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Abstract

Further miniaturisation of magnetic storage devices requires an advent of new types of
magnets, since classical ferromagnetic materials show lack of remanence at nano- and sub-
nanoscale. A single atom can represent the smallest possible bit of information. Even though
the isolated single atoms are paramagnetic, the interaction of surface adsorbed atoms with a
substrate can result in high magnetic anisotropy energy and long magnetisation lifetime. In
this thesis the magnetic properties of surface supported rare-earth single atoms are investi-
gated with X-ray absorption spectroscopy, X-ray magnetic circular dichroism and multiplet
simulations. The first goal of the project was to find new adatom/substrate combinations that
exhibit a long adatom magnetic lifetime, possibly extending the current limits of the atomic
magnetic moment stability to higher temperatures and longer spin relaxation times. The
second objective was to implement the external electric field control of the adatom magnetic
properties.

Firstly, we present the experimental and theoretical research on Dy and Ho single atoms
deposited on BaO. A comparison of our results with similar studies sheds light on the impact
of the substrate crystal field, in particular Dy-O bond covalency, on the magnetic stability
of the rare-earth adatoms. Next, the detailed experimental investigation of Dy single atoms
on ZnO is presented. This adatom/substrate pair is used as first attempt to implement the
electric field control of the adatom magnetic properties. Lastly, we study the Dy adatoms on
graphene layers grown on various metals. The vibrational modes of the metallic substrates are
shown to strongly affect the Dy spin lifetime, while addition of a second graphene layer does
not allow to significantly improve the adatom magnetic stability.

Key words: single-atom magnets, rare-earth atoms, dysprosium, X-ray absorption spec-
troscopy, X-ray magnetic circular dichroism, multiplet simulations
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Résumé

Une miniaturisation plus poussée des appareils de mémoire magnétique nécessite I’apparition
de nouveaux types d’aimants, car les matériaux ferromagnétiques classiques présentent
un manque de rémanence a I’échelle nanométrique et subnanométrique. Un seul atome
peut représenter le plus petit bit d'information possible. Méme si les atomes isolés sont
paramagnétiques, I'interaction des atomes adsorbés en surface avec un substrat peut entrainer
une énergie d’anisotropie magnétique élevée et une longue durée de vie de I’aimantation.
Dans cette these, les propriétés magnétiques des atomes isolés de terres rares supportés en
surface sont étudiées par spectroscopie d’absorption des rayons X, dichroisme circulaire
magnétique des rayons X et simulations de multiplets. Le premier objectif du projet était de
trouver de nouvelles combinaisons adatome/substrat qui présentent une longue durée de vie
magnétique de 'adatome, en étendant possiblement les limites actuelles de la stabilité du
moment magnétique atomique a des températures plus élevées et a des temps de relaxation de
spin plus longs. Le second objectif était de mettre en ceuvre le contrdle par champ électrique
externe des propriétés magnétiques de 'adatome.

Tout d’abord, nous présentons la recherche expérimentale et théorique sur les atomes isolés
de Dy et Ho déposés sur BaO. Une comparaison de nos résultats avec des études similaires met
en évidence I'impact du champ cristallin du substrat, en particulier la covalence de la liaison
Dy-O, sur la stabilité magnétique des adatomes de terres rares. Ensuite, I'étude expérimentale
détaillée des atomes isolés de Dy sur ZnO est présentée. Cette paire adatome/substrat est
utilisée comme premiére tentative pour mettre en ceuvre le contréle par champ électrique
des propriétés magnétiques de 'adatome. Enfin, nous étudions les adatomes de Dy sur des
couches de graphéne croissant sur différents métaux. Nous montrons que les modes vibra-
tionnels des substrats métalliques affectent fortement la durée de vie du spin du Dy, tandis
que I'ajout d'une seconde couche de graphéne ne permet pas d’améliorer significativement la
stabilité magnétique de I’adatome.

Mots clés : aimants & un unique atome, atomes de terres rares, dysprosium, spectroscopie
d’absorption des rayons X, dichroisme circulaire magnétique des rayons X, simulations de
multiplets.






Contents

Acknowledgements i
Abstract (English/Francais/Deutsch) iii
List of Figures ix
List of Tables xi
Introduction 1
1 The Fundamental Principles of Single-Atom Magnets 5
1.1 Magnetismofafreeatom ... ... ... ... ... ... ... ... . ... ... 5

1.2 Substrate-adatom interaction . . . . . . . .. ... ..o e 8
1.2.1 Stevensoperators . . . . . . . . vt vttt e e e e e e e e e e 10

1.2.2 Quantum tunnelling of magnetisation . ................... 11

1.3 Conclusion . . . . . . . . . e 12

2 Methods 13
2.1 X-ray absorption SpectroSCOpY . . . . « . v v it i e e e e e e 13
2.2 X-ray magnetic circular dichroism . . . . ... ... ... .. . 0 Lo 14
2.3 X-ray magnetic linear dichroism . . ... ... .. ... ..... ... .. ..., 16
2.4 EPFL/PSIX-Tremebeamline . .............. ... ... ...... 16
2.5 Totalelectronyield . .. ... ... ... ... .. . e 17
2.6 Experimental geometry and dataanalysis. . . . ... ... ... ... ....... 18
2.7 Multipletcalculations . . ... ... ... ... . e 19

3 Magnetic stability of Dy and Ho single atoms on BaO 21
3.1 Maintext . . . . v vt e e e e e e e e e e e e e e e e 22
3.1.1 Introduction . . . . . .. .. ... 22

3.2 Resultsanddiscussion . . .. ... .. .. ... ... .. .. . 22
3.21 Conclusion. . . . ... . . e 32

322 Methods . . ... ... . 32

3.3 Supportinginformation . .. ... ... ... .. ... . o e 33
3.3.1 BaO thin film characterisation . ........................ 33

3.3.2 Additional results of multiplet simulations . . . ............... 35



Contents

3.3.3 DFT calculations: simulationcell ... ....................
3.4 Conclusionandoutlook . ... ... ... ... .. . . ...

4 Electric field control of single atom spin lifetime
4.1 ZnO thinfilms on Au(111) singlecrystals . . ... ... ... .. ... .......
4.2 DysingleatomsonZnO/Au(111) . . . . .. .. ... Lo e
4.2.1 Dycoveragedependence . . ....... ... .. ...
4.2.2 ZnO-thicknessdependence . . . . .. ... ... ... ... .. .......
4.2.3 Dymagneticrelaxationtimes . . . . ... ... ... .. .. .. .. .. ...
4.2.4 Temperaturedependence . . . . . .. ... .. ...
4.3 Hosingle atomson ZnO/Au(111) . . . . . . . . ..o o
4.4 7ZnO thin films on SrTiO3(110) singlecrystals . . . . .. ... ... .. .......
4.4.1 Characterisation of ZnO/STO(110) films for field effect measurements .
4.5 Dysingle atoms on ZnO/STO(110) . . . . . . . . .. ot ii i
4.5.1 Electric field control of the Dy magnetic lifetime . . . ... ... ... ..
4.6 Conclusionandoutlook . .. .. ... ... ... ... ... .. . . ...

5 Electron and Phonon Induced Demagnetisation of Single-Atom Magnets
5.1 Substrates preparation and characterisation . . ... ... ... ... .......
5.2 X-rayabsorptionspectra. . . . . . . . . ... e
5.3 Magnetisation CUIVES . . . . . . . v o v vt it e e e e e e e e e e e e
5.4 CF level splitting and external subshell occupation . .. ... ...........
5.5 Substrate electron- and phonon-assisted spinrelaxation. . . . . ... ... ...
5.6 Conclusionandoutlook . ... ... ... .. ... ... .. .. . . . ...

Conclusions and Outlook

A Bader charges and atom coordinates for RE/BaO and RE/MgO
Al DFTcalculations . . ... ... ... .. it
A.2 CF point charges used in the multiplet calculations . . . . .. ... ... .. ...

Bibliography

Curriculum Vitae

viii

39
41
42
44
46
47
48
49
49
51
52
52
54

57
58
59
60
62
64
65

67

69
69
73

75



List of Figures

1.1 Stabilisation of atomic magnetic moment by crystalfield . ............ 9
1.2 Mechanism of quantum tunnelling of magnetisation . . . . . ... ... ..... 11
2.1 Typical Dy3* XAS SPECIUM . . . . . o vt it e e e e e 13
2.2 Typical Dy** XMCD SPECtTUIM . . . . . o vt ot e e et e e e e 14
2.3 Schematic representation of the X-Treme beamline end station. . . . . ... .. 17

3.1 X-ray spectra, magnetisation and relaxation curves of Dy atoms on BaO/Pt(100) 23

3.2 X-ray spectra and magnetisation curves of Ho atoms on BaO/Pt(100) . . . . .. 24
3.3 Charge density isosurfaces for Dy adatoms on top-O and bridge sites on BaO

and MgO . . . . e 26
3.4 Schematic representation of RE adsorption sites on BaO; XMCD angular depen-

denceof DyonBaO . ... ... ... .. .. .. .. 27
3.5 Energy diagrams of the lowest energy multiplets for Dy'°P and Dy?™ . . . . . . 28
3.6 Energy diagrams of the lowest energy multiplets for Ho'°P and Ho?™* . . . . . . 31
3.7 LEED images of Pt(100) single crystal and BaO(100) thinfilm . ... .. ... .. 34
3.8 XLDspectrumofBaOatOK-edge ... .......... ... ... ...... 34
3.9 Energy diagrams of the bridge species lowest J-multiplets . . . ... .. ... .. 35
3.10 Simulation cells for RE adatoms on BaO (or MgO) surface . . ........... 37
4.1 ZnOwurtzite crystal structure . . . . .. .. ... ... ... 40
4.2 LEEDimageofaZnO/Au(111) . ... ... .. .. ... 41
4.3 XLDspectraofaZnO/Au(111) . ... ... .. .. 42
4.4 X-ray spectra and magnetisation curves of Dy atoms on ZnO/Au(111) . . . . . . 43
4.5 Coverage dependence of XAS and XMCD spectra for Dy/ZnO/Au(111) . .. .. 44
4.6 Coverage dependence of XMLD spectrum for Dy/ZnO/Au(111) . . . . . ... .. 45
4.7 Coverage dependence of magnetisation curves for Dy/ZnO/Au(111) . . . . . .. 46
4.8 ZnO-thickness dependence of magnetisation curves for Dy/ZnO/Au(111) ... 46
4.9 Spinrelaxation dynamics of Dy/ZnO/Au(111) . .. .. ... .. ... ... .... 47
4.10 Temperature dependence of the magnetisation curve for Dy/ZnO/Au(111) . . . 49
4.11 X-ray spectra and magnetisation curves of Ho atoms on ZnO/Au(111) . . . . . . 50
4.12 ZnO/STO(110) sampleinasampleholder . ... .................. 51
4.13 Field effectin ZnO/STO(110) . . . . . . . . . . o0 ittt et 52
4.14 X-ray spectra and magnetisation curves of Dy atoms on ZnO/STO(110) . . . . . 53

ix



List of Figures

4.15 Dependence of the Dy XMCD signal on the external electricfield. . . . . . . .. 54
4.16 Dependence of the Dy hysteresis loops on the external electric field . . . . . . . 54
4.17 Ferroelectric hysteresis loop of a ZnO/STO(110) . . . . . . ... .. .. .. .... 55
5.1 STMimagesofgraphene/Cu ... ... ... .. ... .. ... ..., 58
5.2 XLD spectra of graphene/CuatCK-edge . .. ... .. ... ............ 59
5.3 X-ray spectra of Dy atoms on graphene/metals. . . .. ... ............ 60
5.4 Magnetisation curves of Dy atoms on graphene/metals . . ... ......... 61
5.5 Energydiagrams ofthelowestDystates . . . . ... ... ... .. ......... 62
5.6 Spinresolved DOS of 5d and 6s electrons of Dy atoms on gr/Cu(100) and gr/Cu(111) 63
5.7 Single layer and bilayer graphene phonon energy dispersions . . . . . ... ... 64



List of Tables

1.1

3.1

4.1

Al

A2

A3

A4

A5

A6

A7

A8

A9

Ground multiplet quantum numbers of Dyand Hoatoms. . . ..........

Total energies of Dy and Ho on BaO and MgO substrates for the top-O and bridge
adsorptionsites . . . . . . . . ..

Coverage dependence of Dy magnetic moments for Dy/ZnO/Au(111) . . . . ..

DFT simulated coordination shells around Dy adatom on top-O adsorption site
onBaO . . ... e
DFT simulated coordination shells around Dy adatom on bridge adsorption site
onBaO . . .. . e
DFT simulated coordination shells around Ho adatom on top-O adsorption site
onBaO . . ...
DFT simulated coordination shells around Ho adatom on bridge adsorption site
onBaO . . . ..
DFT simulated coordination shells around Dy adatom on top-O adsorption site
onMgO . . . . e
DFT simulated coordination shells around Dy adatom on bridge adsorption site
onMgO . . . . e
DFT simulated coordination shells around Ho adatom on top-O adsorption site
onMgO . . .. e
DFT simulated coordination shells around Ho adatom on bridge adsorption site
onMgO . . .. e e
CF point charges for RE adatomsonBaO . . . .. ... ... .. ..........






Introduction

Already ancient Greeks came up with the idea that the matter consists of tiny particles, which
they called atomos. The literal translation is ‘indivisible’. Nowadays we call them atom:s.
The modern concept of an atom was devised in the beginning of the 20th century by a New
Zealander Ernest Rutherford in his famous ‘gold foil experiment’ [1]. Since then we have learnt
alot about these once mysterious particles, including a fairly accurate quantum mechanical
description of their structure. The present-day periodic table contains 118 different elements
and the process of search and creation of new atoms is going on [2]. Particle beams were
used in early experiments with isolated atoms [1, 3,4]. With modern technology we are able
to capture and store both charged atomic ions in ion traps [5, 6] and neutral single atoms in
magneto-optical traps [7]. The first prototypes of quantum devices based on trapped single
atoms have been realised using these capturing methods [8-11].

An important role in the current scientific research is dedicated to surface adsorbed single
atoms. The advent of atomic resolution microscopies (scanning tunnelling microscopy (STM)
[12], atomic force microscopy (AFM) [13] and aberration corrected transmission electron
microscopy (TEM) [14]) resulted in images with atomic resolution of, first, crystal lattices and,
later, surface adsorbed single atoms. The same experimental tools can be utilised to control the
position of the adatoms on the surface. The atomic manipulation was first demonstrated with
a help of STM in 1990 [15]. Moreover, STM does not only allow to study the topography of the
samples but also to investigate the excitation states. The latter technique is called the scanning
tunnelling spectroscopy (STS). The main limitation of the STM and STS methods is that they
are only applicable to conducting surfaces. Nevertheless, the atomic manipulation on an
insulating substrate has also been recently achieved with AFM technique [16], while TEM was
used to engineer a single atom dynamics with electron irradiation [17]. X-ray spectroscopy
is another appropriate method for studies of surface adsorbed single atoms. Its elemental
selectivity together with the high sensitivity of total electron yield detection scheme allows
to measure surface coverages as low as 0.5% of a monolayer, while circularly polarised X-
ray photons can provide information about adatom spin and orbital magnetic moments
non-accessible directly to other techniques [18, 19].

In the last three decades, surface adsorbed single atoms and atomic clusters have been
extensively studied as prototypical systems for quantum devices and due to the high scientific
importance of their fundamental properties. This research can be divided into two main



Introduction

topics: single-atom magnetism [20-22] and single-atom catalysis [23, 24]. In the following
we will focus on the magnetic properties of surface adatoms, since they represent the topic
of this work. The magnetic excitations of various atomic clusters have been studied with
both STS and X-rays [25-30]. A linear chain of atoms can be considered as a special case
of an atomic cluster that is very helpful in verification of fundamental principles of adatom
interactions, hence, such systems have attracted heightened attention [31-37]. Furthermore,
the measurement of Ruderman-Kittel-Kasuya—Yosida exchange interaction between single
atoms has been performed [29, 37-39]. Loth and co-workers were able to demonstrate control
of the adatom magnetic quantum state with electric current in STM experimental setup
[40], while Khajetoorians et. al. have realised an atomic-spin-based logic gate [41]. One
should seperately mention a series of works based on ESR-STM. This is a newly developed
experimental technique that utilises a spin polarised STM tip to excite and detect an electron
spin resonance in an isolated surface atom [42,43]. ESR-STM method was used to measure
the magnetic dipolar and exchange interactions between single atoms [44-49], their quantum
coherence [50-52], hyperfine structure [53, 54], resonating valence bond states in artificial
quantum magnets [55], and to perform magnetic resonance imaging of single atoms [56].

One of the most important parameters of magnetic objects for practical applications is the
magnetisation lifetime. It characterises the magnetic stability of the object or, in other words,
the rate at which the magnetisation decays towards its equilibrium value. The so-called
exchange interaction helps to stabilise the orientation of the individual atomic magnetic
moments and, consequently, to retain the net magnetisation of the bulk ferromagnetic samples
for years [57]. Thereby, such magnetic materials are extensively used in information storage.
Nevertheless, the overall trend towards minituarisation of information processing devices
and the advent of new quantum computing technologies call for a significant increase in
information storage density or, equivalently, for a size reduction of magnetic bits [58]. In
bulk ferromagnets each atom contributes for a certain degree to the stability of the whole
magnet. The relatively low number of atoms in nano- and subnanoscale objects leads to
a degradation of their magnetic stability, thus, one should find new ways to obtain long
magnetic moment lifetime for such systems. There exists two viable paths to pursuit this goal.
In the first approach one concentrates on nanoscaled obejects at the borderline between the
classical and quantum description in an attempt to either preserve the classical magnetic
behaviour or make use of the emerging quantum phenomena. This is for example the case of
skyrmions, which are the topologically protected nanoscale magnetic quasiparticles [59, 60].
The other approach consists in the stabilisation of magnetic moments of isolated single atoms
or small atomic clusters, so that they can function as single bits of information [20-22]. The
magnetic moment of a single atom can be stabilised by either encapsulation into a molecular
shell [61-80] or adsorbtion onto a surface [20-22, 46,49, 81-90]. In the first case one speaks
about single-molecule magnets (SMMs, or single-ion magnets (SIMs) if the magnetic core
consists of a single ion), while the second type of systems is called single-atom magnets
(SAMs).

