectra on
the adatoms themselves nor in their close or far vicinityrafciation of a gap-opening was
observed.

5.4.2 XAS and XMCD on F¢Bi,Tes

Figure5.17exhibits a summary of thEAS andXMCD experiments performed on B2, Tes.
Again, the Fe adatoms were deposited with the substrateatdld~ 10 K. According to
Fig. 5.17a), theXAS spectra reveal only a faint multiplet structure. This isuased to be
a consequence of the simultaneous investigation of themdrieeof fcc as well as of hcp
adatoms.

By comparing the spectra to theoretical calculatiovisn(der Laaret al,, 1992 a 3d° elec-
tronic configurationof the Fe ground state is determined assuming a crystal fieddgth

of 10dg = 0.5 eV. This is consistent with a previous repddhglfordet al., 2012 but has

to be treated carefully given the non-matching symmetriethe study at hand and the
ones in the calculations (dihedrakPvs. tetrahedral J). The evaluation of the branching
ratio (Tholeet al,, 1988 results inBR = 0.85 + 0.01. Consequently, the ground state reveals
a high-spin characterin agreement to the first-principles calculations and r@gtto the
recently assumed easy-plane anisotrdpliglfordet al., 2012, anout-of-plane easy-axis
determined according to the normalizéMCD L; resonance intensity, compare Figl74Db).
The signal strength for normal incidence angle is found t@lbeut 50% stronger than the
intensity obtained at grazing incidence angle. The oytafie anisotropy was further man-
ifested by means of element specific magnetization curvesys in Fig.5.17c). These
show the steepest slope for the data acquired under normdénce angle. The out-of-plane
anisotropy of Fe atoms on Hiie; is clearly contrasting the finding of an easy-plane aniggtro
for FeBi,Se (Honolkaet al,, 2012. The diference may be caused by structural variations
among both substrates. This might consequently lead tfiexrelnt hybridization on each sur-
face thereby causing modified electronic and magnetic ptiege

To evaluate the magnetization curves, a fitting procedure apgplied by using a thermody-
namical model including the Zeeman splitting, a Boltzmammteand the anisotropy energy.
Therefore, the energy is estimated Byineet al., 2009:
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Figure 5.17: (a)XAS and XMCD spectra for 0.0JALE FeBi,Te; for normal (upper panel)
and grazing (lower panel) incidence angle. WICD spectra normalized by tHe; XAS in-
tensity indicating an out-of-plane anisotropy of the Fetanhs. (c) Element-selective magne-
tization curves for the Fe adatoms at varying angles depgrah the applied magnetic field.
The data points represent the K®CD intensity for theLs-edge normalized by thXAS
intensity. In contrast, the solid lines depict optimizesiulés of a thermodynamical fitting pro-
cedure. The-axis was renormalized to match the saturation magnetizis,; determined
from this fitting procedure. Frorgelboet al,, 2014

E =Ezeemant EAnisotropy
E(6o,0,¢) = —mugH cosp) — K(sin(,) Sin() cosg) + cos@o) cosp))? (:3)

This equation is valid only for individual adatoms. Otheseia mean patrticle sizemust be
considered for each addend. Furthermore, the magnetic momehe magnetizing fieldH,
theMAE per adatonkK, the polar and azimuthal coordinateandg andg, are used. The latter
defines the easy-axis of the magnetization. As a result tlgnetaation can be determined
including Boltzmann statisticsGambardellat al,, 2002b:

g [ (sin(e) cos@)e‘g%w) do

M= MSat (5-4)

E(00.6:9)

[Pdg [ (sin(H)e‘_kﬁT)de

A

whereMs, is the saturation magnetization. Motivated by 8iEM observationstwo sublat-
ticeswere introduced representing fcc and hcp bonded Fe adatatina welative abundance
of 60% to 40% in favor of Rg.:
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M = Msa(0.6 - Arce + 0.4+ Ancp) (5.5)

According to the theoretical model and tR@ICD data, total magnetic moments mfﬁc =

