
HAL Id: tel-04844018
https://theses.hal.science/tel-04844018v1

Submitted on 17 Dec 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Mapping surface magnetism with a molecule
Alex Fetida

To cite this version:
Alex Fetida. Mapping surface magnetism with a molecule. Physics [physics]. Université de Strasbourg,
2024. English. �NNT : 2024STRAE007�. �tel-04844018�

https://theses.hal.science/tel-04844018v1
https://hal.archives-ouvertes.fr






Acknowledgments

After more than four years with the STM team at IPCMS, I am thrilled to complete

my PhD thesis. I would like to extend my gratitude to Pierre Rabu, the unit

director, for welcoming me to IPCMS. I also thank the doctoral school of physics

and chemistry and QUSTEC for supporting my PhD, providing opportunities to

present my research at various conferences, and facilitating connections with fellow

research scientists.

I am grateful to the jury membersÐChristian Ast, Manuel Gruber, Susanne

Baumann, Amélie Juhin, Nathalie Viart, and Thierry MélinÐfor being conciliant

and for reviewing my manuscript over the summer.

I owe a great deal of thanks to my thesis director, Laurent Limot, for his guidance

and patience throughout this journey. The beginning was not plain sails owing to the

Covid pandemic and technical issues on the microscope but thank to his dedication

we could őnally complete this work. I would also like to thank Marie-Laure Bocquet

and Guillaume Schull, the members of my monitoring committee, for ensuring my

thesis stayed on track over the past four years. Their availability and advice were

greatly appreciated.

Within our team, Fabrice Scheurer and Virginie Speisser were incredibly helpful

and reliable, adeptly repairing equipment such as the sputtering gun and evap-

orators. Along with Céline Guillet, they assisted me with administrative issues.

Additionally, Fabrice contributed to our publications and reviewed this manuscript.

My thanks also go to Michelangelo Romeo, who collaborated with us on the map-

ping program and signiőcantly contributed to the work presented here. Theoretical

support from Nicolas Lorente, Roberto Robles at CFM (San Sebastian), Christine

Goyhenex, and Olivier Bengone at IPCMS was crucial. I enjoyed our discussions

3



and learning from them.

I am thankful to former spin STM team membersÐNicolas B., Benjamin V.,

and Léo G.Ðfor training me on the STM and offering valuable advice about PhD

studies, which facilitated my integration into the group. I enjoy collaborating with

PhD students from Nicolas L. and D-J. Choi’s teams. First, Cristina M. continued

my STM training, and later, I had the opportunity to train Divya J., exchanging

knowledge about superconductivity and assisting each other in our experiments. I

also thank the light-STM team (aka the ŕat earthers), who don’t believe in spin, for

their camaraderie and for sharing their scientiőc experiences: Anna R., Katharina

K., Song J., Kirill V., Luis P-L., Benjamin D., and Tomas N.

Other lab members also played vital roles in our experiments progress. Em-

manuel Sternitzky frequently repaired power supplies and transformers and created

the őlters box, improving our experiments efficiency. Nicolas Beyer ensured the

availability of cryogenic liquids at the institute, and the workshop team impressed

with their manufacturing skills. During my PhD, I had the opportunity to com-

plete a secondment at Basel Precision Instrument. I thank Parisa Fallahi, Dominik

Zumbühl, Christian Scheller, Sergii Kokhas, and Dominik’s lab group for their warm

welcome. I still wish to use the őlters in our STM.

Lastly, I am grateful to my parents, my sisters, my brother, and my friends for

their mental support throughout this journey.

4







Contents

1 Introduction 1

2 Atomic scale magnetism with STM 3

2.1 Magnetic surface imaging . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.1 Spin-polarized STM . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.2 Magnetic exchange force microscopy . . . . . . . . . . . . . . 5

2.2 Spin excitation spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.1 Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.2 Spin excitations of a nickelocene molecule . . . . . . . . . . . 8

2.2.3 Spin excitations of a nickelocene-terminated tip . . . . . . . . 11

2.3 Other spin-sensing techniques . . . . . . . . . . . . . . . . . . . . . . 13

3 Scanning Tunneling Microscopy 17

3.1 The concept of tunneling . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2 Bardeen’s theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.2.1 One dimensional case . . . . . . . . . . . . . . . . . . . . . . . 20

3.2.2 Tunneling current . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.3 The Tersoff-Hamann model . . . . . . . . . . . . . . . . . . . . . . . 23