In the beginning, the research on SAMs was focused on the 3d transition metal elements



Introduction

[86,88,91-102]. The work of Rau and co-workers [88], where the magnetic anisotropy limit
imposed by spin-orbit interaction was reached for Co single atoms, is a highlight of this
research. Nonetheless, the magnetic lifetime of Co atoms was found to be only =230 pus. A
breakthrough was achieved in 2016 with the help of rare-earth (RE) elements [81, 83]. X-ray
spectroscopy measurement showed that Ho single atoms adsorbed on MgO thin films exhibit
magnetic remanence up to 30 K and a relaxation time of =1500s at 10 K [83]. An STM study of
the same system revealed a coercive field of more than 8 T and magnetic bistability for many
minutes, both at 35K [87]. The possibility to read and write the magnetic moment of Ho SAMs
has also been demonstrated [49], while their magnetic stability has been studied in a wide
range of magnetic fields between 0 T and 8T [84, 85]. At the same time, Dy single atoms self-
assembled into a superlattice on graphene grown on Ir(111) surface show magnetic lifetime of
~1000s at 2.5K [81]. The most stable SAM up to now, whose magnetic lifetime exceeds days at
=~1K, is a Dy atom adsorbed on top of O on MgO thin film, as has been demonstrated with
the help of ESR-STM [46]. The correlation between its electronic configuration and magnetic
stability has been also shown [82].

In this work we pursuived two goals. First, we searched for new adatom/substrate combina-
tions that can serve as SAMs. The new systems should shed light on the adatom-substrate
interaction and enhance our understanding of the magnetic moment stabilisation together
with the ability to predict new promising candidates for SAMs. We also aim to extend the mag-
netic stability of single atoms to higher temperatures and longer relaxation times. The second
objective of the project is to demonstrate the possibility of the electric field control of the SAM
spin. Indeed, to be used in the modern magnetic memory devices single-atom bits should
not only preserve their magnetic moment for a sufficiently long period of time, but also allow
an externally controlled spin flipping. To this end, magnetic fields are currently employed in
present-day magnetic hard disk drives. However, it is very hard to localise the magnetic field
on a single atom, while magnetic field production involves an electric current flowing through
a resistive circuit, which is inevitably associated with the high energy consumption and Joule
heating. Furthermore, slow writing speed is one of the main reasons why hard disk drives are
currently losing the competition to the solid-state drives on the market of personal computers.
All these limitations can be overcome with the electric field manipulation of magnetism [103].
In particular, ferroelectricity and field effect are two viable routes to achieve the electric field
control of SAMs.

As the main experimental tools we employed the X-ray spectroscopy techniques, namely X-ray
absorption spectroscopy (XAS), X-ray magnetic circular dichroism (XMCD) and X-ray magnetic
linear dichroism (XMLD). To rationalise the experimental data the multiplet calculations using
the multiX code were performed [104].

The thesis is organised as follows:

In Chapter 1 the main fundamental principles of SAMs are introduced. The magnetic proper-
ties of free atoms as well as adatom-substrate interaction are discussed. In this chapter we
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introduce the concepts of Stevens operators and quantum tunnelling of magnetisation, and
also discuss their relation to the magnetic stability of SAMs.

Chapter 2 describes the experimental and computational methods used in this work. The
basics of XAS, XMCD and XMLD spectroscopies are discussed. In this chapter we also describe
the experimental setup, measurement configurations and details of the data analysis. The
basic principles of the multiplet calculations are introduced at the end of the chapter.

In Chapter 3 we attempted to optimise the crystal field (CF) at the adatom position by using
the BaO supporting substrate, which has a very similar crystal structure to MgO, but exhibit
a different charge distribition between O and alkaline earth metal. This chapter is based
on the manuscript ‘Magnetic Stability of Dy and Ho Single Atoms on Alkaline Earth Oxides’,
which was prepared for the publication. In this manuscript we discuss in detail the magnetic
properties of Dy and Ho SAMs on BaO/Pt(100) thin films and compare the results to the similar
studies of Dy and Ho SAMs on MgO. Further, the influence of the Dy-O bond covalency on the
magnetic stability is elaborated.

Chapter 4 is dedicated to the Dy single atoms depositied on ZnO, which is expected to exhibit
the desired axial CE In addition, the non-centrosymmetric wurtzite structure and the semi-
conducting electronic properties of ZnO could open the way to an electric field control of the
magnetic properties of individual surface supported atoms. Firstly, the detailed experimental
study of the magnetic properties of Dy deposited on ZnO/Au(111) thin films is presented.
Then, the possibility of the electric field control of the adatom magnetic properties via field
effect for Dy/ZnO/STO(110) system is discussed.

In Chapter 5 we show the influence of the substrate conduction electrons and phonons on
the magnetic stability of Dy SAMs. To this end we compare the magnetic properties of Dy on
graphene grown on three different metals. The difference between single layer and bilayer
graphene as substrates for SAMs is also discussed.

Finally, the summary of the main results together with the future perspective is presented at
the end of the thesis.



1] The Fundamental Principles of Single-
Atom Magnets

1.1 Magnetism of a free atom

Magnetic properties of an isolated atom are defined by its magnetic moment. The latter
consists of two components: a nuclear magnetic moment and the resultant magnetic moment
of the surrounding electrons. The electron magnetic moment has an order of magnitutde of
the Bohr magneton

_lelh
- 2m,

Up =5.79x107°eV/T=9.27 x 10"4J/T, (1.1)
where e is the electron charge, /i = % is the reduced Planck constant and m, is the electron
mass. The analogous expression for the nuclear magnetic moment can be derived by a
substitution of the electron mass m, by the proton mass m,. The corresponding physical
constant is called the nuclear magneton
lelh -8 —27
pn=—=3.15x10"eV/T=5.05x10"“"J/T. (1.2)
2my,
Since protons are approximately 2000 times heavier than electrons, the electron magnetic
moment is much stronger than its nuclear counterpart. Further we will focus on the magnetic
moment created by the atomic electrons as it is exactly this moment that one stabilises in
single-atom magnets.

The magnetic moments are closely related to the angular momentum via a so-called gyro-
magnetic ratio v, hence we will first describe the physics of the atomic angular momentum
and then show how one can use it to calculate the atomic magnetic moment. Each electron
has an orbital angular momentum I, which is the consequence of its circular motion around
the atomic nucleus, and a spin angular momentum! s intrinsic for an electron (just like a
charge or a mass). The spin of the elemental particles has a quantum relativistic nature and,
thus, cannot be explained by classical physics or derived from the Schrodinger equation. The

1For brevity it is often simply called a ‘spin’.



Chapter 1. The Fundamental Principles of Single-Atom Magnets

strict theoretical description of the spin was performed by Dirac in his relativistic theory of the
electron [105]. Both types of angular momentum are coupled by the spin-orbit interaction
(1-s. In general, this interaction gets stronger with the atomic number Z [106]. The angular
momentum of an atoms is a sum of all angular momenta of its electrons. Moreover, the elec-
tron subshells consist of pairs of atomic orbitals, such that for each atomic orbital with orbital
angular momentum I and spin s there exists another orbital with orbital angular momentum
—1I and spin —s. As a result, the total angular momentum of a fully occupied subshell is equal
to zero. That is why only the partially filled (open) subshells contribute to the total angular
momentum and, consequently, to the magnetic properties of the atom.

In real atoms the orbital angular momentum interacts not only with the spin of the same
electron but also with the orbital momenta of the other atomic electrons. Depending on
the relative strengh of these interactions different schemes of coupling of single electron
angular momenta into an atomic angular momentum are possible. If the spin-orbit coupling
is weaker than the electron-electron interactions, then the individual orbital I and spin s
angular momenta are coupled into atomic orbital L and spin § momenta. The resultant total
angular momentum J of the atom is just a sum of L and S:

J=L+S8=) Li+) si, (1.3)
i i

where summation is performed over the electrons of the open subshell. Such coupling scheme
is called Russell-Saunders coupling or LS coupling [107] and it describes well light elements,
in particular 3d transition metals. For the heavy atoms the strong spin-orbit interaction
link together the spin s and orbital I momenta of individual electrons into a total angular
momentum j of a single electron. The total atomic angular momentum J is then found as a
sum of total angular momenta of individual electrons j:

J=)Ji=) i+s). (1.4)

This approach is known as jj coupling and it is applicable, in particular, to 4f RE elements.

The magnetic properties of an atom are explained using the quantum mechanical approach,
in which the result of the measurement of a physical quantity is equal to one of the eigenvalues
of the corresponding operator. Moreover, according to the uncertainty principle, only the
physical quantities whose quantum operators commute can be measured simultaneously.
Since the angular momentum J is a vector, in quantum mechanics it is described by 3 operators
J o J y and J - corresponding to the x, y and z components. For convenience and as it is widely
accepted in the literature, we use here the dimensionless forms of the angular momentum
operators. This means that the eigenvalues of these operators should be multiplied by & to
obtain the real observable values of the angular momenta. The commutation relations are

Uol) =il UpJd=ile,  Usld=il,. (1.5)



1.1. Magnetism of a free atom

As one can see, none of the two components can be measured simultaneously. However, the
operator of the squared angular momentum commutes with all of the components:

%, Ja]=0, a=x,y,z. (1.6)

By convention, one uses j and J, operators to describe the angular momentum of an atom.
Their quantisation happens according to the following eigenequations:

FPo=10+1)0, (1.7)
T =790, (1.8)

where ¢ is an eigenfunction of J2and J 2z operators2 while J and J are the quantum numbers
that describe the angular momentum of an atom. J can be an integer or half-integer, at the
same time J, can take any of 2] + 1 values

_]’ _(]_l)y eeey _1’ Or +1) ceey +(]_1)r +]~

These quantum numbers are sometimes called total angular momentum quantum num-
bers. Here we show the quantisation of the total angular momentum, but formulas similar
to egs. (1.7) and (1.8) can be obtained for orbital L and spin S angular momenta. The main
difference between the three types of angular momentum is that, unlike total angular momen-
tum and spin quantum numbers J and S, the orbital quantum number L can take only integer
values.

The magnetic moments can be derived from the atomic angular momenta as follows:

pp=8cpsLl,  pg=gsupS,  py=gjusl, (1.9)

where g, gs and g; are called g-factors. For the orbital magnetic moment gy = 1, while for

the spin magnetic moment it is a good approximation to put gs = 2.3 The last g-factor is also

known as Landé g-factor and it can be calculated using the formula [109]
JU+D)+SES+1)-L(L+1)

g=1+ 2T+ D) . (1.10)

The distribution of atomic electrons over the subshells is known as electronic configuration.
As an example, the electronic configuration of a neutral Dy atom is [Xe]6s4f'?. The electronic
configuration does not uniquely define the atomic quantum state; for instance, Dy atom in
4f'° configuration exibits 1001 different quantum states. The latter can be grouped into terms
based on their L and S quantum numbers. The energy difference between the terms is defined
by electron-electron interaction, while each term is (2L + 1)(2S + 1) degenerate. The lowest
energy term can be obtained with the help of semiempirical Hund’s rules [110]. The spin-orbit

2Tt is the same eigenfunction for both operators as they commute.
3The exact value for an electron spin is 2.00231930436256(35) [108].
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Table 1.1 - The quantum numbers of the ground multiplets of Dy and Ho atoms.

Atom Electronic configuration L S ] g5 |1 (eV/T) |ul (up)
Dy 49 5 3 £ 133 616x10* 1065
Ho 4f10 6 2 8 125 614x10™*  10.61

coupling further splits each term into multiplets characterised by L, S and J quantum numbers.
Each separate multipletis 2] + 1 times degenerate. This picture describes well the elements
with Russell-Saunders coupling scheme. On the other hand, for the jj coulping the spin-orbit
interaction can mix the states from the different terms, so that L and S are not good quantum
numbers anymore. Nevertheless, J stays a good quantum number at any coupling scheme.
The ground multiplets of some RE atoms studied in this work are shown in table 1.1. We note
that the values of the magnetic moment mentionned in the table correspond to the absolute
value of the former, obtained using the formula:

eyl =grusVJU+1). (1.11)

The magnetic moment cannot be fully aligned with the quantisation z axis, since this would
violate the uncertainty principle.

In this work we will use J and J, quantum numbers to characterise the magnetic state of
the atom. In the literature the term ‘spin’ is often used interchangeably with ‘total magnetic
moment. Technically, this is not correct as spin is an intrinsic angular momentum of a
particle. Nonetheless, since these two physical quantities are closely related, we would use the
terms like ‘spin lifetime’ as synonyms to magnetic moment lifetime, magnetisation lifetime or
magnetic lifetime. The more detailed description of the topics discussed in this section can be
foundin [111,112].

1.2 Substrate-adatom interaction

An isolated atom, which does not interact with other objects, is known to exhibit paramagnetic
behaviour. In other words, since there exists no preferential direction for the atomic spin, its
ground multiplet is completely degenerate (fig. 1.1a). Even smallest external magnetic field
applied to such atom would lift this degeneracy due to the Zeeman effect (fig. 1.1b) [113]. The
energy shift of each individual quantum state can be found from the Zeeman Hamiltonian:

HZeeman = —HBg]sz, (1.12)

where the magnetic field B is aligned along the z axis. The state that corresponds to the biggest
projection of the atomic magnetic moment onto the direction of the magnetic field (taking
into account the sign) will have the lowest energy and vice versa. If the thermal excitations
are negligible, the atom will occupy the lowest energy magnetic state, which corresponds

8



1.2. Substrate-adatom interaction

a b
E B=0T E B=OT
c 0 <Jz> d o <Jz>
E E . /k\
e " /
0 <Jz> 0 <Jz>

Figure 1.1 — Stabilisation of atomic magnetic moment by CE (a) Magnetic quantum states
of a free atom. (b) Zeeman splitting of the free atom magnetic states. (c) MAB introduced
by the adatom-substrate interaction. (d) Magnetic stability of the surface adsorbed atoms in
non-zero magnetic field. The yellow bars represent the eigenstates with given J,, while the
arrows show the path of the spin relaxarion to the ground state.

to the alignement of the atomic spin along the magnetic field in classical physics. On the
other hand, if there exists a magnetic easy axis, the energy diagram of the atomic magnetic
states will follow a quasi-parabolic curve?®, which is called the magnetic anisotropy barrier
(MAB, fig. 1.1¢). In this case the two lowest states correspond to the atomic magnetic moment
aligned along the easy magnetisation axis and pointing along the two opposite directions.
In case of RE adatoms such magnetic anisotropy is induced by the electrostatic interaction
between the adatom and the substrate, which is known as crystal field (CF) interaction. In
this section we will neglect the quantum tunneling of magnetisation (QTM), whose impact on
the adatom magnetic stability will be considered in section 1.2.2. The MAB prevents the spin
flipping at both zero and relatively low magnetic fields (fig. 1.1d). When the magnetic field is
applied in the opposite direction with respect to the atomic magnetic moment, a metastable
quantum state higher in energy than the ground state is occupied. Nevertheless, the adatom
spin cannot quickly decay to the lower energy state as the relaxation path would require it
to overcome the MAB. One can say that the atom is blocked in the higher energy metastable
state. The relaxation occurs through a series of transitions between the atomic magnetic states.
Each of these transitions needs to fulfill the energy and angular momentum conservation
laws, which is only possible via substrate phonons or electrons scattering. Hence, the role of
the substrate is twofold: on the one hand, it induces the MAB helping to stabilise the atoms
spin; on the other hand, it also facilitates the spin relaxation. The height of the MAB is called

“4the exact shape depends on the axial Stevens operators, see section 1.2.1
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magnetic anisotropy energy (MAE). The higher is the MAE the more stable is the SAM.

The valence electrons of the 3d transiton metals take part in both the formation of the adatom-
substrate bond and the determination of the magnetic properties of the adatom. This makes
the atomic magnetic moment of a 3d atom highly exposed to the substrate phonons and
electrons prompting the spin relaxation. Contrarily, the 4f electrons responsible for the
magnetism of RE atoms are screened from the substrate by the electrons of the outer 5s, 5p
and 6s subshells. This explains why all currently known surface adsorbed SAMs with spin
relaxation rate of the order of minutes are based on RE elements.

1.2.1 Stevens operators

There are several ways to compute the substrate electrostatic potential at the adatom position.
The simplest approach consists in a representation of adatom nearest neighbours as point
charges. This so-called point charge model was introduced in 1929 by Bethe [114]. Even
though we make use of this model in the current work, in this section we will resort to a
different approach, which better demonstrates the main involved physical phenomena. In the
second method the CF is decomposed into a series of spherical harmonics

oo k
Hep=) ) BlO], (1.13)
k=0g=-k
where OZ are extended Stevens operators and BZ are Stevens coefficients [115, 116]. The latter
are real numbers and are usually used as fitting parameters in attempt to find the CF that fits
best the experimental data. At the same time, the Stevens operators are hermitian and they
should reflect the symmetry of the CE This fact significantly reduces the total number of the
terms in eq. (1.13). In particular, the terms with odd k disappear, while g is defined by the order
n of the highest rotational symmetry axis Cy, of the CE such that g = fn, where $=0,1,2,...
is a non-negative integer. The Og term can also be omitted as it adds a constant energy shift
to the whole multiplet without affecting the internal splitting of the latter. Moreover, we
are interested in the effect of the Stevens operators on the orbitals that define the magnetic
properties of the adatom, i. e, 3d or 4f orbitals. This further simpifies the picture, since the
matrix elements are equal to zero for k > 4 for 3d elements, and for k > 6 for 4f elements [117].

The Stevens operators can be separated into two groups. If g = 0, then the corresponding
operator is a function of J, and the eigenfunctions of J, operator are also the eigenfunctions
of (52 operators. Consequently, Stevens operators with g = 0 only lift the degeneracy of the
multiplet quantum states retaining J, as a good quantum number. These Stevens operators are
usually refered to as axial terms. They define the shape of the MAB; a proper combination of
axial terms ensures that there exists a well isolated doublet of ground states. On the other hand,
if g #0, the OZ operator is a function of J, and (J,)9 operators, where J. are called ladder
operators (J+ = Jx +i/y). The latter connects the magnetic states, whose J, numbers differs by
1. Thereby, OZ operators mix the states, whose J, quantum numbers differs by multiples of

10



1.2. Substrate-adatom interaction

q. We will refer to this second type of Stevens operators as transverse terms. The strength of
the induced mixing depends on the relative magnitude of the transverse term in comparison
to all the other Hamiltonian terms (not only axial CF terms but also Zeeman term and etc.)
and the difference in energy between the mixed states. In particular, for degenerate states the
transverse term leads to a formation of an avoided level crossing between the quantum states
on which it acts.

1.2.2 Quantum tunnelling of magnetisation

Consider a hypothetical 3d atom® with J = g, which is located in a CF with C4, symmetry
(similar considerations are applicable to lanthanides). The energy diagram of its lowest
magnetic states is shown in fig. 1.2. In this case, apart from the axial terms, the CF Hamiltonian
has one Oi transverse term, which mixes J, = g (red triangle) with J, = —% (red circle) and
J.= —% with J, = % states. First, we assume that the external magnetic field is equal to zero
(fig. 1.2a). If the splitting between the two lowest doublets is high enough, we won'’t see the
effect of the mixing on the < J, > expectation values of the states. Then we start to introduce
the external magnetic field (fig. 1.2b). The energy difference between the J, = % and J, = —%
states decreases promoting the mixing between these states. The absolute value of the (J,)
expectation value becomes smaller for both mixed states. When the magnetic field reaches
the so-called resonant field (fig. 1.2c), the (J,) expectation values of both states are equal to
%(g) + %(—%) = %, while there still remains an energy gap between them. The size of the gap is
defined by the strength of the transverse CF term. If one continues to increase the magnetic

—
)
»
—
pe
>

(@)Bo=0T (b) B1>Bg (c) B2 > B;4 (d) B3 >B> (e)Bs>Bs

0 <J,> 0 <J,> 0 <J,> 0 <J,> 0 <J,>

Figure 1.2 - The E-(J,) diagrams demonstrating the QTM. The magnetic field is equal to zero
in panel (a) and linearly increases towards panel (e); the colour code denotes the quantum
states that are mixed by the (A)ji transverse term.