3.4 ug/atom andmztCp = 2.8 ug/atom were derived and used for this fitting. The magnetic
anisotropies were restricted to point out-of-plafie= 0° for both sublattices, parallel to the
surface normal. A ratio oK'¢/K"P = 1.2 was fixed. The temperature and the magnetizing
field at each data point are known. Straightforwardly, thgmedocrystalline anisotropy en-
ergy constants were fitted resultinggf® = 10 + 4 meVatom andk/® = 8 + 4 me\/atom.
The errors are mainly caused by the scattered charactes détl points given by théMCD,
compare Fig5.17c). Importantly, within the error bars, the fit results arggood agreement
with the theoretical predictions, summarized in Tald

The magnetization curve fitting, the theoretical calcolasi, and finally theXMCD re-
sults evidence theut-of-plane anisotropyf the Fe adatoms on Bliey(111). In view of
these facts, it is surprising that the expected gap-opef@i@t al., 2008 Liu et al,, 2009
Wray et al,, 2011 wasnot observedluring theSTSexperiments. Interestingly, this result is
similar to a recent report on bulk Fe-doped Bk (Okadaet al,, 2011). The authors revealed
the breaking of Kramers degeneracy®iyT of dl/dU maps, that exhibit quasi-particle inter-
ference QPI) patterns. Although in that repdfFT evidences a brokefiRS no signature of

a gap-opening was observed by meanS©8 A discussion of the potential causes is given
in Sec.6.2

5.4.3 Sum Rules of F&i,Tes

The XMCD spectra can be further evaluated by means of the sum rlkedeet al., 1992
Carraet al, 1993, compare Se@.6. According to Fig5.17c), the magnetic moments were
not fully saturated at the maximum magnetic field availal®le=(5 T). However, since the
magnetization curves alreadlattenat B = 5 T and the saturation magnetizatibty,, deter-
mined by the fitting procedure, exceeds the experimentahetagtion by only~ 10%, the
sum rules were applied.

With help of Eq.2.38 the dfective magnetic spin moment of the ensemble of fcc and hcp
adatoms was found to f”g{?'es: (2.9 = 0.2) ug/atom. Moreover, according to E8.39

the orbital magnetic moment was calculated tojg" es= (1.1 + 0.1) ug/atom. To particu-
larly calculate the magnetic momentsl-@hell occupation of & was assumed in agreement
with the XAS line shape. Note, that thefective spin momenins ¢ comprises a contribu-
tion of the intra-atomic magnetic dipole momeng according toms s = Ms + Mp. The
latter accounts for an anisotropy of the spin density if ttoerac cloud is distorted either by
SOl or crystal-field &ects Stohret al,, 2006. For individual Fe adatoms on a surface and at
cryogenic temperatures the contribution of the magnepoldimoment has been evaluated
to be aboutmp ~ 25%- ms (Crocombetteet al, 1996. This estimation has been verified
in later studies dealing with the applicability of tbéMCD sum rules Bruneet al., 2009
Piamontezet al., 2009 Sipret al, 2009. Furthermore, the above derived values1ef o
andm_ need to be corrected due to the unsaturated magnetic marfertkss end, they need
to be normalized by a factor®! ~ 1.1. Overall, the sum rules result in spin and orbital
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Ms my K
Method (us/atom)  (ug/atom)  (meVYatom)
LDA+U 2.7 (fcc) 0.7 (fcc) 12 (fcc)

2.5 (hcp) 0.3 (hcp) 10 (hcp)
SumRules (2.60.2) (1.2+0.1) -

(10« 4) (fcc)
(8 £ 4) (hcp)

MC fitting

Table 5.1: Summary of the magnetic moments and anisotrapiEg/Bi,Te; as determined
by the sum rules, the magnetization curve fitting procedamd,calculated using tHeDA +U
approach.

magnetic moments ofnd'™ 'S = (2.6 + 0.2) ug/atom andm™m Mes = (1.2 + 0.1) ug/atom,
compare Tabb.1

Concerning the spin magnetic moment, therpeasfect agreemerttetween the value deter-
mined by the sum rules and the theoretically predicted ongaileng the orbital magnetic
moment, the agreement is not as good. This might be caused byderestimation of the
orbital contribution within thé.DA +U approach. The theoretical model makes use of the pro-
jection of the Kohn-Sham wave functions on the Fe orbitatietermine their orbital moments.
The approximation is justified for isolated adatoms ands tleontains only the contributions
of the Fe orbitals. Consequently, the theoretically comgotdital moments might underes-
timate the experimental value. However, compared to theullealue, the increase of the
orbital moment iswell reproduced Alternatively, the discrepancy might be entailed or sup-
ported by a higher Fd-shell occupation than assumed here. This would conseguewer

the experimentally calculated spin and orbital magnetiowats. Anyhow, this disagreement
cannot be clarified.