5In reality it can be Sc or Mn
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Chapter 1. The Fundamental Principles of Single-Atom Magnets

field (fig. 1.2d), the lower energy state of the mixed pair will go down both in energy and (J,),
while the higher energy state will move in the opposite direction on the diagram. At some
point, the former J, = g state will be located at the position on the E-(J,;) diagram where
the J, = —% would have been in absence of Oj term in the CF Hamiltonian, and vice versa
(fig. 1.2e). As a result, if in the beginning the atom was in the J, = g quantum state, it will end
up in the J, = —% state at the end of the process without taking a single transition between the

quantum states or overcoming the MAB.

The described phenomenon is known as quantum tunnelling of magnetisation (QTM). It
was first reported in 1996 for the superparamagnetic manganese clusters (Mnjz-ac) [118].
Experimentally it reveals itself as ‘steps’ in the magnetisation curves, with each ‘step’ occuring
at the resonant field of a pair of mixed states. The QTM that happens between two ground
states of the MAB is called a direct QTM. Otherwise, one speaks about (phonon or electron)
assisted QTM. The mixing between two excited states can also lead to QTM. In this case it
doesn'’t affect the population of the ground states directly, but it can significantly reduce the
effective height of the MAB and, hence, reduce the spin lifetime.

Kramers theorem states that every energy level of a time-reversal symmetric system with half-
integer total spin is at least doubly degenerate [111,119]. The Hamiltonian of a time-reversal
symmetric system commutes with the time-reversal operator [H, T] = 0. Therefore, if ¢ is
an eigenfunction of A, then T'¢ would also be its eigenfunction with the same energy. Since
time reversal flips all angular momenta (J/, — —J), the systems with the integer J can have
non-degenerate levels (with J, = 0), but not the half-integer J systems. For the SAMs this
theorem can be applied only at B = 0T as external magnetic field breaks the time-reversal
symmetry. In other words, adatoms with half-integer J don’t exhibit the QTM exactly at zero
magnetic field.

1.3 Conclusion

The ideal CF for a single-atom magnet would exhibit a perfectly axial Co.,, symmetry with a
dominating negative O(z) term. The axiality of the CF will fully suppress the QTM, while the
strong Og term will promote the proper shape of the MAB (a parabola with branches pointing
downwards). In the point charge model this would correspond to a single negative point
charge located just below the adatom, or two negative point charges located one above and
one below the adatom [75, 76, 80]. The real crystals never consist of one or two atoms, so
the actual symmetry of the adatom adsorbtion sites is always lower. Moreover, one needs to
protect the adatom from the sustrate electron and phonon scattering as they facilitate the
magnetic moment reversal over the MAB.

Recently, there has been an active search for the systems exhibiting such perfectly axial CE
Examples include dysprosocenium [67] and dysprosium metallocene [70] molecules as well as
Ho [83] and Dy [46] single atoms deposited on MgO(100) surface. Furthermore, this is one of
the main objectives of the current project.

12



YA Methods

2.1 X-ray absorption spectroscopy

XAS is a widely used experimental method of characterisation of the local geometry and
electronic structure of matter. It consists in the energy resolved measurement of the absorbtion
of the X-ray light by the sample. Like all the other core hole spectroscopies, XAS exhibits the
elemental selectivity. The XAS spectra feature the sharp rises in absorption at the specific
photon energies, which are called X-ray absorption edges. These edges correspond to the
energies required to excite an atomic core electron into unoccupied energy levels. Depending
on the type of a sample, the latter can be a valence shell (for single atoms), a lowest unoccupied
molecular orbital (for molecules), a valence band or Fermi level (for solids). These transitions
are distinctive characteristics of a chemical element. Thereby, one obtains an elemental and
shell specificity in XAS by tuning the photon energy to a corresponding X-ray edge.

Since we are interested in the magnetic properties of RE single atoms, the spectra of My 5
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Figure 2.1 — A typical XAS spectrum of Dy>* calculated for B =0T and T = 3K by neglecting
the CF interaction.
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Chapter 2. Methods

edges, which correspond to the 3d — 4f transitions, were measured in our experiments. A
typical XAS spectrum of a Dy>* ion is shown in fig. 2.1. It consists of two distinct groups of lines
located around 1289 eV and 1323 eV, which correspond to M5 and M4 edges, respectively. In
the first approximation that neglects the electron-electron interaction they can be attributed
to the spin-orbit split 3ds/, and 3ds,» core hole states. Furthermore, the XAS transitions are
subject to dipole selection rules AJ = 0,1 and AJ; =0, +1.1 Dy M5 edge exhibits a clear
multiplet structure comprising 3 pronounced peaks, which can be assignedto AJ=+1,AJ=0
and AJ = -1 transitions [120, 121]. The information about the atomic electronic structure,
including the subshell occupation and the quantum ground state, can be extracted from the
XAS spectrum with the help of the multiplet simulations (see section 2.7).

2.2 X-ray magnetic circular dichroism

Each peak of the Dy M5 spectrum includes transitions of 3 types: AJ, =+1,AJ;=0and AJ, =
—1, which can be studied independently by means of polarised X-ray photons. Right(left)-
hand circularly polarised light induces AJ, = +1(—1) transitions, while AJ, = 0 transitions
are accessible via X-ray photons linearly polarised along the z axis. At zero magnetic field
the number of AJ; = +1 and AJ, = —1 transitions is equal and they occur with the same
probability. The external magnetic field introduces the imbalance in the population of the
states participating in these transitions, which reveals itself in the difference between the
absorption of right-hand and left-hand polarised light (fig. 2.2). This effect is called XMCD
and it provides the information on the magnetism at the subshell level.

The atomic orbital and spin magnetic moments can be deduced from the XMCD spectrum.
To this end, one uses the so-called sum rules [18, 19], which are slightly different for 3d and

XAS (arb. un.)

| L | L | L | L | L |
1280 1290 1300 1310 1320 1330
Energy (eV)

Figure 2.2 - Dy>* XAS spectra of right-hand (o) and left-hand (¢") circularly polarised light
togehter with the XMCD spectrum (o* —o0”) calculated for B=5.5T and T = 3K by neglecting
the CF interaction.

1Though, the J = 0 — J = 0 transitions are strictly forbidden.
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2.2. X-ray magnetic circular dichroism

4f elements. Here, we provide only the 4f versions; the sum rules for the 3d elements can be
found elsewhere [18, 19, 122]. If the photon flux is parallel to the z axis, then

. X,
(L) =-3014- n)$, 2.1)
2<§z>+6<Tz>:—g(14—n)w5_—13}%. 2.2)

where n is the number of electrons in the 4f subshell in the initial state, T, is the spin
quadrupole angular momentum, X, 5 and X5 are the integrals of the XMCD signals over both
M, and M5, and only M5 edges, respectively. The normalisation factor I is the integral over
both edges of the absorption intensity of unpolarised X-ray light, which can be decomposed
into three components:

I=Ii+I,+]1 2.3)

where Iy, I, and I, are X-ray absorption of linearly polarised along the x, y and z axes light.
Taking into account that photon beam is parallel to the z axis and using the I, + I, = I, + I
relation, where I, and I_ are X-ray absorption of right-hand and left-hand circularly polarised
light, we obtain

I=1,+1_+1,. (2.4)

Since I, component is usually inaccessible in the experiments, one commonly makes an
assumption of the isotropic adsorption, which gives us

3 3 3,
I:E(I++L):E(IX+IJ’):§I' (2.5)
Combining egs. (2.1), (2.2) and (2.5), we get

(L;)=-2(14-n)

X
2, (2.6)

I

2(82)+6(T) =14 - m———=.

In the last two equations the normalisation factor I’ is measured only with two types of light

(2.7)

polarisations: either right-hand and left-hand circular polarisations, or two linear polarisations
perpendicular to each other. Exactly these equations were used to estimate the orbital and spin
magnetic moments of the adatoms in this work. Even though the L, angular momentum can
be obtained from the eq. (2.6), one needs further information to seperate the S, momentum
from the T, momentum in the eq. (2.7). As the CF interaction is much weaker than the spin-
orbit coupling for the RE atoms, we suppose that the g—j ratio does not change upon surface
adsorption [123]. Hence, with the help of the % ratio calculated for the gas-phase atoms we

as

8
can compute the S, magnetic moment. For example, for the Dy>* % =—0.06 [123,124] and
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we obtain gas
. . . Yy L .
2(8,) +6(T,) =2¢(S,) +6<Sf? (8,) =1.64(S,). (2.8)

The strong spin-orbit coupling in RE elements keeps the orbital and spin magnetic moments
collinear to each other, thereby, the intensity of the XMCD signal is proportional not only
to the orbital moment i, but also to the total magnetic moment of the atom p;,. This fact
is exploited in the magnetic hysteresis loop and spin relaxation time measurements (see
section 2.6). We note that the intensity of the XMCD signal is proportional to the projection of
the sample magnetisation onto the direction of the X-ray beam.

2.3 X-ray magnetic linear dichroism

XMLD is a technique, which is experimentally very similar to XMCD. The main distinction
is that in XMLD one measures the difference in absorption of the linearly polarised light,
instead of circularly polarised one. It is widely used to study the antiferromagnetic samples
[125,126], in which the ordered magnetic spins induce the anisotropy of the valence electron
charge density via the spin-orbit coupling. Linearly polarised X-ray photons then are used
to determine the direction of the induced charge anisotropy. The measurements show the
highest contrast when the first polarisation is parallel to the magnetic axis, while the second
one is perpendicular.

In this work, we utilised the XMLD technique to probe the anisotropy of the 4f electron charge
distribution. The latter directly influences the magnetic properties of RE atoms. Intuitively,
one can claim that prolate charge distribution along the surface normal should lead to an
in-plane magnetic anisotropy, while oblate to an out-of-plane anisotropy [127]. Thus, XMLD
helps us to determine the magnetic anisotropy of the adatoms [128]. Moreover, XMLD provides
us with additional experimental data, which allows to increase the accuracy of the CF fitting
via multiplet simulations (see section 2.7).

2.4 EPFL/PSI X-Treme beamline

The X-rays were discovered by Rontgen in 1895 by means of a device, which we would call
today an X-ray tube [129]. To this day, this is the simpliest method of X-ray generation
extensively used for medical purposes. In the X-ray tubes the special targets are bombarded
with highly energetic electrons, which kick out the core electrons of the target material. This
process creates the core holes, which are filled with the valence electrons of the target. A
by-product of this relaxation is an X-ray photon. Nonetheless, X-ray tubes exhibit a number of
drawbacks: they produce an uncollimated and relatively low photon flux. Modern scientific
experiments with X-ray are generally performed at the synchrotrons, where the accelerated
relativistic electrons are utilised to produce the X-rays [130]. Such method allows to obtain
a well collimated beam, which is several orders of magnitude brighter than an X-ray tube
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Figure 2.3 — A schematic representation of the EPFL/PSI X-Treme beamline end station taken
from ref. [131].

produced beam.

All the experiments presented in this work were performed at the EPFL/PSI X-Treme beamline
at Swiss Light Source (PSI, Villigen, Switzerland) [131]. The beamline end station consists
of a cryostat, preparation chamber, transfer chamber and a load-lock (fig. 2.3). All the X-ray
measurements are performed in the cryostat with a base temperature of 2.5K and a base
pressure in the low 10~'! mbar. Moreover, the cryostat is equipped with a 7 T superconducting
magnet. All these specifications are mandatory to perform the experiments with SAMs. The
preparation chamber is used for the surface preparation and characterisation. It includes a
low energy electron diffraction/Auger spectroscopy setup, a variable temperature STM/AFM
and multiple ports for various evaporators, which are used for the thin film growths. The
transfer chamber connects together all the chambers of the station, while the samples are
introduced into the system through the load-lock.

2.5 Total electron yield

There exist three X-ray absorption detection modes: transmission, total fluorescence yield
(TFY) and total electron yield (TEY). The simpliest approach consists in detection of the
number of X-ray photons penetrating through the sample. The higher is the number of such
photons, the lower is the X-ray absorption. Quantitatively, the XAS intensity is described by
a linear absorption coefficient . A reduction of the X-ray beam intensity in the absorption
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medium is given by the Beer-Lambert law:
I(z) = Iye %, (2.9

where Ij is the beam intensity at z = 0. The absorption coefficient is measured in reciprocal
units of length, while the inverse value to the absorption coefficient is known as the attenua-
tion length. In our experiments the RE adatoms were deposited on a millimetre-scale thick
substrates completely non-transparent for the X-rays in our energy range of interest (1000 eV
to 1500 eV), making impossible any measurements in transmission mode.

The X-ray photons are adsorbed by the core electrons of the sample, which leads to a formation
of a highly energetic core-hole state. The excited atom relaxes on a subfemtosecond time scale
by filling the core hole with one of the valence electrons. The energy lost by this electron can
be transmitted to a photon (fluorescence effect) or another electron (Auger effect). The ratio of
probabilities between the two relaxation processes can be deemed constant on an energy scale
of a single XAS spectrum (=100 eV), thereby, both fluorescence photons and Auger electrons
can be used to evaluate the XAS intensity. In the first case the detection mode is called TFY, in
the second TEY.

If the Auger electron was created within the mean free electron path (=5 nm) from the sample
surface, it has a high probability of leaving the sample, thus, charging it. Furthermore, if
the sample is grounded, this will cause a difference of the potentials between the sample
and the ground. The resultant current, which is called TEY current, is proportional to the
number of electrons leaving the sample and, hence, to the X-ray absorption signal. This
current basically keeps the sample neutral by providing it the electrons, which it looses
due to the photoelectric effect. All our X-ray absorption signals were obtained via the TEY
current. Moreover, highly energetic Auger electrons undergo a series of scattering events
generating a cascade of secondary electrons, which significantly increases the total number
of photoelectrons. Therefore, in TEY mode the detected XAS signal is amplified by means of
processes similar to those taking place in an avalanche photodiode. This detection scheme
exhibits the required surface sensitivity to study as dilute samples as 0.005 ML, where 1 ML
correspond to one RE adatom per substrate unit cell.

2.6 Experimental geometry and data analysis

The experiments, when not otherwise specified, were performed at 8 = 0° and 6 = 60° angles
between the photon flux and surface normal, which we will label as normal incidence and
grazing incidence, respectively. The magnetic field was kept parallel to the X-ray beam all
the time. A typical set of data includes XMCD spectra measured at normal and grazing
incidences at high enough magnetic field (usually 5.5 T) to ensure the sample saturation, and
XMLD spectra recorded at grazing incidence at high (5.5T) and low (0.1 T) magnetic fields.
For all types of spectra the absorption of the substrates at the energies of the RE M, 5 edges
was recorded before the adatom deposition. These background measurements were then
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substracted from the RE adsorption spectra. Right-hand (¢*) and left-hand (¢ ™) circularly
polarised light was recorded during the XMCD measurements. XAS spectrum corresponds
to ot + 0=, while XMCD to o — o~. For the XMLD measurements we used horizontally (o)
and vertically (o¥) polarised X-rays, where g is parallel to the substrate surface, while oh
is perpendicular to 0¥ and inclined by 30° from the surface normal. The XMLD signal was
obtained as o — ¢". In this configuration XMLD is sensitive to the out-of-plane anisotropy
of the 4f charge distribution. All the spectra were normalised to the integral over the XAS M5
adsorption edge to compensate the variance in the RE coverage between different samples.

Magnetisation curves were measured as the dependence of the XMCD signal on the external
magnetic field. The photon energy at which to measure the loop was chosen as the maximum
of the XMCD absolute value at the RE M5 edge to maximise the signal-to-noise ratio. The
opening of the hysteresis curve indicates long spin relaxation time and depends on the ramp
rate. To maximise the magnetisation loop openings we swept the magnetic field at the highest
possible rate of 2 T/min. Furthermore, the X-ray photons are known to induce demagnetisa-
tion of SAMs and surface adsorbed SMMs [66, 77,81, 83]. To minimise this effect we used the
defocused beam with the spot size of approximately 2 mm?. This allowed us to significantly
reduce the photon flux while maintaining high signal-to-noise ratio by increasing the total
number of adatoms participating in the measurement. Unless the contrary is explicitly stated,
all the magnetisation curves in this work are normalised to the saturation magnetisation.

The spin relaxation curves show the rate at which the magnetisation of the adatom ensemble
decays from saturation to the equilibrium value at the specific magnetic field. They were
obtained as follows: first, the sample is magnetised to the saturation at high enough magnetic
field; next, the magnetic field is swept to the value at which the relaxation curve will be recorded
at the maximum possible ramp rate of 2 T/min; the relaxation curve is then measured as the
time dependence of the XMCD signal. The same X-ray energies were used for the relaxation
curve and magnetisation curve measurements.

2.7 Multiplet calculations

For some samples information about the magnetic properties was obtained with the help of
the multiplet calculations. The latter provide a way to simulate XAS, XMCD and XMLD spectra
as well as the equilibrium magnetisation curves. In this approach all the possible quantum
states of the initial (3d!°4f") and final (3d%4f"*!) electronic configurations are calculated
through the diagonalisation of the following Hamiltonian [132-134]:

52 2 2
N p; —-Ze e N N N .
A=) ——+Y ——+) —+Y (0)h’L;i-8;+ Hep+)_upB(1; +28)), (2.10)
7 2me 7T ij Tij i i

where the summation takes place over all the atomic electrons. The first term represents
the electron kinetic energy, the second electron-nucleus interaction and the third electron-
electron Coulomb repulsion. Spin-orbit interaction is described by the fourth term, while the
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Chapter 2. Methods

last two terms correspond to CF and Zeeman interactions, respectively. At the low temperature
(=3 K) only few lowest initial states are populated.

According to the Fermi’s golden rule, the transition probabilities are defined by the squares of
the transition operator matrix elements. In dipole approximation the transition operator is
€ -r, where € is the photon polarisation vector. Taking into account the core hole broadening
I';, which is introduced through a Lorentzian function, we obtain a formula for the calculation
of the X-ray absorption spectrum:

Fi/n
(hw + E; — Ef)? +T%’

) Y prle-ripi) | (2.11)
where E; (Ef) and ¢; (¢ ) denote the energy and the wavefunction of the initial (final) state.
The summation occurs over the all possible combinatons of the initial and final states.

In section 1.2.1 we employed the Steven’s operators to explicitly write down the CF Hamiltonian
(eq. (1.13)). Although this approach is rather instructive, it introduces a lot of fitting parameters
(Steven’s coefficients), which can result in an overparametrisation. For instance, a system
consisting of RE atoms adsorbed at two different C4, and C,, symmetric adsorption sites
would require up to 14 fitting coefficients (BY, Bg, Bfll, Bg and Bé for the C,, adsorption site,
and B, B3, BY, B3, By, B, B, By and B for the Cy, site). Even though some of the higher
order parameters are likely equal to zero, we chose to use a model based on point charges for
the calculation of the CF interaction, which is more practical, especially for the systems with
multiple adsorption sites.

The multiplet simulations presented in this thesis were perfomed with the multiX code [104].
Unlike the nonrelativistic Schrodinger equation approach presented above, this code is based
on the solution of the atomic central field relativistic Dirac equation in the density func-
tional theory formalism (for details see ref. [104]). The investigated chemical element and
its electronic configuration are defined in the input file. Only integer subshell occupations
are allowed. In the simulation the CF is manually defined by the user within the point charge
model, while the Coulomb electron-electron and spin-orbit interactions can be scaled seper-
ately for core and valence subshells with respect to their Hartree-Fock values. As an output
the code provides the simulated XAS, XMCD or XMLD spectra calculated with eq. (2.11) for
the experimental conditions specified in the input file. The core hole broadening I' can be
controlled by the user.
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8] Magnetic stability of Dy and Ho single
atoms on BaO

In this chapter the following manuscript currently in preparation for publication is reproduced:

* Title: Magnetic Stability of Dy and Ho Single Atoms on Alkaline Earth Oxides

* Authors: Boris Sorokin, Marina Pivetta, Valerio Bellini, Darius Merk, Sébastien Reynaud,
Alessandro Barla, Harald Brune and Stefano Rusponi

¢ Author contributions: S.Rusponi and H.B. conceived the experiment. B.S., S.Rusponi,
M.P, A.B., D.M. and S.Reynaud carried out the measurements. V.B. performed the DFT
calculations. B.S. and S.Rusponi analysed the data and carried out the multiplet simu-
lations. S.Rusponi calculated the phonon induced transitions. B.S., S.Rusponi and V.B.
wrote the manuscript. H.B. and S.Rusponi supervised the project. All authors discussed
the results and contributed to the manuscript.

Therein, we study the magnetic properties of Dy and Ho single atoms deposited on BaO thin
films grown on Pt(100) single crystrals. A long magnetic lifetime, manifested by an opening
of the magnetisation curve, is demonstrated for Dy adatoms. The density functional theory
(DFT) calculations revealed two possible adsorption sites for RE atoms: top-O and bridge.
Furthermore, we propose a new approach for the CF point charges evaluation, which allows us
to better incorporate the RE-substrate bond covalency. With the help of multiplet simulations
we unravel the contributions of different adsorption species to the observed experimental
spectra. The current results are compared to similar studies of Dy and Ho single atoms on MgO
thin films. The longer magnetic lifetimes of the RE atoms on MgO than BaO are rationalised
via adatom lowest energy level diagrams and physical properties of the supporting substrates.
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Chapter 3. Magnetic stability of Dy and Ho single atoms on BaO

3.1 Main text

3.1.1 Introduction

RE single atoms have been shown to be promising candidates for quantum technology ap-
plications [46, 49, 61, 63, 64, 67,69-71, 73-77, 79-83, 85, 87, 135]. Being placed on a crystal
surface or in a coordination complex, they are subject to a CF that lifts the degeneracy of the
ground J-multiplet. Careful design of the CF can result in an energy level scheme suitable
for atomic-size magnetic memories [46,49,67,69,70,77,81,83,87] or quantum computation
devices [73,135]. The spin lifetime serves as a main indicator of whether a lanthanide atom
can be used as a bit of information. A CF level splitting that induces a sufficiently high MAB
can lead to long magnetisation lifetimes by hampering thermally activated magnetic moment
relaxation via the top of the barrier [76]. Other spin relaxation mechanisms are the direct
or the assisted QTM, which originate from level mixing induced by the finite CF symmetry.
Thereby, a perfectly axial CF is necessary to produce a stable atomic bit, since it both generates
a high anisotropy barrier and suppresses QTM via retaining the pure character of the quantum
states.

Among the whole lanthanide series, Dy and Ho exhibit the highest magnetic moments and
recently have been successfully employed as SAMs [46,49,81-83,85,87] and SIMs [67,69,70,79].
All these systems follow the same strategy: long relaxation times are obtained via uni-axial
ligand field environments provided by one or two preponderant covalent bonds to the RE,
while the other ligands provide a marginal contribution. A family of compounds corresponding
to this strategy are the diatomic LnO complexes (where Ln is a RE atom), which have been
predicted to provide long relaxion time for both divalent (4f") and trivalent (4f" ~ 1y electronic
configurations (n = 10 for Dy, n = 11 for Ho) [75, 76, 80]. So far, the closest experimental
realisation of such LnO unit is represented by a Ln atom adsorbed at the O-top site of MgO
thin films grown on Ag(100) [46, 49, 82,83, 85,87]. Indeed, for this adsorption site, the trivalent
configuration of both Ho and Dy show remarkable magnetic stability.

Like MgO, other alkaline earth oxides provide a similar CF environment with the different
lattice constants and alkaline earth metal electronegativities as potential parameters to tune
the axial vs transversal components of the CE In this article we report on the electronic and
magnetic properties of Dy and Ho single atoms adsorbed on BaO thin films grown on Pt(100)
single crystals. The samples were studied with XAS, XMCD, XMLD and DFT. Both species
exhibit only trivalent electronic configuration. Dy atoms show magnetic hysteresis, while
paramagnetism is observed for Ho adatoms. DFT calculations revealed a higher degree of
RE-O bond covalency for BaO as compared to MgO.

3.2 Results and discussion

We performed XAS, XMCD and XMLD measurements at the M, 5 edges (3d — 4f transitions)
of Dy (fig. 3.1) and Ho (fig. 3.2) atoms adsorbed on thin films of BaO grown on Pt(100) at
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Figure 3.1 — Experimental and simulated (a) XAS, (b) XMCD and (c) XMLD spectra of 0.019 ML
Dy on 5.5 ML thick BaO film grown on Pt(100). XAS and XMCD spectra were measured at
normal (red lines) and grazing (blue lines) incidences (B = 5.5T); XMLD spectra were recorded
at grazing incidence at B =0.1T (green lines) and B =5.5T (black lines). The simulated data
have been offset to lower values for clarity. (d) Schematic representation of the experimental
geometry. (e) Magnetisation curves measured by acquiring the XMCD signal at 1288.8 eV
as a function of magnetic field (¢ = 5.4 x 1073 photon/ (nm?s), |B| = 33mT/s). Dots denote
the experimental values: red - normal incidence, blue - grazing incidence; the simulated
equilibrium curves are shown with solid lines. All experimental data were acquired at T' = 3K.
(f) Time evolution of the XMCD intensity at 1288.8 eV measured at B = —0.5T after saturation
of the sample magnetisation at B = 4T. Dots - experimental data, lines - single exponential
fits. Purple - ¢p =9.2 x 1074 photon/(nm2 s), Ocher - ¢ = 1.4 x 1073 photon/(nm2 s). T = 3K,
6 =60°.

the EPFL/PSI X-Treme beamline of the Swiss Light Source [131] to determine the 4f orbital
occupation and magnetic properties. We focused on BaO thin films with a thicknesses ranging
from 5 to 8 ML; no significant difference in the adatom magnetic properties has been observed
in this thickness range. The spectra have been acquired at 8 = 0° (normal incidence) and
0 = 60° (grazing incidence) angles between the photon flux, kept parallel to the magnetic field,
and the surface normal. For simplicity of discussion, we introduce a Cartesian coordinate
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Figure 3.2 — Experimental and simulated (a) XAS, (b) XMCD and (c) XMLD spectra of 0.009 ML
Ho on 5.9 ML thick BaO film grown on Pt(100) (B =5.5T, T = 3K). The simulated data have
been offset to lower values for clarity. (d) Magnetisation curves measured by acquiring the
XMCD signal at 1344 eV as a function of magnetic field (¢ = 4.7 x 1073 photon/(nm?s), |B| =
33mT/s, T = 3K). The colour code is identical to the fig. 3.1.

system with the z axis directed along the surface normal and the y axis perpendicular to
the magnetic field (fig. 3.1d). From the XAS and XMCD spectra we infer a 4f° electronic
configuration of Dy adatoms [136], up to a BaO film thickness of 8 ML. For comparison, Dy on
MgO/Ag(100) exhibits 2 distinct configurations: 4f” and 4f!° [82]. The relative abundance of
the two electronic configurations depends on the MgO film thickness: the 4f° configuration
dominates for MgO thicknesses smaller than 5ML, while the 4f'° configuration becomes
predominant for substrate thicknesses greater than approximately 6 ML. The XMCD spectrum
of Dy atoms on BaO acquired at B = 5.5T demonstrates a slightly stronger intensity at grazing
than at normal incidence, hinting at in-plane magnetic anisotropy of the adatom ensemble.
Furthermore, we acquired magnetisation hysteresis curves by measuring the XMCD signal
at the peak of the M5 edge (1288.8 eV) while sweeping the magnetic field between +6.8T at
the rate of 33mT/s (fig. 3.1e). Both normal and grazing magnetisation loops show a narrow
opening, which extends up to about 3T. Such hysteretic behaviour is a sign of a long spin
lifetime in SAMs [81-83]. To quantitatively estimate the spin relaxation dynamics we fully
magnetised our sample at B = 4T and 8 = 60°, then swept the magnetic field downto B=-0.5T
at the maximum possible rate of 33 mT/s and measured the subsequent decay of the XMCD
signal (fig. 3.1f). The observed relaxation time of about 300s is shorter than the record long
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3.2. Results and discussion

Table 3.1 — Total energies (in eV) of Dy and Ho on BaO and MgO substrates (the values are
relative to the ground state adsorption site) for the top-O and bridge adsorption sites. The
occupation of the 4f orbital (integrated over spheres of radius of 2.4 a.u. centered on the nuclei
positions) of the RE adatoms is reported as well.

Energy (eV) ne)
System | Top-O | Bridge | Top-O | Bridge
Dy/BaO 0 0.07 9.56 8.96
Ho/BaO 0 0.03 9.93 9.93
Dy/MgO 0 0.44 9.75 9.77
Ho/MgO 0 0.65 9.93 9.92

spin lifetimes (>10005s) reported for Ho atoms on MgO/Ag(100) [83] under similar photon flux
conditions, in agreement with the tight opening of the corresponding magnetisation curve.

Similarly to Dy, also Ho on BaO is found in the trivalent electronic configuration (4f'%), as can
be deduced from the XAS and XMCD spectra [136]. The corresponding XMCD signal reveals no
preferential direction for the magnetic moment of the adatom ensemble. The magnetisation
curve of Ho adatoms measured in normal incidence seems to show a tiny opening, however
comparable with our statistical accuracy; no signs of hysteresis has been observed for the
grazing incidence magnetization loop (fig. 3.2d).

In order to assist the interpretation of the experimental data, we have analysed by DFT calcu-
lations the adsorption site energetics for Dy and Ho adatoms on a BaO substrate, as reported
in table 3.1 (see section 3.3.3 for details about DFT calculations). For comparison, the results
for the MgO substrate are given as well. The direct adsorption of RE on the alkaline earth
metal sites, Ba and Mg, is highly unfavorable and it is not discussed further. While on MgO
the top-0O site is clearly preferred, in agreement with previous calculations [137], on BaO the
bridge site is found to be very close in energy to the top-O site, for both Dy and Ho. This
suggests that for BaO, in contrast to the MgO case, the population of the bridge site should
be comparable to that of the top-O one. The comparison of the Dy 4f occupation on the two
substrates reveals a tendency towards a trivalent configuration on BaO, particularly evident
for the bridge site, in agreement with our experimental observations. This contrasts with the
divalent configuration we find on MgO, in agreement with a previous study of Dy adatoms on
thick MgO films [82]. For Ho, DFT finds an occupation close to 4f10 for both substrates, again
in line with the experimental evidence [83].

Since BaO and MgO have very different lattice constants, it is instructive to look at the charge
density distribution to unravel the interplay between the ionic arrangement and the electronic
properties, and to find clues about the origin of the different magnetic anisotropy shown by
the RE adatoms on BaO as compared to MgO. In fig. 3.3 we present isosurface 2D plots of the
majority spin charge densities for Dy adatom on BaO [panels (a) and (b)] and MgO [panels

25



Chapter 3. Magnetic stability of Dy and Ho single atoms on BaO

Figure 3.3 — Charge density isosurfaces (isovalue = 0.05 e~ /A3) for Dy adatoms on top-O and
bridge sites on BaO and MgO.

(c) and (d)] for top-O and bridge sites, with cross-sections at the Dy-O-Ba(Mg) and O-Dy-O
planes, respectively. The size of each panel is proportional to the lattice constants of BaO
and MgO. The adsorption heights of Dy at the top-O sites are similar for the two substrates,
while at bridge sites the adatom relaxes sensibly more towards the surface on BaO, due to the
larger O-O distances, as compared to MgO (see appendix A.1). For both sites, it is evident
that the electronic density in the mid-point of the Dy-O bonds (indicated by the arrows) is
higher on BaO than on MgO, suggesting a higher degree of covalency of such bonds for the
former surface. Bader analysis finds that O atoms attain a smaller net charge on BaO (-1.36¢7)
as compared to MgO (—1.69 e™), the latter being closer to the nominal charge of -2 e~ of a
perfectly ionic compound (more details on Bader charges and atomic coordinates are given in
the appendix A.1).

With this in mind, we performed multiplet calculations using the multiX code [104], which uses
effective point charges to compute the CE We considered both top-O and bridge adsorption
sites. In the experiment, the samples have been oriented according to the sketch in fig. 3.4a
(see section 3.3.1 for details on sample orientation). In order to reproduce the experimen-
tal conditions, two bridge adsorption sites, having different alignhment with respect to the
magnetic field orientation, were included in the multiplet calculations. The br-xz adsorption
site has the two nearest O atoms lying along the x axis, while the br-yz one along the y axis
(fig. 3.4a).

The choice of positions and values of the effective point charges is a recurring problem
in such calculations, especially when covalent bonds are involved, due to the necessity to
model the continuous spatial distribution of real charges with a few punctual ones [138, 139].
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Figure 3.4 — (a) RE single atoms at top-0O, br-xz and br-yz adsorption sites. Two projections
(xz and xy) are shown for clarity; violet arrows indicate the easy magnetisation directions for
different species as discussed in the text. Atoms depicted with lighter colours belong to the row
that is shifted by half a lattice constant along the y axis. (b) Experimental and simulated XMCD
angular dependence of 0.014 ML of Dy on 6.2 ML thick BaO (B =4T, T = 3K). Red squares
denote the experimental data; blue and green dashed lines simulation of Dy'°P and Dy’
species, respectively; black solid line simulated data averaged over all species. The arbitrary
units are identical to those in fig. 3.1a-c.

Several models have been proposed in the last decades; however, a general strategy is still
missing [114, 140-143]. In the Dy/MgO case, the rather intuitive approach consisting in
replacing the ionic charges calculated with DFT by point charges of same intensity and located
at the atom positions works quite well, with only a 0.8 scaling factor required to match the
experimental results [46, 82]. However, the same approach failed to reproduce our data on
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BaO. We tested several strategies with the requirement that the same methodology must be
applicable to both adsorption sites. Guided by the consideration that only O atoms bind
to RE adatoms while Ba charges are not affected by RE deposition, we found as a suitable
solution the following procedure: (1) Ba charges and positions as from DFT; (2) based on
electronegativity arguments, the O-RE distances are scaled by a factor €p/(epy + €0) where
€o,py are the Pauling electronegativities of the corresponding elements [140]; (3) the effective
O charge is used as fitting parameter and kept identical for both top and bridge species.

The top-0 adsorption site results in a pronounced out-of-plane magnetisation easy axis, while
bridge sites produce a very strong in-plane anisotropy along the the O-RE-O axes. Since both
solutions are at odds with our experimental findings, we considered a mixture of top and
bridge adsorption sites, in agreement with the DFT analysis presented above. We assumed
an equal population of the two bridge sites, while the relative occupancy of the top-O site
served as a second fitting parameter. According to DFT, showing almost identical adsorption
energies for both Ho and Dy, the ratio of bridge to top-O species was kept identical for both
elements. In addition, we assumed the same effective O charge for both lanthanides, since
their electronegativities differ by less than 1% (epy = 1.22, e, = 1.23).

The simulated XAS, XMCD, XMLD spectra and equilibrium magnetisation curves are shown in
fig. 3.1a-c, fig. 3.1e (Dy) and fig. 3.2 (Ho). An excellent agreement is found between measured
and calculated spectra with abundances of 40% for top-O, and of 30% each for br-xz and br-yz.
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Figure 3.5 — Energy diagrams of the lowest energy multiplets for (a) Dy"°P and (b) Dy"** atoms.

The quantisation axes (qa) are aligned with magnetisation easy axes (z - for top species, x - for
bridge-xz species).
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The relative abundances of RE atoms at top-O and bridges sites suggest that atoms landing on
the highly unfavorable top-Ba sites diffuse with approximately the same probability to either of
those sites. Indeed, from the statistics of impact sites (there are two bridge sites, one top-O and
one top-Ba site per BaO unit cell) and in the case of equal diffusion probability from top-Ba to
top-0 and bridge, we infer relative abundances for these sites of 37.5% and 62.5%, respectively.
The slightly higher population returned by the fitting procedure for top-O site with respect to
the one expected from a pure statistical approach is in agreement with the trend found in the
adsorption site energetics by DFT (table 3.1). To further corroborate the estimated values for
the adsorption site populations, we measured the angular dependence of the Dy XMCD signal
at 1288.8 eV. The plot confirms that a single adsorption site is clearly inadequate to describe
the experimental trend, while an excellent agreement between experimental and simulated
data is found with the estimated relative abundances (fig. 3.4b).