Utilizing Eq. 2.4Q the ratio of orbital magnetic moment anffextive spin moment was
found to beR = 0.38 + 0.04. This value is in line with a recent study on the very same
sample system and indicates a fairly large contributionhef drbital magnetic moment by
itself (Shelfordet al,, 2012. Similar to the experiments on (Ri,Se;, the experimentally de-
termined ratio is much higher than the bulk value of E&énet al,, 19995. That illustrates
the character of individual Fe atoms investigated h&angbardellaet al,, 20023.

5.5 Summary

Since their first experimental realization in 2007Ts are at the frontier of condensed matter
physics. Of special interest is the combination of magmaagerial with their spin-dependent
TSSs, that, for certain configurations, leads to a local bregakiiflKramers degeneracy. There-
fore, second generatidiis were chosen for combined experimental and theoreticastiga-
tions with adsorbed®@TM adatoms of Co and Fe.

In particular, Co deposited on £8e; at cryogenic temperatures reveals the existence of two
species of Co adatoms. These were identifie@BY calculations to be adsorbed in the fcc
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and hcp hollow sites of the substratee{boet al,, 20139. Theory can qualitatively explain
the observation of dierent electronic properties which those types of adatorhgixIn-
terestingly, the Co adatoms occur with @éeient commonness. Including this relative abun-
dance, areasy-plane anisotropig theoretically predicted and confirmed by meanxafS
andXMCD experiments for the low coverage regime.

Surprisingly, while increasing the coverage, a rotatiorthaf anisotropy toward theut-of-
plane directioni.e. aSRT, was found. Despite the anisotropy, the X-ray related measents
suggest a@’ high-spin ground state of Co, independent of the coverag@saiple variation
of the relative abundance of fcc and hcp Co atoms upon elgvim coverage was proven
to be absent. Instead, ti8RT was ascribed to thenhancement of an interacti@mong the
Co atoms if their density on the surface is increased. FinddySRT was concluded to be
responsible for an unusual boost of the ratio of orbitalffecive spin moment as a function
of the Co coverage on Bbes.

The second combined experimental and theoretical worksdealh Fe adatoms on
Bi,Tes; (Eelboet al, 2014. In agreement with the foregoing sample system, again tfvo d
ferent types of adatoms were found. By first-princid¥sT calculations, the adsorption sites
were concluded to be the fcc and hcp hollow sites. Despitgetisemilarities and although
the structural properties of Bie; and BbSe; are closely related to each other, the magnetic
properties of Fe adatoms vary strongly from those of Co dégabsin the sister surface.

Most importantly, already at low coveragesteong out-of-plane anisotropyas experimen-
tally found by means oKMCD and theoretically confirmed. While tB6AS spectra suggest
a high-spin 8° electronic configuration of the ground state, the sum rulesevapplied to
estimate the total magnetic spin besides the orbital masndimiese showeasonable agree-
mentwith the theoretically predicted values. Furthermore, élfement-selective magnetiza-
tion curves were fitted by a thermodynamic model includirg Zeeman splitting, the mag-
netic anisotropy, and a Boltzmann term. The results from thediprocedure arevell in line
with the theoretical model and exhibit anisotropy constamt the order of 10 meV per atom.
Unfortunately, by means &TSno gap-opening was revealed, although this is expected for
the magnetization pointing out-of-plane. The cause resamknown but might be given by a
scalar-like behavior of the magnetic moments, that woutd taward an absence of a strong
interaction between the spin-depend€&€8Ss and the Fe magnetic moments.
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Chapter 6

Conclusions and Outlook

In the presented studies the main focus was laid on well-e@faystems of a rather simple
composition. This way, a foundation for the understandihthe basic properties and the be-
havior of 31 TMs was in the focus of interest. For their smallest represigagii.e. individual
adatoms, this aim was fulfilled tolagh extentIn general, for each of the sample systems at
hand, the agreement between both the experimental obeavaind the numerical calcula-
tions was convincing. In the following, a discussion of thaimconclusions and their rele-
vance regarding future research objectives and techraabgpplications is given. Thereby,
the chapter is divided into two parts, firstly dealing witle tiraphene-based experiments and
afterward proceeding with thEl-related results.