The magnetic anisotropies and spin lifetimes observed for the two RE elements can be un-
derstood with the help of the energy level schemes of the lowest multiplet calculated for the
different adsorption sites. The Dy top-O (Dy'™P) has a small out-of-plane anisotropy with
a total barrier height of about 8 meV and a ground state with mainly a |/;) = J_rlz—5 character
(fig. 3.5a). The wavefunction compositions, in terms of | /) eigenstates, for the ground doublet
are:

|£Wpytop) 1 0.993[£15/2)
0.104 |F1/2)
0.053|£7/2)
0.004 |F9/2)
(3.1

with the C4, symmetric CF mixing states whose J, differs by multiples of 4. Conversely, the
C,, symmetric bridge sites have a strong in-plane anisotropy with the maximum projection of
J along the x axis (|/,)) for DyP™** and along the y axis (|J y)) for DyP™Y* adatoms (fig. 3.5b).
The wavefunctions in terms of | Jx) (1J,)) along the x (y) axis for the ground doublets are:

|£Wpybr) : 0.99050(£15/2)
0.13576|£11/2)
0.02165|£7/2)
0.00360 [£3/2)
0.00063 | F1/2)
0.00012 |¥5/2)
0.00003 |F9/2)
0.00001 |F13/2).
(3.2)
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The ground doublet is well isolated from the first excited doublet (AE = 20.4meV) and the
total barrier amounts to 121 meV. As a consequence of these strong in-plane easy axes, we
find only a negligible projection of the Dy’ spins onto the surface normal direction even in
high out-of-plane magnetic fields (see the green dashed line in fig. 3.4b). The experimentally
observed slight in-plane anisotropy for the atom ensemble results then from the sum of the
contributions of the different adsorption sites. At normal incidence the XMCD signal originates
only from Dy'°P adatoms, as the magnetic moments of both Dy’ species remain oriented in-
plane in our experimental conditions. On the contrary, at grazing incidence the observed signal

is a mixture of Dy'°P and Dy™**

contributions. The DyP"¥* atoms are inaccessible to XMCD
in our experimental geometry because their magnetic moment maintains a perpendicular
orientation with respect to the external magnetic field. They reveal themselves only in the XAS

and XMLD spectra.

From the two energy schemes we also deduce a longer spin lifetime for Dy"" as compared
to Dy'°P. The Dy energy level diagram closely resembles the schemes reported for DyO
complexes [75,76,80]. In all these cases, given the almost pure states, spin reversal takes place
via the top of the barrier. The opposite situation is seen for Dy'°P. By calculating the phonon
induced transitions between the energy levels (see Methods) we find the shortcuts for spin
reversal shown in fig. 3.5a with red arrows. Spin reversal involves the first two pairs of excited
states. From the ground state, spin-phonon scattering with AJ, = +2 pushes the spin to the
second excited doublet at 1.4 meV, having mainly a |+ %) character, from where it decays on
the first excited doublet at 0.2 meV and |+ 3) character. The spin is then again pushed to the
second excited state from where it can finally relax to the ground state on the other side of the
barrier.

Experimentally we observe very similar magnetisation hysteresis at normal and grazing inci-
dences where only Dy'°P or both Dy'P and Dy’ contribute, respectively. This reveals that the
observed spin relaxation rates do not represent intrinsic values, as well exemplified in fig. 3.1f
where 7 decreases by increasing the photon flux. The 7 = 310 + 50s reported for the lowest flux
has then to be considered as a lower limit for the intrinsic spin lifetime.

The Dy'"P/BaO level scheme exhibits an avoided level crossing between |+ 12—5> and |F5) states
at B = £350mT. This QTM channel reduces the effective magnetic anisotropy barrier and is
expected to accelerate the magnetisation reversal in the B = £0.5T range. Even though the low
magnetic fields are not experimentally easily accessible, we note that the most rapid decrease
of the sample magnetisation takes place exactly in this range of fields (fig. 3.1e).

The corresponding energy schemes for Ho top-O (Ho™P) and Ho bridge (HoP") atoms are

shown in fig. 3.6 (blue upward-pointing triangles). The Ho 4f!°

electronic configuration leads
to a J = 8 non-Kramers lowest energy multiplet. The ground state doublets of both Ho'™P and
HoP" species are strongly mixed by the CE To better resolve the nature of the split doublets,
we calculated the energy diagrams at 100mT, since at this magnetic field the Zeeman energy

overcomes the CF mixing terms at least at the bottom of the barrier (red downward-pointing
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Figure 3.6 — Energy diagrams of lowest energy multiplets for (a) Ho'P and (b) HoP™* atoms.
The quantisation axes (qa) are aligned with magnetisation easy axes (z - for top species, x - for
bridge-xz species). Blue upward-pointing triangles denote the simulation at B = 0T, while red
downward-pointing triangles at B = 100mT.

triangles in fig. 3.6). Thereby, we find for Ho the same behaviour as for Dy: out-of-plane easy
axis for Ho'°P, and in-plane easy axes along the O-RE-O directions for HoP" adatoms. For Ho'°P
species we deduce a similar height and shape of the magnetic anisotropy barrier as for Dy*°P
adatoms. Nonetheless, the Cy,, CF causes a strong mixing of Ho'°P quantum states, facilitating
QTM. The HoP" energy scheme has also a similar shape to the Dy°" one. However, the overall
height of the HoP" barrier is three times lower than that of the Dy, and the mixing of the states
by the CF is even stronger than in the Ho'°P case. Therefore, all Ho species (Ho'°P, HoP™**
and HoP™¥%) contribute to both normal and grazing experimental spectra (see section 3.3.2).
In addition, we attribute the fast spin relaxation of Ho species, revealed by the absence of
openings in the magnetisation curves, to the QTM prompted by strong level mixing.

As a general trend, we find a reduced magnetic stability, for both Dy and Ho, on BaO as
compared to MgO, consequence of smaller energy barriers and higher level mixing. On the
BaO surface, the most stable species is the Dy®" characterised by almost pure states and a total
barrier of about 120 meV. All other species show mixed states and total barriers of a few tens
of meV or less. On the contrary, on MgO all species have almost pure states and barrier heights
exceeding 100 meV. The situation is worsened by the fact that BaO (Debye temperature of
about 340K [144]) is softer than MgO (Debye temperature of about 760K [145, 146]), with
BaO phonon DOS showing a broad maximum around 10 meV [144] while MgO phonon DOS
remains very low up to more than 30 meV. Consequently, spin relaxation via spin-phonon

31



Chapter 3. Magnetic stability of Dy and Ho single atoms on BaO

scattering is much more efficient on BaO. This effect is well exemplified by the different photon
limited 7 values observed, at given photon flux, for Dy on BaO as compared to previously
reported values of the order of 2000 s for Ho adatoms on MgO/Ag(100) [83,84]. This difference
can be rationalised by noting that the X-ray absorption coefficient for BaO at the Dy M5 edge
is more than 2 times higher as compared to the value for MgO at the Ho M5 edge(3.3 um™!
against 1.5um™1) [147]. For a given photon flux, the X-ray absorption coefficient is a good
measure of the number of secondary electrons generated by the radiation. These secondary
electrons limit the spin lifetime by scattering either directly with the adatom spin or with
substrate phonons, which, in turn, scatter with the adatom spin. The efficiency of the latter
relaxation mechanism is higher for softer substrates.

3.2.1 Conclusion

To sum up, Dy and Ho single atoms have been shown to adsorb on top-O and bridge sites
of BaO/Pt(100) thin films. The Dy'"P species exhibit long spin lifetime of the order of 300s.
Comparison with the Dy single atoms adsorbed on the top-O site of MgO/Ag(100) thin films
revealed the importance of the Dy-O bond character for the adatom magnetic stability. In case
of Dy'°P/Ba0, a higher degree of covalency of this bond degrades the axiality of the CF at the
adatom position reducing the magnetic anisotropy barrier. Furthermore, the MgO substrate
was found to be more suitable for SAMs from the point of view of phonon and secondary
electron assisted sample demagnetisation. At the same time, Dy'P single atoms exhibit a
higher stability of the magnetic moment than their Ho counterparts on both BaO and MgO
substrates.

3.2.2 Methods

The Pt(100) single crystal was prepared in situ by repeated cycles of Ar* sputtering and anneal-
ing at a temperature T = 1170K. The BaO thin films were grown by evaporation of Ba (Mateck,
99.3% purity) from an effusion cell in an O, partial pressure of 10~ mbar onto a substrate
held at 670 K, with subsequent annealing for 30 minutes at 920K in UHV (p = 10~ mbar).
The stoichiometry, crystallinity and thickness of BaO films were characterised by low energy
electron diffraction (LEED), XAS and X-ray linear dichroism (XLD, see section 3.3.1). To cal-
ibrate the dependence of the Ba M5 edge XAS intensity on the BaO film thickness, we grew
at the EPFL a reference sample with a BaO coverage of 0.7 ML as determined by scanning
tunneling microscopy. Dy and Ho adatoms were deposited from high purity rods (99.9%)
using an e-beam evaporator at T <5Kand p =3 x 10" mbar.

The X-ray absorption experiments were performed at the EPFL/PSI X-Treme beamline at
the Swiss Light Source [131]. The measurements were carried out in the TEY mode at a
temperature T =~ 3K. The XAS, XMCD and XMLD correspond to (¢t +07), (6" —¢7) and
@’ -oh,
circularly polarised X-rays, and 0", 0¥ the absorption of horizontal (x axis) and vertical (y axis)

respectively, where 0*,0~ are the absorption of right-handed and left-handed
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linearly polarised X-rays. The background signals were recorded at RE M, 5 edges on clean
substrates prior to adatom deposition and subsequently substracted from the corresponding
lanthanides’ spectra. To compensate for the possible differences in the adatom coverages all
of the spectra were normalised to the integral over RE M5 adsorption edge.

DFT calculations have been carried out by employing the augmented-plane wave+local orbital
method as implemented in the Wien2K code [148]. The generalised-gradient approximation
(GGA) [149] of the exchange and correlation functional has been considered for the structural
characterisation, while the electronic structure analysis has been obtained by using an on-site
version of the hybrid B3LYP functional [150]. In our experience this functional is better suited
(as compared to the more standard +U methods) to achieve the correct 4f occupation in the
ground state, which is a key issue in elements such as Dy that can attain different valencies.
Moreover it bypasses the need of the U parameter’s choice, that involves always some ar-
bitrariness, particularly when results for different RE species are compared. Calculations
have been done without spin-orbit interaction (details on the simulation cell can be found in
section 3.3.3).

The multiX code was used to perform the multiplet simulations [104]. The Slater-Condon
integrals were scaled to 75%, core electrons spin-orbit coupling to 97%, valence electrons
spin-orbit coupling to 85%. We used a core-hole lifetime lorentzian broadening of 0.6 eV; the
point charges can be found in appendix A.2.

In order to individuate the principal paths for spin reversal, we have adopted a master equation
approach to calculate the transitions among the energy levels [151, 152]. The transitions are
evaluated within a spin-lattice relaxation model, including direct and Orbach-type scattering
mechanisms, based on Fermi’s golden rule and the Hamiltonian proposed by Fort et al. [153],
which involves transitions with AJ; = 0,+1, +2. A Debye model was used for the low-energy
phonon spectrum.

3.3 Supporting information

3.3.1 BaO thin film characterisation

LEED image of Pt(100) surface is shown in fig. 3.7a. The image exhibits a typical Pt(100)-hex
surface reconstruction (also called Pt(100)-(5x20)) [154]. LEED image of 6 ML thick BaO(100)
film grown on Pt(100) is given in fig. 3.7b. Pt single crystal orientation was not changed
during the BaO growth procedure, therefore, these LEED images confirm epitaxiallity of our
growth procedure. The horizontal direction in fig. 3.7b is approximately parallel to x axis
(see section 3.2 for the definition of the Cartesian coordinate system). Thus, we infered an
angle of about 5° between BaO [100] crystallographic direction and x axis. No influence of this
misalignment on the results of the multiplet simulations was found. Hence, we neglected the
mismatch and considered [100] direction parallel to x axis in our data analysis.
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Pt(100) BaO(100)

Figure 3.7 — LEED images of (a) Pt(100) single crystal and (b) BaO(100) thin film (6 ML).
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Figure 3.8 — O K-edge adsorption of vertically (o, black line) and horizontally (¢, red line)
polarised X-rays together with XLD (oV-c", blue line).

XAS and XLD spectra were used to characterise the BaO thin films. A typical O K-edge XAS of
vertically and horizontally polarised X-rays together with the corresponding XLD spectrum are
shown in fig. 3.8. Well defined multiplet structure as well as linear dichroism signal indicate
that O is found in a well oriented crystalline structure.
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3.3.2 Additional results of multiplet simulations

To find out the bridge species spin orientations in our experimental conditions we calcu-
lated the energy diagrams of the lowest multiplets, while keeping both quantisation axis and
magnetic field aligned with either normal or grazing direction (see the main text for the ex-
perimental geometry). In all cases only the ground doublets are populated at 3K. Bridge-xz
and bridge-yz adsorption sites exhibit identical energy schemes at normal orientaion of the
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Figure 3.9 — Energy diagrams of the bridge species lowest J-multiplets. (a) Dybr and (b) Ho""
energy diagrams calculated at B =0T (blue squares) and B = 6.8T (red circles) with quantisa-
tion axis (qa) along the normal direction. (c) Dy and (d) Ho energy diagrams calculated for
bridge-xz (green squares) and bridge-yz (violet circles) at B = 6.8 T and with quantisation axis
aligned along the grazing direction.
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quantisation axis, as expected from the symmetry considerations. The corresponding en-
ergy diagrams are shown in fig. 3.9a (Dy"") and fig. 3.9b (Ho""). From these schemes we see,
that Dy"" species exhibit only a tiny expectation value of the magnetic moment along the
normal direction even at B = 6.8 T. The exact value is 0.386 ug, which is only 4% of the same
value for Dy'"°P adatoms (9.906 ug). On the other hand, HoPr species show a 4 times higher
spin expectation value at the same experimental conditions (1.643 ug), which corresponds
to non-negligible 17% of the equivalent Ho'™P value (9.859 ug). Therefore, we can neglect the
out-of-plane component of Dy"" spins, but not of Ho" ones.

When the quantisation axis is parallel to the grazing direction, the energy diagrams of bridge-
xz and bridge-yz species are not the same anymore (fig. 3.9c and fig. 3.9d). In this case we find
a negligible magnetic moment of Dy?"¥* adatoms (0.228 ug), which is only 3% of the Dy?™*?
spin (8.635 ug). The latter is the highest magnetic moment among all three adsorption sites
at grazing incidence. The same trend is found for Ho?™* and HoP"* species. Nevertheless,

br-xz

Hobr-yz magnetic moment (0.719 ug) correspond to 8% of Ho one (8.806 ug). Hence, only

DyP™¥* spins can be neglected at grazing incidence.

3.3.3 DFT calculations: simulation cell

Since the electronic configuration of Dy and Ho does not change increasing the thickness (up
to 5 ML) of BaO on Pt(100), the BaO(100) substrate has been simulated by a slab composed of
6 ML (2.5 BaO lattice constant) thick slab, without considering the presence of the Pt substrate,
as depicted in fig. 3.10. Vacuum space is added in the direction normal to the surface in order
to avoid spurious interaction between the slabs replica. In order to describe the case of isolated
RE adatoms, a 2x2 in-plane periodicity has been assumed. Similarly, for MgO substrate, we
have removed the Ag substrate, and considered the same simulation cells as for BaO. The
experimental BaO and MgO lattice constants of a4, = 5.54A and a]l\fjgo =4.21A have been
used. The coordinates of the RE adatoms and of the upper two substrate layer atoms have

been relaxed untill residual forces were less than 1 meV/a.u.

3.4 Conclusion and outlook

The dissimilarity in the Dy-O bond character can be explained by the difference in the lattice
constant of BaO (3.97A) and MgO (3.01A). The shorter lattice constant of MgO facilitates the
Mg-0O interaction, preserves the ionic character of the MgO crystal and does not allow O to
attract more electrons from Dy. On the contrary, longer distance between Ba and O atoms
allows Dy to closer approach O and form a covalent bond. Moreover, a smaller charge transfer
from Ba to O also explains why Dy tends to transfer more charge to O on BaO. Following this
logic, one obtains that a metal oxide with a rock salt crystal structure and short lattice constant
is needed to improve the magnetic stability of a SAM. The only alkaline-earth metal that is
smaller than Mg is Be. However, BeO crystallises into a wurtzite structure. To our knowledge,
no cubic BeO thin flims have been grown so far. Nonetheless, the wurtzite crystal structure

36



3.4. Conclusion and outlook

a Top-O b Bridge

Figure 3.10 — Simulation cells for RE adatoms on BaO (or MgO) surface, for the (a) top-O and
(b) bridge adsorption sites. O, Ba(Mg) and Dy(Ho) atoms are depicted with small red, medium
green and large blue spheres, respectively.

can also provide a CF suitable for SAMs as will be demonstrated in the next chapter.
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Electric field control of single atom
spin lifetime

Electrical conductivity of a semiconductor can be modulated by an external electric field.
This phenomenon is known as field effect. Electric field cannot penetrate into metals, since
they possess a high number of free electrons that rearrange themselves in a way as to fully
compensate the externally applied field. On the other hand, the concentration of such free
charges is significantly reduced in semiconductors. Therefore, an external electric field par-
tially penetrates into a semiconductor on a scale defined by Debye screening length, which is
a function of charge carrier density and temperature. As a result, an accumulation or deple-
tion surface layer is formed depending on the orientation of the external field. This charge
carrier density modulation is the origin of the observed change in the electrical resistivity. At
least three contacts are required to perform a field effect experiment: a source, a drain and
a gate. The first two are used to measure the conductivity along the sample surface, while
the gate is utilised to apply the external electric field perpendicular to this surface. Field
effect plays a crucial role in contemporary electronics. It underlies the working principle
of a metal-oxide-semiconductor field-effect transistor, which serves as a building block for
modern computers.

In this work, however, we made use of a field effect to electrically control the magnetic stability
of surface-adsorbed single atoms, whose spin lifetime strongly depends on the substrate
charge carrier density. To this end, we deposited Dy single atoms on thin films of zinc oxide
(Zn0). The latter is a well-known wide-band-gap semiconductor (Eg = 3.3 eV [155]), which
is thoroughly studied due to its potential applications in optoelectronic, piezoelectronic,
spintronic and photovoltaic devices [156,157]. In addition, being doped with transition-metal
ions it exhibits ferromagnetic behaviour [158]. Zinc oxide has a wurtzite crystal structure,
which can be described as a combination of two hexagonal close-packed lattices shifted one
relative to the other along the c axis (fig. 4.1). The first lattice consists only of Zn atoms, the
second entirely of O ones. Moreover, its non-centrosymmetric 6mm crystal class makes ZnO
a polar piezoelectric material.! This opens another viable path (in addition to field effect)

1A non-centrosymmetric crystal structure is necessary but not sufficient for a material to be a piezoelectric.
Among 32 crystal classes 21 have no centres of symmetry, but only 20 are found to exhibit piezoelectricity with 432
cubic class being the only exception [159].
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Figure 4.1 - Wurtzite crystal structure of ZnO. Yellow spheres represent Zn atoms, grey O atoms.
Source: https://commons.wikimedia.org/wiki/File:Wurtzite_polyhedra.png, public domain.

for an electric field control of surface-adsorbed single-atom magnets. An application of an
external electric field to a piezoelectric material brings about a mechanical deformation of the
latter. This is so-called converse piezoelectric effect. The macroscopic deformation, in turn, is
aresult of the atomic displacements within the crystal unit cells. It is exactly these substrate
atoms that create the CE which plays a crucial role in the stability of an adatom spin. Thus,
the external-field-controlled displacement of substrate atoms can affect the single adatom
magnetisation lifetime.