6.1 Graphene

The graphene-based experiments enabled several impbndinigys for isolated adatoms of
the 3 TMs Fe, Co, and Ni. Firstly, the interaction of graphene witrséhadatoms has to
be considered beingeakas evidenced byXAS and STM experiments. Secondlgjzable
magnetic momentsere found for all investigated species by meanX®ICD presuming an
increased coverage of Ni. Thirdly, slight variations of gubstrate influence the adsorption
behavior significantly. Fourthlyjo theoretical modeturrently exists that is able to predict the
adatoms’ properties on realistic graphene-substratikly-the dfect of intervalley scattering
can now be investigated incantrolled mannefor specific substrate-adsorbate configurations.

The importance of these findings relies on the dream of a auatibn of graphene’s excep-
tional electronic properties with the magnetic properaédMs in future nanodevices. For
industrial applications, on the one hand, the technoldlgicaportant materials (Fe, Co, and
Ni) are commonly used to tailor the properties of modernckevi On the other hand, th@n-
imization of development codts these devices is highly desirable. A theoretical molat t
includes substratefects and precisely predicts the properties of the entiresysncluding
adsorbed nanostructures, would therefore reflecapr stepoward a possible integration of
graphene into mass production of future devices.

To investigate especially thefect of the doping level that reflects the degree of decoupling
an experiment by means &TM utilizing a third electrode can be considered. The dop-
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ing level can in principle be precisely tuned by an appletkgateas was shown previ-
ously Braret al, 2010. This way, graphene can be manipulated with respect tchésge
carrier density. The procedure enables to shiftbfewith respect to the Fermi level. It of-
fers the possibility of mimicking theffect of hydrogen intercalation which in principle should
lead to similar results as reported here. Achieving atossolution in this type of experiments
might hence potentially provide insight into the interantof TM adatoms with graphene.

Theoretical predictions are important in terms of magnetaperties as well. This is driven
by the exceptional relevance ofagnetic data storagdevices or generally spin-dependent
integrated circuits. The general layout of a possible fito@anodevice consequently bases
on graphene’s improved transport properties comparednemiustandards. These are illus-
trated by its high charge carrier mobilities and high tuhigbiStraightforwardly, the most
promising example for an application of graphene makes tisgese peculiarities, namely
its integration into already existinfiexible displaysased on organic light emitting diodes.
Graphene might be used for circuit paths being flexible, ligighbust, and exhibiting excep-
tional electronic properties at the same time. Altern&j\graphene is suitable fdield gfect
transistors(Lin et al, 2010, although only few graphene-based devices are availadtle y

In view of magnetism, graphene can be seen as a diamagnetimstal. Hence, doping
by 3d TM nanostructures, that exhibit strongly interacting innlectonic shells, fiers a
way to tailor the magnetic properties of the combined sydteth locally and globally. For
instance, magnetic domains grown frdmls could be used in two ways: either in a “classical
approach”, such as locally storing information ibiaary code or in an “advanced approach”
for spintronic devicesbased on the extraordinary macroscopic spin coherengthkealready
achieved in graphene at room temperatiangbroset al., 2007).

In order to precisely tailor the properties of the proposedaks,SP-STMexperiments per-
formed onTMs/graphene down to the ultimate limit of individual adatoms highly desir-
able. They are expected to be able characterizing the magmeperties on a local scale,
complementary to th&MCD studies reported in the thesis at hand. An interestifieceto
be examined is, for instance, given by #iee-dependent magnetic propertdxserved for Ni
nanostructures. In general, this feature might be preseiiid and Co as well.

A major difficulty to be overcome for the realization of the proposedcstimes, is the con-
trolled growth of such systems with high quality. For SiCated graphitic systems, experi-
ments focusing on the fiusion barrier ofTM adatoms found diusion temperatures below
100 K (Gyamfi, 2012ph. Unfortunately, above thefiective difusion temperature, no islands
of the formerly distributed adatoms were found. More prelgisthe consequences on the
adatoms induced by the annealing were not resolvable aDallthe one hand, desorption
at these temperatures seems unlikely. On the other hande #e difusion temperature no
agglomeration offM atoms was observed neither on flat terraces, nor at step efiges
underlying SIiC. The actual behavior of tiéM atoms above the flusion temperature for
graphengsiC remains unclear. Possible scenarios could be thafthatoms difuse to de-
fects in the graphene lattice itself, to defects in the fatsr layer underneath, or defects
depicted by unsaturated dangling bonds of the SiC substrast but not least, segregation
into the bulk SiC crystal can not be excluded so far. To thd efement selective X-ray based
investigations in combination with precisely controllathaaling might be able to lead to new
conclusions regarding this issue.
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Figure 6.1: d/dU maps revealing stable out-of-plane magnetic anisotrogyoaslands inter-
calated underneath graphene on Ir(111). Between both mapgxternal magnetic field was
inverted. While the green symbols indicate the magnetiontaien of theSP-STMtip, the
red symbols indicate the magnetization direction of thericdlated Co regions. The tunneling
parameters ard = —0.9 V andl = 1 nA. FromDeckeret al., 2013with permission.

The controlled growth of extended magnetic islands on ggaphlwould additionally simplify
potential SP-STMexperiments. Supposing the existence of smooth and wkhetETM is-
lands on graphene with a sizable magnetizatiomagnetic referencevould be available to
characterize the tip’s magnetization.

Opposite to the SiC-based sample systems, metallic systeisas Ir(111),der the possibil-

ity to simultaneously grow close-packed and smobih islands and high-quality graphene
flakes or layers. However, for these systems the original &imecoupling theTM films

by a graphene layer underneath was not established yetwrlfingtance, an amount of
cobalt is deposited on grapheimglll) and afterward annealed to temperatures of about
450 K, Cointercalatesbeneath graphene. The Co atoms do not assemble in smooth films
on graphengr(111), but intercalate underneath and establish cleségd islands between
the Ir substrate and the graphene lay@edkeret al., 2013. Although this sample layout is
far from the original idea, it fiers diferent opportunities since the intercalated Co regions
exhibit a sizable magnetic out-of-plane anisotropy, campgag. 6.1 They can therefore in
principle be used as magnetic referencéo characterize the spin-polarization of t8&M

tip. This way, intercalated Co regions allow for the unambiggiidentification of the mag-
netization of simultaneously deposited individual adatoom graphen&(111) on a local
scale. Moreover, a magnetic reference also facilitatesniestigation of the magnetism in
graphene with respect to the lattice structure itself. &lih the presented data in Chdp.
suggest thaTM adatoms do not significantly induce magnetism in graphema’sycomb
lattice, several numerical calculations predict unbatainmagnetic states at the zig-zag edges
of grapheneRujitaet al., 1996 Sonet al., 2006. Since the system above described naturally
comprises flakes of graphenBdckeret al,, 2013, an investigation of thisféect on a local
scale seems promising.

On the one hand, the sample layout described before, iniplénis interesting in view of fun-
damental studies on local scale magnetic properties. Ootttex hand, regarding industrial
applications, a Si-based sample system would be incomiyaradre important. It would en-
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able the connection to state-of-the-art Si-based semistodphysics and electronics. More-
over, a Si-based substrate is mudteaperto produce and can in principle be grown with
higher quality. Therefore, for the ability of preciselyltaing the properties of the combined
graphene-SiC-adatom syste@EFMLG is of major interest. It evenfters the manipulation
of adatoms withatomic precisioramong multiple adsorption sites, which in principle might
provide to establish multiple magnetic states within theesgample system.