Well-ordered ultrathin ZnO(0001) films have been grown on several metal substrates (i.e.,
Ag(111) [160,161], Au(111) [162,163], Pd(111) [164], Pt(111) [165] and Cu(111) [166]). Zinc
oxide grows in a layer-by-layer fashion and for the thicknesses larger than 4-5 ML the film
relaxes to the bulk wurtzite crystal structure. Particularly interesting is the case of ZnO grown
on Au(111), where the electric dipole developed in the ZnO film is compensated by the
formation of a (2 x 2) surface reconstruction and the concomitant creation of a dipole at the
metal-oxide interface [162]. These polarity compensation mechanisms avoid the formation
of surface hydroxyls as frequently observed for ZnO grown on the more reactive Pt(111)
surface [167] and on the O-terminated ZnO(0001) bulk surface [168]. The result is a film
consisting of Zn atoms at the oxide-metal interface, while O atoms, H free, are located at
the oxide-vacuum interface. The topmost layer of the (2 x 2)-reconstructed surface consists
of O atoms arranged in a honeycomb structure, similar to the one observed at the bulk
surface [168]. Two adsorption sites can be envisaged for the RE atoms: (a) O-top, generating a
strongly uniaxial CF similar to the MgO/Ag(100) substrate [83]; (b) hollow, resulting in a highly
symmetric (Cg,) CF resembling the graphene/Ir(111) case [81]. Both configurations lead to a
highly symmetric uniaxial CF required for the long spin lifetime of surface adsorbed single
atoms.
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4.1. ZnO thin films on Au(111) single crystals

To conclude, ZnO exhibit two independent mechanisms for an electric field control of mag-
netic properties of surface-adsorbed single atoms (field effect and converse piezoelectric
effect), which makes it a perfect candidate for this task. At the same time, ZnO/Au(111) thin
films should exhibit a CF that can lead to exceptionally stable single-atom magnets. Current
chapter is divided into two parts: first of all we demonstrate the long magnetic lifetime of Dy
adatoms on ZnO/Au(111); the second part is devoted to the study of the electric field control
of the magnetisation lifetime of Dy single atoms deposited on ZnO/SrTiO3(110) substrate.

4.1 ZnO thin films on Au(111) single crystals

Thin films of ZnO were grown by Zn (99.99%, Goodfellow) evaporation from an effusion cell
onto a Au(111) single crystals, kept at 300K, in a partial oxygen pressure of 2 x 1075 mbar.
To ensure complete film crystallisation and oxidation, annealing in oxygen atmosphere
(p = 2 x 10~ mbar) has been performed after the deposition. The annealing procedure was
limited to 20 minutes at 650 K with approximately 12 K/min temperature ramp rate, as longer
annealing times, higher temperatures and higher ramp rates produce Zn desorption. This
growth method resulted in ZnO thin films of good crystallinity as highlighted by the LEED
images (fig. 4.2). A comparison of the experimentally obtained XLD spectra (fig. 4.3) with
the ones reported in refs. [169-171] corroborated the high quality of the grown films. XAS
measurements were also used to estimate the ZnO thickness. To this end, a roughly d = 4.5ML
thick (as identified by combining Auger spectroscopy and scanning tunneling microscopy
[A. Fetida, EPFL master thesis]) calibration sample was produced in Lausanne. It was then
utilised to calibrate the intensity of Zn L, 3 XAS edge as a function of the film thickness.

Figure 4.2 — LEED image of a 9.6 ML thick ZnO film grown on a Au(111) single crystal.
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Figure 4.3 — Vertically (¢, black lines) and horiontally (¢, red lines) polarised (a) O K-edge
and (b) Zn L, 3-edges XAS spectra together with the corresponding XLD spectra (o — o, blue
lines) for a 9.6 ML thick ZnO film grown on a Au(111) single crystal.

4.2 Dysingle atoms on ZnO/Au(111)

The XAS, XMCD and XMLD spectra of Dy single atoms deposited on ZnO/Au(111) are depicted
in figs. 4.4a to 4.4c, respectively. From the multiplet structure of the XAS we deduced the
Dy 49 electronic configuration. XMCD signal exhibits only a slight anisotropy with grazing
intensity being higher than the normal one by approximately 15%. A tiny XMLD spectra with
up-down shape corroborates the magnetic anisotropy revealed by XMCD measurements. The
Dy magnetisation curves, measured at normal and grazing incidences, are shown in figs. 4.4d
and 4.4e. The loops exhibit similar openings, indicating comparable long spin lifetimes at
both magnetic field orientations. However, no anisotropy of Dy magnetic moment is found
from the magnetisation curve measurements. Moreover, no steps in the magnetisation loops
that would hint at a QTM have been observed.

From the sum rules we inferred an averaged magnetic moment of the ensemble of Dy spins to
be about 5.3 up at both normal and grazing incidences. Furthermore, the shape of the Dy XAS
spectra for Dy/ZnO/Au(111) (fig. 4.4a) resembles that of Dy/BaO/Pt(100) (fig. 3.1): both normal
and grazing adsorption spectra basically coincide with only minor differences found in the
intensities of the second (1287.4 eV) and the third (1289.3 eV) peaks. The multiplet simulations
performed for Dy/BaO/Pt(100) system showed that such spectra cannot be reproduced only
with the help of a single Dy species with ground doublet J, = +4 (which correspond to a
magnetic moment of 5.3 ug). Instead, a combination of different Dy species located at multiple
adsorption sites and exhibiting various magnetisation anisotropies should be used. This
suggests that our ZnO thin films don’t exhibit a single O termination, but rather a combination
of two possible surface terminations: a hexagonal latice of either Zn or O atoms (fig. 4.1). This
fact further complicates the situation by increasing the total number of potential adsorption
sites. Some Dy species must exhibit an out-of-plane magnetic anisotropy, others an in-plane
one. As a consequence, the averaged magnetic moment measured with XMCD is isotropic.
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Figure 4.4 — (a) XAS, (b) XMCD, (c) XMLD spectra and (d, €) magnetisation curves of Dy
adatoms on ZnO/Au(111) (6@ =0.016 ML, d =7.7ML, T = 2.5K). XMCD spectra were recorded
at B = 5.5T at normal and grazing incidences. XMLD spectra were measured at grazing
incidence at B =5.5T and B = 0.05T. Magnetisation curves were obtained at (d) normal and
(e) grazing incidences at ¢ = 2.8 x 10~3 photon/(nm?s).

Nonetheless, some of the individual adsorption sites induce a spin anisotropy strong enough
to magnetically stabilise a Dy adatom, as highlighted by the openings in both normal and
grazing magnetisation curves.

Moreover, Dy atoms on ZnO/Au(111) showed no change of spectra or magnetisation curves,
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or any other sign of degradation with time or after heating up to 50 K and consecutive cool
down. The robustness of this adatom/substrate combination against contaminations and
clusters formation is atypical in comparison to the other RE based systems, especially 4 f'° Dy
surface supported single atoms [122]. Consequently, we were able to thoroughly study the
magnetic properties of Dy adatoms on this substrate, including Dy coverage dependence, ZnO
thickness dependence, magnetic relaxation measurements and temperature dependence.

4.2.1 Dy coverage dependence

The dependence of Dy magnetic properties on adatom surface coverage has been measured
on an 11.6 ML thick ZnO film at T = 2.5K. To this end we performed a series of Dy depositions
on the same substrate while measuring the adatom magnetic properties after each deposition.
Experimentally obtained XAS and XMCD spectra are shown in fig. 4.5. The XMCD signal
intensities show a prominent coverage dependence (figs. 4.5¢ and 4.5d insets), indicating an
overall decrease of ensemble-averaged Dy magnetic moments at higher adatom concentra-
tions at both normal and grazing incidencies. The results of the sum rules analysis are given in
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Figure 4.5 — Coverage dependence of Dy (a, b) XAS and (c, d) XMCD spectra measured at (a,
c) normal and (b, d) grazing incidences (d = 11.6 ML, T = 2.5K). Only M5 edge is shown; the
enlargements of (a, b) the XAS second peak and (c, d) the XMCD main peak are depicted in
the insets.
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Table 4.1 — Coverage dependece of Dy magnetic moments (i) at normal and grazing orienta-
tions of the external magnetic field together with their grazing to normal ratios (d = 11.6 ML,
T =25K).

Dy coverage (ML)  Unormal (MB)  Kgrazing (B) %
0.008 5.3+0.3 4.6+0.3 0.87+0.07
0.013 4.8+0.1 4.7+0.1 0.98+0.03
0.029 4.35+0.05 4.64+0.02 1.07+£0.01
0.058 3.97+0.03 4.39+0.04 1.11+0.01

table 4.1. Even though both normal and grazing magnetic moments decrease with the adatom
coverage, a stronger dependence at the normal orientation of the magnetic field leads to a
change of the sample anisotropy from out-of-plane to in-plane at higher Dy concentrations.
The ratios of grazing to normal magnetic moments are also shown in table 4.1. Moreover, with
the help of the multiplet simulations one can demonstrate that the intensity of the second peak
of the 4 f% Dy XAS multiplet structure depends strongly on the projection of the Dy spin onto
the beam direction: the higher is the projection, the lower is the second peak. Experimentally
we observe an increase of this XAS peak at normal incidence together with a reduction of the
same peak at grazing incidence (figs. 4.5a and 4.5b insets) in agreement with the observed
change of the magnetic anisotropy. Furthermore, the characteristic up-down shape of the
XMLD spectra corroborates the in-plane spin anisotropy of Dy ensemble at higher adatom
coverages (fig. 4.6). No such shape has been observed at lower Dy concentrations.

Dependence of the magnetisation curves on Dy coverage is depicted in fig. 4.7. As can be
seen from the figure, the magnetisation curves at the highest Dy coverage are more closed
than the other hysteresis loops. In this case, two phenomena can cause the reduction of the
spin lifetime: Dy-Dy interaction or Dy dimers formation. The latter is expected to take place
at coverages of about 0.06 ML [172]. Both of these effects may also be responsible for the
detected change of the magnetic anisotropy. Taking into account the overall decrease of the
averaged Dy spin we can speculate that both of these phenomena lead to an antiferromagnetic
coupling between the adatoms at higher coverages. One possibility is that the Dy species with
the out-of-plane magnetic anisotropy are more readily involved in such adatom interaction or

B=005T — B=55T

—~ 0.2 T T y 0.2

c b C d

201 1r 1r 1t {0.1

2

£ i S o

S 01 il 1t 1t 1-0.1

> 0oL © =0.008 ML{[ . ©=0.013ML][ ©=0.029 ML ©=0058ML]
71280 1300 1320 1280 1300 1320 1280 1300 1320 1280 1300 1320 ’

Energy (eV) Energy (eV) Energy (eV) Energy (eV)

Figure 4.6 — Coverage dependence of Dy XMLD spectrum (d = 11.6 ML, T = 2.5K).
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Figure 4.7 — Coverage dependence of magnetisation curves for Dy/Zn0O/Au(111) measured at
(a) normal and (b) grazing incidences (¢ = 2.9 x 1073 photon/(nm?s), d = 11.6 ML, T = 2.5K).
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Figure 4.8 — ZnO-thickness dependence of the magnetisation curves for Dy/ZnO/Au(111)
measured at (a) normal and (b) grazing incidences (@ = 0.013ML, T = 25K, ¢ =
2.8x1073 photon/ (nm?s)). The saturation magnetisations of the loops are normalised to 1.

dimers formation, thus, leading to a faster decrease of the normal magnetisation component
and a consequent change in the magnetic anisotropy of the Dy ensemble.

4.2.2 ZnO-thickness dependence

Furthermore, we studied the influence of the decoupling layer thickness on the magnetic
stability of Dy adatoms. The magnetisation loops measured on the samples with different ZnO
film thicknesses are depicted in fig. 4.8. The saturation levels of the curves were normalised
to 1 for an easier comparison of the loop openings. As can be seen from the figure, the loop
measured on the thinnest film is more closed than the other loops. Apparently, ZnO films
thinner than 10 ML are less efficient in prevention of the gold hot electrons and phonons
scattering with the surface-adsorbed Dy atoms [66, 82, 83] (ZnO speed of sound is 2730m/s
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[173], while for Au itis 2110m/s [174]). No other changes in the Dy magnetic properties have
been detected.

4.2.3 Dy magnetic relaxation times

A typical Dy spin relaxation curve is shown in fig. 4.9a. Figure 4.9b displays the magnetic field
dependence of the relaxation time. Time constants 7 of about 400 s are found for B <0.5T.
At B =0.8T the relaxation time increases to approximately 600s. No signs of the ‘butterfly’
shape of the magnetisation loop, i.e. a significant reduction of the relaxation time around
B =0T, is observed. In any case, the 4 f? Dy electronic configuration leads to a half-integer
J= 12—5 ground multiplet, which is protected from QTM exactly at zero field by time-reversal
symmetry [111].
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Figure 4.9 — Spin relaxation dynamics of Dy/ZnO/Au(111) (® =0.012ML, d = 16 ML, T = 2.5K,
normal incidence). (a) Spin relaxation cuve at B=0.1T and ¢ = 2.4 x 1074 photon/ (nm?2s). (b)
Magnetic field dependence for ¢ = 2.4 x 10~* photon/(nm?s). (c) Photon flux dependence at
B =0.2T. Red dashed line is a linear fit through all four points; yellow solid line is a linear fit
through first three data points, while blue solid line denotes a quadratic fit through all four
data points.
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The photon flux dependence of the Dy relaxation time shown in fig. 4.9c indicates an increase
of the relaxation rate 77! at higher flux, in agreement with the flux dependences observed
for other surface-adsorbed magnetic atoms or molecules [66, 77,81, 83]. This dependence
was previously explained by secondary electron induced sample demagnetisation. The total
relaxation rate is a sum of the intrinsic relaxation rate and secondary electron induced relax-
b= Ti_nlt
observed, which allowed to retrieve the intrinsic relaxation rates. If we also assume such a

ation rate: 7~ + T;ll. In references [83] and [77] a linear flux dependence T;ll =o¢p was
linear dependence for Dy/ZnO/Au(111), then the linear fit extrapolation to zero photon flux
gives an intrinsic relaxation time of (570 £ 70) s (see red dashed line in fig. 4.9c). However,
in our case the Dy relaxation rate shows tendency to saturation at higher photon fluxes, as
demonstrated by the quadratic fit (see blue solid line in fig. 4.9¢). Hence, we also performed
the linear fit using only the first three experimental data points. The result is shown in fig. 4.9¢c
with yellow solid line. From the three-point fit we obtained the intrinsic Dy relaxation time of
(650 £+ 80) s.

The slopes of the linear fits provide us with the cross section o of the secondary photon induced
demagnetisation process. In our case we deduced o = (38 + 8) Gb from the four-point fit and
o = (56 + 12) Gb from the three-point fit. These values are one order of magnitude higher
than those reported in [77, 83], which points to a much higher efficiency of the secondary
photon induced demagnetisation in our experiment. In these former works MgO was used
as a substrate for Ho single atoms and Tb based single molecules. Since ZnO absorption
coefficient at Dy M5 edge (3.6um™') is 2.5 times higher than adsorption coefficient of MgO
at Ho M5 edge (1.5um™!) and 8 times higher than adsorption coefficient of MgO at Tb M5
edge (0.44 um™1), we ascribe the observed difference in the sample demagnetisation efficiency
to the increased number of secondary electrons generated close to the surface in ZnO. This
suggests that narrower openings in Dy/ZnO/Au(111) magnetisation curves in comparison
to the other single-atom magnets [81,83] is only partially due to a faster intrinsic relaxation
of Dy adatoms and partially caused by the experimental technique. As the magnetic field
dependence of the relaxation rate has been measured at the close-to-saturation photon flux,
the observed relaxation times are strongly limited by the secondary electron demagnetisation
process, which explains an only weak magnetic field dependence observed in fig. 4.9b.

4.2.4 Temperature dependence

The temperature dependence of the Dy magnetisation curve is given in fig. 4.10. Two typical
phenomena are observed. The first one is a reduction of the magnetic susceptibility, which
is revealed by an overall flattening of the hysteresis loop. The second is a decrease of the Dy
spin lifetime, as highlighted by the diminution of the magnetisation curve opening. We find
an open hysteresis loop for the temperatures up to 8 K. For comparison, Ho/MgO/Ag(100)
exhibits an open magnetisation curve up to 30 K [83], while Dy/graphene/Ir(111) hysteresis
loop is closed at 12 K. No studies of temperature dependence between 3 K and 12 K have been
performed for Dy/graphene/Ir(111) system [81].
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Figure 4.10 — Temperature dependence of the magnetisation curve of Dy on ZnO/Au(111)
(©=0.012ML, d = 16 ML, ¢ = 5.6 x 10”3 photon/ (nm?s), normal incidence).

4.3 Ho single atoms on ZnO/Au(111)

We also studied magnetic properties of Ho single atoms deposited on ZnO/Au(111) thin film.
Here, the observed spectra are once again very similar to those of Ho adatoms on BaO/Pt(100)
(fig. 4.11). Holmium is found in 4 f!° electronic configuration. The XAS spectra at normal and
grazing incidence coincide; there is no anisotropy of XMCD signal, as also corroborated by the
XMLD spectra. All this suggests that Ho adatoms are adsorbed at multiple sites with different
magnetic anisotropies, similarly to Dy single atoms. Both normal and grazing hysteresis loops
show no evidence of an opening, indicating that in this case the Ho spin relaxation time is of
the order of a few seconds.

4.4 ZnO thin films on SrTiO3(110) single crystals

Since metallic conductivity of gold would not allow us to apply an external electric field to
the sample, we grew ZnO thin films on strontium titanate (SrTiO3, STO) single crystals. The
latter is an insulating oxide with a very large dielectric constant (=~ 10* below 10K [175]). If we
place a ZnO/STO sandwich into a parallel-plate capacitor, then the distribution of the electric
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Figure 4.11 - (a) XAS, (b) XMLD, (c) XMCD spectra and (d) magnetisation curves of Ho adatoms
on ZnO/Au(111) (6 = 0.012ML, d = 24ML, T = 2.5K). XMCD spectra were recorded at B =
5.5T at normal and grazing incidences. XMLD spectra were measured at grazing incidence
at B =5.5T and B = 0.05T. Magnetisation curves were obtained at normal and grazing
incidences at ¢ = 4.6 x 1073 photon/(nm?s).

field between the two layers is inversly proportional to their dielectric constants. Taking
into account the giant dielectric constant of STO, we get that the electric field applied to the
sandwich is ‘pushed’ out of STO into the ZnO film, which is exactly what we need to maximise
the efficiency of the field effect.

Zinc oxide thin films were gown on STO(110) substrates using pulsed laser deposition tech-
nique by Dr. Emilio Bellingeri (Consiglio Nazionale delle Ricerche/CNR-SPIN u.o.s. Genova)
and Prof. Dr. Daniele Marre (Dipt. di Fisica, Univ. di Genova) in Italy. Prior to Dy deposition
the samples were annealed in oxygen atmosphere (p = 2 x 10~® mbar) for approximately 10
min. We had to limit the annealing temperature to 470 K as a loss of oxygen by STO substrate
took place at higher temperatures. Since oxygen deficient STO is conductive, this would
render impossible the field effect experiments. LEED and XLD measurements were used to
charachterise ZnO/STO(110) films, similarly to ZnO/Au(111). No significant differences were
found between the films grown on the two different substrates.
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4.4.1 Characterisation of ZnQO/STO(110) films for field effect measurements

A sample holder with a typical ZnO/STO sample is depicted in fig. 4.12. A sample was mounted
with a conductive cohesive paint (‘silver paint’) on an omicron-type plate, which served as a
gate contact. The plate was made of tantalum and was in direct electrical contact with the
copper sample holder. It was fixed with the screw at the back of the sample holder, which is
not shown in the figure. Copper-berillium spring plates were used to produce source and drain
contacts. The latter were isolated from the sample holder (kept at the potential of the gate
contact) by insulating sapphire spacers. The TEY signal was measured on the source-drain
contacts. This sample holder design allowed us: (a) to deposit Dy atoms on the ZnO and
perform required X-ray measurements since a substantial part of the surface is not covered by
any contacts; (b) to remove the omicron-type plate with the sample from the sample holder
inside the UHV chamber and carry out the necessary surface preparation.

The results of the direct field effect measurements on a ZnO thin film at T = 2.5K are shown in
fig. 4.13. The same R(Vg) dependencies (V; - gate voltage, R - source-drain resistance) were
found for the samples under the X-ray radiation and without it. As a voltage source we used
a set of batteries connected in series. This helped us to avoid the noise, associated with the
voltage rectification in conventional DC voltage sources, and perform the X-ray measurements
in TEY mode even with the external electric field applied on the sample. A special switch was
used to control the output voltage between 0V and 200 V with step of 20'V.

Copper
sample holder

Copper-berillium
source contact

Tantalum Sample

omicron-type
plate

Copper-iridium
drain contact

Figure 4.12 - ZnO/STO(110) sample in a sample holder.
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Figure 4.13 - Field effect measurements on a 54 nm thick ZnO/STO(110) film at 2.5 K. Blue
dots correspond to the measurements without X-ray beam, while red dots denote the measure-
ments with X-ray beam hitting the sample. The sign of the voltage correspond to the polarity
of the gate contact.

4.5 Dysingle atoms on ZnO/STO(110)

XAS and XMCD measurements of Dy single atoms adsorbed on top of the ZnO/STO(110) thin
films are shown in figs. 4.14a and 4.14b. No changes in the spectra are found in comparison
to Dy/ZnO/Au(111) samples. Magnetisation curves of Dy single atoms on ZnO/STO(110)
substrate are depicted in figs. 4.14c and 4.14d. The openings of the hysteresis loops, indicating
a long Dy magnetic lifetime, can still be observed for both normal and grazing incidencies,
even though they are much narrower than the openings of the Dy/Zn0O/Au(111) magnetisation
curves. In general, one should expect a higher sample temperature in the currently presented
measurements as extra parts (source and drain contacts together with the insulating spacers
and wires) were added to the sample holder. Indeed, from the comparison of the magneti-
sation loop curvatures and openings in fig. 4.14(c,d) and fig. 4.10 we estimated the sample
temperature to be around 4.5 K. The similarity of the Dy magnetic properties on ZnO/Au(111)
and ZnO/STO(110) corroborates the fact that two possible surface terminations coexist in thin
films grown on both substrates.

4.5.1 Electric field control of the Dy magnetic lifetime

We studied the effect of the external electric field on the magnetic properties of the Dy single
atoms deposited on ZnO/STO(110) substrates by applying gate voltages ranging from —200V
to 200 V. Under depletion conditions (negative V), we observed an increase of the XMCD
signal of Dy acquired at saturation (B = 4T), which corresponds to an increase of the spin and
orbital moments by about 10% (fig. 4.15). Magnetic hysteresis was observed for Vg = 0V and
under accumulation conditions (positive V), while Dy atoms became paramagnetic under
depletion conditions (fig. 4.16). These observations show that we can switch on and off the Dy
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Figure 4.14 — (a) XAS and (b) XMCD spectra and (c,d) magnetisation curves of Dy adatoms on
Zn0O/STO(110) (T = 4.5K). XMCD spectra were recorded at B =5.5T at normal and grazing
incidences (© = 0.015ML, d = 39ML). Magnetisation curves were obtained at (c) normal and
(d) grazing incidences (® = 0.017ML, d = 19ML, ¢ = 3.3 x 1073 photon/(nm?s)).

hysteretic behavior and modify the Dy magnetic moment with external electric field.

On the one hand, no significant variation as a function of the gate voltage is observed in the
linear spectra of O, Zn, and Dy. This suggests that the CF is not significantly modified by the
electric field and the density of the charge carriers have a strong effect on the Dy magnetism.
On the other hand, one would expect a longer Dy magnetisation lifetime under depletion
conditions due to reduced spin-electron scattering, while experimentally we observe the
opposite result. In addition, Dy saturation magnetic moment does not depend on the charge
carrier density, whereas CF can modify it significantly. Taking into consideration these facts we
hypothesise that the converse piezoelectric effect plays a crucial role in electric-field control of
Dy magnetic properties. To corroborate our theory we measured a ferroelectric hysteresis loop
on aZnO/STO(110) sandwich (fig. 4.17). The saturation values at +15 arbitrary units in fig. 4.17
correspond to a saturation limits of an operational amplifier used in an experimental circuit
and they don't represent the real ferroelectric saturation of the sample. Thus, the minor loop is
depicted in fig. 4.17, which, nevertheless, still shows the signs of ferroelectric swithing. Since
bulk STO is a quantum paraelectric [176], we atribute the observed ferroelectric hysteresis to
the ZnO thin film. Previously, ferroelectric behaviour has been detected in Li-doped ZnO thin
films [177] and undoped ZnO nanorods [178]. Even though this is not a direct measurement
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Figure 4.16 - Dy magnetisation curves acquired at Vg = 0V, =100V and +200V (in the temporal
order of the measurements, d =54 ML, ¢p =1 x 1072 photon/ (nm?2s)).

of the piezolectric effect, the two phenomena are closely related. Both ferroelectricity and
piezoelectricity are caused by a distortion of a crystal unit cell. Therefore, the ferroelectric
loop in fig. 4.17 supports the fact that we are able to control the CF of the ZnO film as well as
the magnetic properties of the Dy adatoms.

4.6 Conclusion and outlook

To summarise, the magnetic properties of Dy single atoms deposited on ZnO/Au(111) and
Zn0/STO(110) substrates have been studied. Dysprosium on ZnO/Au(111) exhibits a long
spin lifetime up to 600 s, which is shorter than magnetisation lifetime of Ho/MgO/Ag(100) [83]
and Dy/graphene/Ir(111) [81] but longer than that of Dy/BaO/Pt(100) (see section 3.2). Our
study of Dy/ZnO/STO(110) suggests field effect control of the adatom magnetic properties;

54



4.6. Conclusion and outlook

15 ; -
L I rl' ° i
~ $ $ .
c 10+ ° ° -
:. B Y .... °
S 5F $ .
8 I ° ..o .
c > °
) (R ° o 1
= | e °
@©
0 -5r ° : : T
5 | : ;o
S -10f . / .
o | o 'o |
_15 L Il L Il L
-40 -20 0 20 40 60

Figure 4.17 — Ferroelectric hysteresis loop of a ZnO/STO(110) thin film (d = 46 ML).

however, extra measurements are necessary to better understand the observed experimental
phenomena. The main advantage of electric field over magnetic field is that one can control it
at a much shorter time scale. Hence, the electric field control is an important step towards
future applications of surface supported single atoms as bits of information in prospective

computing devices.
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5] Electron and Phonon Induced Demag-
netisation of Single-Atom Magnets

Two key factors limit the magnetic lifetime of single-atom magnets: the CF symmetry and
the coupling to both substrate electronic and vibrational degrees of freedom. The former
can induce QTM, while the latter facilitate the thermally activated spin reversal via excited
states. Usually, one should take both factors into account when describing the magnetic
stability of the surface atoms. For example, in chapter 3 we compared the Dy/BaO/Pt(100)
(Ho/BaO/Pt(100)) with Dy/MgO/Ag(100) (Ho/MgO/Ag(100)) SAMs, and we found that both
CF and spin-phonon scattering favour a stronger magnetic stability of the adatoms on MgO.
Often, it is almost impossible to disentangle the contributions of the different spin reversal
mechanisms to the observed magnetisation relaxation.

In this chapter, we address this issue by comparing the magnetic properties of Dy adatoms
deposited on graphene layers supported by various metallic substrates. Graphene (gr) is a
single layer of carbon atoms arranged into a honeycomb structure [179]. Its ability to stabilise
the adatom magnetic moment was demonstrated for the Dy/gr/Ir(111) system [81]. Graphene
naturally provides a single adsorption site for the RE adatoms, which is the Cs, symmetric
hollow site in the centre of the graphene ring. Moreover, its weak Van der Waals interaction
with the underlying metal minimises the influence of the latter on the CF at the adatom
position. Thus, one can expect that a very similar CF acts on the RE adatoms deposited on
graphene grown on different substrates, showing the same van der Wals interaction with
graphene. On the contrary, the graphene Fermi level can be shifted by the interaction with the
substrate [180-187]. Thereby, adatom/gr/metal samples are ideal systems for the investigation
of the effect of the substrate electron DOS on the adatom magnetic stability. Furthermore, the
stiffness of the graphene layer helps to decouple the magnetic adatoms from the vibrational
modes of the metallic substrate. Thus, the addition of a second graphene sheet should improve
the decoupling from the metal substrate phonons without degrading the CF properties.

In the following, the magnetic properties of Dy single atoms deposited on a single layer of
graphene grown on Pt(111) (gr/Pt(111)) or on polycrystalline Cu (gr/Cu), and on a bilayer
of graphene on polycrystalline Cu (gr_BL/Cu) are presented. We compare our results with
Dy/gr/Ir(111) to identify the impact of the metallic substrate on the Dy magnetic stability.
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In addition, the comparison between gr/Cu and gr_BL/Cu samples is performed in order to
determine the influence of the decoupling layer thickness.

5.1 Substrates preparation and characterisation

The Pt(111) (Ir(111)) substrate was prepared in situ by repeated cycles of Ar* ion sputtering
and successive annealing at 1300 K. A single layer of graphene was grown on Pt(111) (Ir(111))
single crystal by chemical vapour deposition (CVD) through exposure of the substrate to
100 L of ethylene at 1070K (1300 K) with subsequent annealing for 1 minute at the same
temperature [185,188]. The CVD technique was also used to grow graphene on comercial
Cu foils at the crystal growth facility at EPFL following standard recipe [189, 190]. An STM
image of gr/Cu (fig. 5.1a) shows a stripe pattern, which we ascribe to the Moiré structure
resulting from the mismatch between graphene and Cu(100) lattice constants [191]. A study of
a 600 x 600nm? area suggested that our polycrystalline Cu consists predominantly of Cu(100)
termination (the same conclusion was made in ref. [192]). A high-resolution STM image clearly
reveals the graphene honeycomb lattice (fig. 5.1b). The second layer of graphene was piled
onto the gr/Cu substrate by means of a mechanical transfer method [189, 193]. Both gr/Cu
and gr_ BL/Cu samples were annealed in UHV at about 700K for approximately 15 minutes in
order to degas adsorbates due to air exposure. The quality of our graphene was verified with
X-ray linear dichroism (XLD) at the carbon K edge (fig. 5.2). The 7* and o* peaks are clearly
visible on the spectra, corroborating the high degree of cristallinity of our samples. Moreover,
the XAS intensity scales as expected with the number of the graphene layers.

Figure 5.1 — Low temperature STM images of gr/Cu showing (a) the Moiré pattern on different
domains (20 mV, 100 pA) and (b) high-resolution STM image of panel (a) showing the Moiré
pattern superposed on the honeycomb graphene lattice (20 mV, 1 nA).
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Figure 5.2 - XLD measurement at the C K-edge of a graphene monolayer (ML) and a bilayer
(BL) on Cu substrate at grazing incidence.

5.2 X-ray absorption spectra

Identical X-ray adsorbtion spectra were found for Dy single atoms deposited on all four inves-
tigated substrates. The XAS (top panels), XMCD (middle panels) and XMLD (bottom panels)
experimental spectra of Dy/gr/Pt(111) and Dy/gr/Cu_BL are depicted in fig. 5.3a and fig. 5.3b,
respectively (the spectra for Dy/gr/Ir(111) can be found in ref. [81]). From the XAS spectra we
deduced that the adatoms are predominantly in the 4f'° electronic configuration with a small
fraction of them being in the 4f configuration. The proportion of the trivalent atoms can be
estimated from the height of the fourth XAS peak at 1290 eV which is specific to Dy atoms
in the 4f° configuration [136]. On all substrates Dy shows tendency to change its electronic
configuration from 4f'° to 4f% with time [122]. We ascribe this fact to the contamination of the
adatoms with molecules of the residual gas in the cryostat [122,194]. The observation of the
peak at 1290 eV also immediately after deposition is ascribed to Dy adsorption at defect sites,
as, for example, the domain edges or some residual impurities not removed by the annealing
procedure. The similarity of Dy XMCD spectra suggests that Dy magnetic moment is equal for
all four samples. Furthermore, the Dy monomers exhibit out-of-plane magnetic anisotropy, as
can be seen by the higher XMCD signal at normal compared to grazing incidence. This fact is
also corroborated by the down-up shape of the XMLD signals, which is typical for Dy adatoms
with out-of-plane spin anisotropy. The multiplet simulations from ref. [81] reproduce well our
experimental spectra (fig. 5.3¢c). This calculations were performed for the divalent electronic
configuration of Dy and, thus, show no rightmost peak around 1290 eV.
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Figure 5.3 — XAS (top panels), XMCD (middle panels) and XMLD (bottom panels) spectra
of (a) 0.009 ML of Dy on gr/Pt(111) and (b) 0.01 ML of Dy on gr/Cu_BL. XAS and XMCD
spectra were measured at normal and grazing incidences at B =6.8T (gr/Pt(111)) and B=5.5T
(gr/Cu_BL). XMLD spectra were recorded at grazing incidence in low magnetic field (0.1 T) and
saturation magnetic field (6.8 T for gr/Pt(111) and 5.5 T for gr/Cu_BL). (c) Multiplet simulations
performed for the experimental conditions of sample gr/Pt(111).

5.3 Magnetisation curves

The main effect of the metallic support is observed in the shape of the magnetisation curves
(fig. 5.4). Here we add the magnetisation loop of Dy on gr/Ir(111) for the sake of comparison.
Dy on all three substrates shows hysteresis and remanence of the magnetic moment. Since we
measure in TEY mode, the data points are highly scattered for small fields. Assuming a linear
dependence of the magnetisation on the magnetic field in that region, we get the highest
remanence for Dy/gr/Ir(111), which amounts to about 28 % of the saturation magnetisation.
For Dy/gr/Cu and Dy/gr/Pt(111) the remanence is approximately 22 %. Several steps, which
are signatures of QTM, are found in the hysteresis loops. Dy/gr/Ir(111) and Dy/gr/Cu samples
exhibit two pairs of such steps at B=+2.7T and B = 5.6 T. Their hysteresis loops are open up
to B=5.6T, i.e, until the second QTM step. On the other hand, Dy/gr/Pt(111) displays only
one pair of steps at B = +2.7T, since its magnetisation saturates already after the first step.
Moreover, both Dy/gr/Ir(111) and Dy/gr/Cu show identical hysteresis curve openings between
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Figure 5.4 — Magnetisation curves of (a) 0.012ML of Dy on gr/Ir(111), (b) 0.01 ML of Dy
on gr/Pt(111), (c) 0.014 ML of Dy on gr/Cu and (d) 0.011 ML of Dy on gr/Cu_BL. All the
curves are measured at normal incidence and at T = 2.5K. The photon fluxes were
5.4 x 1073 photon/(nm?s) (Dy/gr/Ir(111) and Dy/gr/Pt(111)) and 5.9 x 1073 photon/(nm?s)
(Dy/gr/Cu and Dy/gr_BL/Cu).

B =+2.7T. On the contrary, between B =2.7T and B = 5.6 T the former demonstrates a much
broader opening than the latter, which is the result of a more efficent QTM for Dy/gr/Cu at
B =2.7T. The opening of the Dy/gr/Pt(111) magnetisation loop is narrower than those of
Dy/gr/Ir(111) and Dy/gr/Cu samples, even though Dy/gr/Pt(111) displays the same rema-
nence as Dy/gr/Cu, as the consequence of a steeper slope of the Dy/gr/Pt(111) magnetisation
curve around B = 0T. The quantitative estimation of the hysteresis loop opening area is also
provided in fig. 5.4.

The Dy/gr BL/Cu hysteresis loop is very similar to that of Dy/gr/Cu: both magnetisation
curves exhibit two pairs of steps with identical positions and heights. Nonetheless, we remark
two peculiar deviations. The first defference is found at low magnetic fields, in the region of
+1T, where the Dy/gr_BL/Cu opening gets narrower. Thus, addition of the graphene second
layer prompts the butterfly shape of the Dy hysteresis loop. The second difference can be
observed in the region between the two QTM steps (from 2.7 T to 5.6 T) , where bilayer sample
exhibits a slightly wider opening of the magnetisation curve.
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Figure 5.5 — The zero field splitting of the lowest states of Dy atoms with (a) empty [81] and (b)
partially filled external subshells. The splitting of the mixed doublets is emphasized for better
clarity. Each colour identifies magnetic quantum states belonging to one of the six classes
defined by the Cg, group symmetry; dashed lines connect doublets with quenched J,.

5.4 CF level splitting and external subshell occupation

The properties of Dy adatoms, namely X-ray absorption multiplet structure, magnetic anisotropy
and positions of the QTM steps in the magnetisation loops, are defined by the zero-field split-
ting of the lowest J-multiplet, which, in turn, depends on the CF imposed by the supporting
substrate. Since these properties are very similar for the Dy atoms adsorbed on all four studied
substrates, we conclude that the adatoms are subject to the same CE meaning that the CF is
mainly defined by the graphene layer. First-principle calculations performed for Dy atoms
adsorbed on gr/Ir(111) [90] and gr/Cu(111) [89] predict a Dy 4f'? electronic configuration and
very similar adsorption height of the adatoms above the graphene layers for both substrates,
confirming our conclusions. The CF and the corresponding energy level diagram (fig. 5.5a)
suggested in ref. [81] not only reproduce the X-ray spectra via multiplet calculations, but also
allow to explain the level crossings responsible for the steps in the magnetisation curves. The
first pair of steps at B = +£2.7T in the magnetisation curves correspond to the J, = +7 — J, = ¥8
level crossings. These states are not coupled in Cg, symmetry, however, avoided level crossings
can be explained by a small C3, term in the CF caused by the inequivalence of the A-B carbon
sublattices [195]. The second pair of steps (B = +5.6T) occurs at the crossing of the ground
doublet with the second excited doublet (J, = +7 < J, = ¥6), where QTM is mediated by first
order electron or phonon scattering. Thus, the positions of the steps unambiguously define
the energies of the first two excited doublets for all samples. Only Dy/gr/Pt(111) exhibits no
second pair of steps, thereby, the position of its second excited doublet cannot be determined
from our experiment.