In view of future applications another major problem to beracome is of course theonser-
vation of tailored properties for the case of ambient conditionsh@ugh graphene reveals
inert-like behavior, it adsorbs gaseous molecules whiehexipected to alter the formerly
tailored properties. To this end, significant improvememesto be made regarding tpassi-
vationof systems composing of graphene and adsorbed magnetistnactares. An example
of a possible passivation was recently shown in studies gh-fiequency graphene-based
FETs (Farmeret al, 2009 Lin et al,, 2011). Either polymer films or Si@layers were used
but it remains to be investigated whether these types of fihfisence the properties of ad-
sorbed nanostructures.

6.2 Topological Insulators

For the experiments performed on topological insulattwes mhain findings deal with the para-
magnetic behavior of the deposited M nanostructures. On the one hand, the magnetic
properties are altered drastically with respect to uhderlying substratend, on the other
hand, they vary strongly depending on il coverage at least for one of the investigated
substrates (BBe&). In terms of fundamental physics even more attention has foaid to the
fact that the peculiar topological surface states appe&agrin robust against this kind of
doping. This indicates a rather weak and scalar-like icteva between the nanostructures’
magnetic moments and tA&Ss.

Some potential reasons for the lack of the observation ob&dmTRS and a gap-opening
were already given in Seb.3.4 However, in the following, these are summarized. Firstig,
TRSbreaking might induce only a very narrow gap-opening. Owinpesmallnes®f the ef-
fect, it seems plausible, that it might be unresolvable értlgime of single atoms. Secondly,
this might be supported as well by the masking of the expeefiiedt due to impurity- or
substrate-induced states, which includes intrinsic a@atiefects, vacancies and finite temper-
ature dfects. A masking of this kind is, for instance, present in cdd®i,Te;, where theDP

is buried by the onset of the bulk valence band. Thirdly, agagning might be restricted to
a region very close to the impurity itself. This could leadtoindirect masking owing to the
lateral exteniof a perturbation center IBTM constant-current images. Of course, this type of
masking is simply a consequence of the overlap of the gaptogevith different states, but in
topographies theftect can be investigated with respect to its lateral extenirtRly, external
magnetic fields might be needed tdistiently stabilize the magnetic moments. However, it
remains an open question why a clear indication of a gapiogext theDP by means o65TS
was not detected yet.

Similar to the graphene-based studies, magneticallyisenkcal scale experiments of's
were not successful. Although theéMCD clearly shows some advantages (e.g. element-
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specificity), it probes the magnetic properties of an ensenithis complicates the data in-
terpretation. For this reaso8P-STMexperiments performed oAiM nanostructures grown
on Tls are of high priority. They are expected to enable insigtd the basic mechanisms
determining the electronic and magnetic properties.

Of course, the sample layout for such an experiment agairpadees regions of stable mag-
netization with simultaneously deposited nanostructufée usual approach for metal sub-
strates comprises regions madeldfis, that are obtained after annealing. At first glance, a
similar procedure might be applicable fbis as well. A sample layout, where Fe is tempted to
be grown pseudomorphically on, e.g.,8&, seems promising because the lattice mismatch
is small between the (111) planes of both materials. Unf@atiely, this common approach
was not successful yet and entails major problems to be overcAs was mentioned earlier,
annealing ofT| substrateslrastically alterstheir properties by adsorbing contamination from
the rest gasRianchiet al, 2010. Improvements might be possible if, on the one hand, the
procedure is applied in a carefully degased surrounding@mnthe other hand, the defect den-
sity inside theTl is reduced. This would consequently lead to a decrease itdblareactants
and might thereby enhance the substrate’s durability.8imad graphene, a fierent approach
would be the search for a suitalgassivating layethat protects th&@l and possibly adsorbed
nanostructures if the device is exposed to ambient comditio

Regarding the annealing ®M material on a Tl surface, an even more challenging task sccur
In case of Fe on BEeg the Fe atoms segregate into the bulk anbstituteBi atoms at their
lattice sites already at room temperatugelflenket al,, 2013, compare Fig6.2 In view of

the generally similar behavior of Co and Fe on this surfaceiandew of the similarities
among diferentTIs, an equivalent process can be expected as well for many SMg |
combinations. An investigation, which seeks a particulaterial combination that exhibits
a TM accumulation temperature below the temperature where itasisabstitution process
sets in, is therefore highly desirable. Although it remaspsculation, these kind of studies
might be successful if magnetic elements showing mhigher atomic numbersompared

to the commonly usedd3TM are used, e.g. Eu. Thereby, the increased atomic radiug migh
hinder the above mentioned substitution process and enthggtemperature range available
for obtaining well-defined close-packed islands of magnataterial.