Based on the energy scheme shown in fig. 5.5a, spin relaxation at B = 0T takes place via
electron or phonon assisted QTM through mixed J, = +6 states. However, a partial spin polari-
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Figure 5.6 — Spin resolved DOS of 5d and 6s electrons of Dy adatoms on gr/Cu(100) and
gr/Cu(111).

sation of the 5d subshell was found in ref. [89, 90], while ref. [196] and our DFT calculations
demonstrate a spin polarisation for both 5d and 6s orbitals for Dy/gr/Ir(111), Dy/gr/Cu(111)
and Dy/gr/Cu(100) (fig. 5.6). In this case the magnetic moment of the external subshells must
be taken into account in the determination of the quantum states affected by QTM [196]. The
DFT calculations predict a fractional occupation of the external subshells. Nevertheless, for
simplicity and to properly construct the Hilbert space, we assume a spin % magnetic moment
for each external subshell. The spins of the external subshells are ferromagnetically coupled
to the 4f spin, forming a single total atomic spin. For the 4f'°5d'6s! configuration we obtain
that the magnetic state of the Dy atom is described by the total atomic angular momentum
Jtot — jAf 4 §655d \where we have approximated the total angular momentum of the 5d and 6s
subshells by the spin momentum only, since the orbital momentum of these subshells is either
zero (6s) or strongly quenched (5d) due to the hybridization with the surrounding atoms. Each
state is then represented by a new basis | ]ﬁf , 834, 855y with the Cg,, symmetric CF coupling
states, whose AJ; is a multiple of 6 (fig. 5.5b). Within this picture the Dy spin relaxation at
zero field is going through the first excited doublet, while the magnetic fields at which the
level crossings take place and, consequently, the positions of the steps in the magnetisation
curves are not affected. On the other hand, an addition of only one electron to the external
subshells (5d or 6s) results in absence of mixing between the states of the 3 lowest doublets by
the Cs, CE Unfortunately, Dy M, 5 X-ray absorption spectra are not sensitive to the external
subshell occupation. For example, the multiplet calculations performed with the additional
6s! open subshell differ from the 65> or 6s° simulations by less than 5%. Moreover, while the
majority (56.2% of natural abundance) of the Dy atoms show no nuclear spin (I = 0), the rest
of the isotopes have a nuclear spin I = g, which should be added to the total atomic angular
momentum. This further increases the number of feasible QTMs between the lowest energy
states. Nonetheless, most of these QTMs require an assistance from the substrate electrons or
phonons. Therefore, in the next section we describe the influence of the substrate electron
and phonon density of states (DOS) on the Dy magnetic relaxation.
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5.5 Substrate electron- and phonon-assisted spin relaxation

Free-standing graphene is known for its linear band dispersion with a vanishing electron DOS
at the Fermi level. Nonetheless, the interaction with the supporting metal substrate shifts
the graphene Dirac point with respect to the Fermi energy [182, 183]. The further the Dirac
point is from the Fermi energy, the higher the graphene electron DOS is at the Fermi level. For
gr/Ir(111) and gr/Pt(111) substrates the Dirac points were found to be 0.1 eV [184, 185] and
0.3 eV [186] above the Fermi energy respectively, while gr/Cu exhibits the Dirac point 0.3 eV
below the Fermi level [180,187,192]. Hence, one can expect a higher DOS at the Fermi level and,
consequently, a higher probability of spin-electron scattering for Dy/gr/Pt(111) and Dy/gr/Cu
in comparison to Dy/gr/Ir(111). We also note that Dy adatoms transfer part of their electron
charge to the graphene, which leads to a shift of the Fermi level [197]. Nevertheless, this shift
is small (< —50 meV for 0.01 ML of Dy) and, thereby, we neglect it. The spin-electron scattering
cannot explain the difference between the Dy/gr/Pt(111) and Dy/gr/Cu magnetisation loops.
Theoretically, graphene vibrational modes can also induce the Dy demagnetisation. However,
there exists no significant distinction between the phonon DOS of a graphene layer on Ir(111)
and Cu substrates [198-200]. Moreover, all three metals exhibit identical absorption coefficient
(Irand Pt 6.2 um_l, Cub.9 pm_l [147]), therefore, the X-ray induced demagnetisation cannot
rationalise the observed difference in the magnetisation loop openings. The speed of sound is
lower in Pt (2680 m/s) than in Cu (3570 m/s), while Ir is the stiffest among the studied metallic
substrates (4800 m/s) [174]. The sound velocity of the material is inversely proportional to the
acoustic phonon DOS in the low energy region (0-5 meV). Thus, the experimentally observed
openings of the hysteresis loops correlate well with the phonon DOS of the metallic substrates.
The graphene electrons may also participate in the Dy spin relaxation, but their contribution
seems to be much less than that of metallic substrate phonons.

Addition of the second graphene layer enhances the decoupling of Dy adatoms from the
electrons and phonons of the underlying metal, since graphene is known to be an exceptionally
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Figure 5.7 — Phonon energy dispersions in (a) single layer graphene (SLG) and (b) AA-stacked
bilayer graphene (AA-BLG) reproduced from the ref. [201].
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stiff semimetal [202]. This explains the slightly bigger opening of the Dy/gr_BL/Cu hysteresis
loop between 2.7 T and 5.6 T. On the other hand, the interaction between graphene layers
leads to the out-of-plane ZA phononic mode splitting (fig. 5.7), which depends on the relative
orientation of the graphene sheets [201,203-205]. Since our transferred second graphene layer
had a size of several squared millimetres, domains with different orientations of the stacked
graphene are unavoidable. Hence, our gr_BL/Cu substrate should show a broad increase in
phonon DOS below 10 meV, which, in turn, leads to a reduction of the Dy spin lifetime at low
magnetic fields.

5.6 Conclusion and outlook

The single-atom magnet behaviour of Dy adatoms on gr/Pt(111), gr/Cu and gr_BL/Cu sub-
strates has been investigated and compared to Dy/gr/Ir(111). XAS spectra together with the
positions of QTM steps in the magnetisation curves revealed an identical CF splitting of the
lowest magnetic ground states for all of the substrates. We attributed the observed dissim-
ilarities in the hysteresis loops to the differences in the metallic substrate phonon DOS. In
addition, the correlation between the graphene Fermi level position and the Dy magnetisa-
tion curve opening cannot be excluded. Such correlation would open a viable path for the
external electric field control of the Dy adatoms magnetic lifetime, since graphene is known to
exhibit prominent field effect [179]. Furthermore, we showed that the approach consisting
in the increase of the decoupling layer thickness does not always work well. The bilayer
graphene substrate demonstrated that the insulating buffer layer vibrational modes can be as
detrimental to the single-atom magnet stability as the metal conduction electrons.
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Five new SAMs are demonstrated in this thesis: Dy/BaO/Pt(100) , Dy/ZnO/Au(111),
Dy/Zn0O/STO(110), Dy/gr/Pt(111) and Dy/gr_BL/Cu. While Dy/gr/Cu was studied previously
[122], the quality of the data did not allow to unambiguously judge about the presence or
absence of the magnetic remanence in that sample. Our data unequivocally corroborate the
existence of such magnetic remanence.

Together with the previously reported SAMs (Ho/MgO/Ag(100) [49, 83,87], Dy/gr/Ir(111) [81],
Dy/MgO/Ag(100) [46,82]), the systems presented in this work can be divided into two groups
based on the CF at the adatom position. In the first group the CF is mainly defined by one or
two closest-neighbour atoms, which should result in a perfectly axial symmetry. All the other
RE neigbours only reduce the symmetry of the CE and, thus, the interaction with them should
be minimised. Such SAMs as Ho and Dy adsorbed at top-O site of MgO, and Dy adsorbed
at top-O site of BaO constitute this group. All of them exhibit an out-of-plane magnetic
anisotropy. Moreover, our multiplet calculations showed that Dy single atoms adsorbed at
BaO bridge site should exhibit a prominent magnetic stability. They also can be added to the
first type of SAMs. This demonstrates that atomic magnetic moment can be stabilised not
only out of plane but also in plane. Furthermore, as we have shown, such approach works well
for the ionic systems, whereas the covalency of the RE-substrate atom bond can reduce the
symmetry of the CE Dy/ZnO SAMs most likely belong to the first group.

The second type of SAMs rely on the CF created by a set of n substrate atoms located at the
same distance from the RE adatom, so as to form a C,, symmetric CE If n is large enough,
such approach does not completely eliminates the level mixing, but significantly reduces the
number of states affected by QTM. All SAMs supported by graphene belong to this group.
In ideal case, the CF order of symmetry n should be larger than the number of states 2] + 1
in the lowest J-multiplet, since this would eliminate the QTM completely. Unfortunately, it
is very hard to find a physical object that would create a CF with n > 6, while the reduction
of the atomic angular momentum J can lower the MAB and, consequently, facilitate the
thermally activated spin relaxation. This approach has been successfully used to construct
SIMs [67,69,70].

We have demonstrated the correlation between the RE adatom magnetic stability and substrate
phonon DOS for both types of SAMs. Regardless of the CF symmetry and the height of the
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MAB, the phonons remain one of the main channels for the adatom spin relaxation. The study
of the impact of the substrate conduction electrons on the SAM stability is more complicated.
We corroborated the influence of the X-ray photon induced secondary electrons on the RE
magnetic lifetime. This effect can significantly reduce the spin lifetime measured in the
XMCD experiment and, thereby, obscure all other spin relaxation mechanisms, including the
scattering of the substrate conduction electrons with the RE spins.

All the currently known SAMs are based on Dy or Ho, even though other lanthanides were
used in SIMs (for example, Tb [71,77]). In this work we did not managed to add new chemical
elements to this list. Only Dy exhibit the SAM behaviour with both types of CE while Ho single
atoms are only magnetically stable at the top-O adsorption site of MgO [83,206].

The electric field control of adatom magnetic stability should be a next notable step towards
SAMs based information storage. These experiments were shown to be rather difficult, espe-
cially with the TEY detection scheme. In an ideal experimental setup one should apply the
homogeneous external electric field to the substrate without perturbing the surface adsorbed
single atoms and blocking the X-ray radiation. Moreover, the TEY current is very sensitive
to the substrate potential. Therefore, the artifacts due to the electric field perturbations of
the TEY detection mode must be separated from the genuine XAS signal. In spite of these
difficulties, we managed to perform XMCD measurements with the applied external electric
field. The first promising results have been achieved, which should be corroborated by further
investigations.
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.\ Bader charges and atom coordinates
for RE/BaO and RE/MgO

A.1 DFT calculations

In the following, the information of the first three coordination shell atoms around the RE
adatoms necessary for the multiplet calculations is given for Dy/BaO top-O (table A.1), Dy/BaO
bridge (table A.2), Ho/BaO top-O (table A.3) and Ho/BaO bridge (table A.4) sites, and for
Dy/MgO top-O (table A.5), Dy/MgO bridge (table A.6), Ho/MgO top-O (table A.7) and Ho/MgO
bridge (table A.8). We list for each atom the distance to the RE adatom, the Bader charge [207]
and the atomic coordinates (the RE atom is the origin of the Cartesian system).

Table A.1 — Distance from the RE adatom, Bader charges and atomic coordinates for the
atoms composing the first three coordination shells around the RE, for Dy adatom on top-O
adsorption site on BaO.

Atom | Shell | Distance | Bader Charge | Cartesian Coordinates

(inA) (ine”) x®d yA zA&
Dy - - +0.20 0.000 0.000 0.000
0 Ist | 2.077 -1.36 0.000 0.000 -2.077
Ba | 2nd | 3.900 +1.36 0.000 2.907 -2.601

2.907 0.000 -2.601
0.000 -2.907 -2.601
-2.907  0.000 -2.601
0O 3rd 4.832 -1.38 2783 2.783 -2.804
2783 -2.783 -2.804
-2.783 2.783 -2.804
-2.783 -2.783 -2.804
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Table A.2 — Distance from the RE adatom, Bader charges and atomic coordinates for the
atoms composing the first three coordination shells around the RE, for Dy adatom on bridge
adsorption site on BaO.

Atom | Shell | Distance | Bader Charge | Cartesian Coordinates

(in A) (ine”) x (A) y A z (A)

Dy - - +0.57 0.000 0.000 0.000
(0] 1st 2.148 -1.39 -1.100 -1.100 -1.481
1.100 1.100 -1.481

Ba 2nd 3.209 +1.30 -1.675 1.675 -2.165
1.675 -1.675 -2.165

Ba 3rd 4.798 +1.40 -1.369 -4.193 -1.888

-4.193 -1.369 -1.888
4193 1.369 -1.888
1.369 4.193 -1.888

Table A.3 — Distance from the RE adatom, Bader charges and atomic coordinates for the
atoms composing the first three coordination shells around the RE, for Ho adatom on top-O
adsorption site on BaO.

Atom | Shell | Distance | Bader Charge | Cartesian Coordinates

(inA) (ine”) xA yA zA&
Ho - - +0.14 0.000 0.000 0.000
0 1st 2.085 -1.34 0.000 0.000 -2.085
Ba | 2nd | 3.884 +1.36 0.000 2.899 -2.585

2.899 0.000 -2.585
0.000 -2.899 -2.585
-2.899 0.000 -2.585
O 3rd 4.822 -1.38 2.782 2.782 -2.787
2.782 -2.782 -2.787
-2.782 2782 -2.787
-2.782  -2.782 -2.787
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A.1. DFT calculations

Table A.4 — Distance from the RE adatom, Bader charges and atomic coordinates for the
atoms composing the first three coordination shells around the RE, for Ho adatom on bridge
adsorption site on BaO.

Atom | Shell | Distance | Bader Charge | Cartesian Coordinates
(in A) (ine”) x (A) y Q) z (A
Ho - - +0.62 0.000 0.000 0.000
0] Ist 2.168 -1.38 -1.099 -1.099 -1.511
1.099 1.099 -1.511
Ba 2nd 3.191 +1.30 -1.672  1.672 -2.142
1.672 -1.672 -2.142
Ba 3rd 4.781 1.39 -1.363 -4.184 -1.868
-4.184 -1.363 -1.868
4184 1.363 -1.868
1.363 4.184 -1.868

Table A.5 — Distance from the RE adatom, Bader charges and atomic coordinates for the
atoms composing the first three coordination shells around the RE, for Dy adatom on top-O
adsorption site on MgO.

Atom | Shell | Distance | Bader Charge | Cartesian Coordinates

(inA) (ine”) xA yA zA&
Dy - - +0.20 0.000 0.000 0.000
0 1st 2.274 -1.69 0.000 0.000 -2.274
Mg | 2nd | 3.407 +1.68 0.000 2.172 -2.625

2.172  0.000 -2.625
0.000 -2.172 -2.625
-2.172  0.000 -2.625
O 3rd 3.964 -1.72 2.106 2.106 -2.616
2.106 -2.106 -2.616
-2.106 2.106 -2.616
-2.106 -2.106 -2.616
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Table A.6 — Distance from the RE adatom, Bader charges and atomic coordinates for the
atoms composing the first three coordination shells around the RE, for Dy adatom on bridge
adsorption site on MgO.

Atom | Shell | Distance | Bader Charge | Cartesian Coordinates
(in A) (ine”) x (A) y A z (A)

Dy - - +0.24 0.000 0.000 0.000
0] Ist 2.603 -1.72 -1.004 -1.004 -2.182
1.004 1.004 -2.182

Mg | 2nd 2.985 +1.66 -1.133 1.133 -2.518
1.133 -1.133 -2.518

Mg 3rd 4.105 +1.70 -1.042 -3.159 -2.406
-3.159 -1.042 -2.406

3.159 1.042 -2.406

1.042  3.159 -2.406

Table A.7 — Distance from the RE adatom, Bader charges and atomic coordinates for the
atoms composing the first three coordination shells around the RE, for Ho adatom on top-O
adsorption site on MgO.

Atom | Shell | Distance | Bader Charge | Cartesian Coordinates

(inA) (ine”) xA vA z®A

Ho - - +0.11 0.000 0.000 0.000
0] 1st 2.258 -1.66 0.000 0.000 -2.258
Mg 2nd 3.380 1.68 0.000 2.174 -2.588

2.174 0.000 -2.588
0.000 -2.174 -2.588
-2.174  0.000 -2.588
O 3rd 3.931 -1.71 2.105 2.105 -2.568
2.105 -2.105 -2.568
-2.105  2.105 -2.568
-2.105 -2.105 -2.568
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A.2. CF point charges used in the multiplet calculations

Table A.8 — Distance from the RE adatom, Bader charges and atomic coordinates for the
atoms composing the first three coordination shells around the RE, for Ho adatom on bridge

adsorption site on MgO.
Atom | Shell | Distance | Bader Charge | Cartesian Coordinates
(in A) (ine”) x (A) y Q) z (A

Ho - +0.15 0.000 0.000 0.000
O 1st 2.666 -1.71 -1.012 -1.012 -2.249
1.012 1.012 -2.249

Mg 2nd 3.006 1.67 -1.122  1.122  -2.553
1.122  -1.122 -2.553

Mg 3rd 4.138 1.70 -1.048 -3.164 -2.453
-3.164 -1.048 -2.453

3.164 1.048 -2.453

1.048 3.164 -2.453

A.2 CF point charges used in the multiplet calculations

The point charges used in the multiplet simulations of Dy and Ho adatoms on BaO/Pt(100) are
given in table A.9. They were deduced from table A.1 and table A.2 as described in section 3.2.

Table A.9 — Point charges used to simulate the CF for RE adatoms (Ln is Dy or Ho) at different
absorption sites (top-O, br-xz and br-yz) on BaO in multiplet simulations.

Lntop

x, A y, A z, A g e

0.000 0.000 | —1.540 | —0.0626

0.000 2.907 | —2.600 1.360

0.000 | —2.907 | —2.600 1.360

2.907 0.000 | —2.600 1.360

-2.907 0.000 | —2.600 1.360

Lnbr-xz Lnbr-yz

x, A y, A z, A q e x, A ¥, A z, A q e
1.150 0.000 | —1.100 | —0.0626 0.000 1.150 | —1.100 | —0.0626
—1.150 0.000 | —1.100 | —0.0626 0.000 | —1.150 | —1.100 | —0.0626
0.000 2.370 | =2.170 1.300 2.370 0.000 | —2.170 1.300
0.000 | -2.370 | —-2.170 1.300 -2.370 0.000 | —-2.170 1.300
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