Importantly, spin-dependent information about THeor even adsorbed nanostructures can be
gained as well without the “classical” sample layout utiiza magnetic reference 8P-STM
experiments. Topological insulators exhibah QPIlpatterns, which display the allowed wave
vectors and the relative intensities for the varying scateprocesses experienced by the
surface state electronR@usharet al,, 2009. Importantly, thesscattering channeland their
spin-polarization can in principle be calculated by theory

QPI patterns can be easily obtained by experimental technigh&sh investigate the sample
with respect to the reciprocal space. Theref&RPESis an ideal tool by acquiring constant
energy contours which themselves reflect @fel at the respective energy. Althou@TM is

in principle a real space technique, it can be used for thigqae as wellFFT analysis ofSTS
data, more preciselylfdU maps taken at a given bias voltage, can exhibiQReat the spec-
ified bias. They are thus the corresponding local scale goelto the pattern obtained by the
spatially averaging technique ARPES(Okadaet al., 2011 Sessket al,, 2013. Although for
these kind oSTSbased experiments the scan range usually needs to beaygked include
a suficiently extended area of the scattering pattern, the sematiusly acquired sample to-
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Figure 6.2: (2)STM constant-current map of 0.MLE Fe/Bi,Se. The inset shows a magni-
fied view of 8 individual Fe adatoms. (b) After annealing thenple at 260 K the Fe adatoms
start to segregate into the bulk crystal and substitute Bnatat their lattice sites. Conse-
qguently, they appear as dark triangular depressions. tey Ah annealing at 370 K almost no
surface-Fe is remaining. Tunneling parameterstare 250 mV andl = 0.05 nA. Adapted
from Schlenket al., 2013with permission.

pography enables to precisely determine the local samybeitaCompared tARPES this is

a major advantage. To obtain the scattering patterns tlsepce operturbation centerss a
necessary precondition. In a first study @Bl should hence be investigated by utilizing non-
magnetic impurities on the surface. In a subsequent expetirthe introduction of magnetic
impurities is of interest. This combination is generallypegted to provide additionaltfects
due to the interaction between the magnetic moments andpthedependenTSSs. Using
SP-STMwith magnetically coated tips, threpin-dependent scattering channétsis dfer a
possibility to gain information about spin-dependent edies of TIs. As a result, a stable
magnetic island reflecting a magnetic reference on the saitgelf is not necessarily needed.

From the above discussion the impression arises, that tidling of TIs is even moréragile
compared to graphene substrates. This reflects a major dcavitb view of possible techno-
logical applications. These generally require robustcstmes at ambient conditions. If the
goal is achievable at all, the most straightforward apgbcaof Tls would possibly rely on
the spin-dependent transport propertjeghich could be implemented in future concepts of
computing devices. For spintronics and quantum computagponents that exhibdiffer-
ent spin-dependent populatioosdifferent propagation directions depending on the spin are
indispensable. Another possible applicationTa$ could be their use as a type adnverter

at junctions where an electrical signal needs to be corvent® a magnetic one utilizing
the magnetoelectricfiect. Unfortunately, due to the aforementiondteets present oills,

it is unquestionable that the sample quality has to be slyangproved to achieve the abil-
ity of establishingjuasi-ballistic spin-dependent transpditprovements oMBE-grownTI
substrates with small thickness&hénget al., 2010 represent a first step to fulfill this aim.

Anyhow, it appears to be more realistic tids remain a class of model materials, which pri-
marily receive attention in fundamental physics. Transpgperiments precisely investigating
the spin-dependency on a local scale, fundamental studié®i@rostructures composed of
Tls and superconductors, and investigations of heavy fesyaasing from breaking Kramers
degeneracy are only a feufects to be studied in detail.
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