3.4 Imaging with the STM . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.5 WKB theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.6 Tunneling spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.7 Lock-in detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.8 Line shape broadening . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.9 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

i



Contents

3.10 Imaging with voxel (voxel imaging) . . . . . . . . . . . . . . . . . . . 36

4 Single-spin sensing a cobalt island 39

4.1 Sample and tip preparation . . . . . . . . . . . . . . . . . . . . . . . 40

4.2 Electronic properties (metallic tip apex) . . . . . . . . . . . . . . . . 41

4.3 Magnetization orientation . . . . . . . . . . . . . . . . . . . . . . . . 45

4.3.1 Determining the magnetization orientation . . . . . . . . . . . 45

4.3.2 Computed magnetization and anisotropy . . . . . . . . . . . . 49

4.3.3 Magnetization orientation and excitation energies . . . . . . . 50

4.4 Magnetic corrugation . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.5 Spin polarization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.5.1 Spin-polarized measurement . . . . . . . . . . . . . . . . . . . 54

4.5.2 Inŕuence of the magnetization orientation . . . . . . . . . . . 55

4.6 Spin-excitation lifetimes of a nickelocene tip . . . . . . . . . . . . . . 57

4.7 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5 Hydrogen-driven spin reorientation of a nanomagnet 61

5.1 Sample exposure to hydrogen . . . . . . . . . . . . . . . . . . . . . . 62

5.2 Hydrogen superstructure on a Co island . . . . . . . . . . . . . . . . 63

5.3 Magnetization in the presence of hydrogen . . . . . . . . . . . . . . . 67

5.3.1 Evidence for magnetization rotation . . . . . . . . . . . . . . . 67

5.3.2 Exchange maps and computed spin density . . . . . . . . . . . 70

5.4 Computed magnetic anisotropy energy . . . . . . . . . . . . . . . . . 72

5.4.1 Magnetic anisotropy energy versus hydrogen coverage . . . . . 72

5.4.2 Impact of Co-H hybridization . . . . . . . . . . . . . . . . . . 75

5.5 Considerations on hydrogen insertion . . . . . . . . . . . . . . . . . . 76

5.5.1 Effect of hydrogen loading on the magnetic anisotropy . . . . 76

5.5.2 Determining hydrogen loading in the experiment . . . . . . . . 77

5.6 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

6 Driving spins across magnetically-coupled molecules 79

6.1 Nickelocene on a Co bilayer island . . . . . . . . . . . . . . . . . . . . 80

6.1.1 Adsorption and electronic structure (metallic tip apex) . . . . 80

6.1.2 Magnetism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.2 Imaging nickelocene with a nickelocene-tip . . . . . . . . . . . . . . . 87

6.3 Exchange map of a single nickelocene . . . . . . . . . . . . . . . . . . 90

6.3.1 Junction stability and exchange interaction . . . . . . . . . . . 90

6.3.2 Experimental and theoretical exchange map . . . . . . . . . . 93

ii



Contents

6.4 Spin-polarization map of a single nickelocene . . . . . . . . . . . . . . 96

6.5 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

7 Conclusion and perspectives 99

8 Resume and dissemination 103

Appendices 105

A Computational methods: Chapter 3 106

B Computational methods: Chapter 4 107

C Computational methods: Chapter 5 109

D Résumé en français 110

D.1 Etat de l’art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

D.1.1 Imagerie magnétique . . . . . . . . . . . . . . . . . . . . . . . 111

D.1.2 Spectroscopie d’excitation de spin . . . . . . . . . . . . . . . . 112

D.1.3 Autres techniques de détection du spin . . . . . . . . . . . . . 117

D.2 Microscope à effet tunnel . . . . . . . . . . . . . . . . . . . . . . . . . 118

D.2.1 Fonctionnement . . . . . . . . . . . . . . . . . . . . . . . . . . 119

D.2.2 La théorie de Bardeen . . . . . . . . . . . . . . . . . . . . . . 119

D.2.3 Le modèle de Tersoff-Hamann . . . . . . . . . . . . . . . . . . 120

D.2.4 Spectroscopie via détection synchrone . . . . . . . . . . . . . . 120

D.2.5 Imagerie par voxel . . . . . . . . . . . . . . . . . . . . . . . . 121

D.3 Détection de spin à l’échelle atomique sur ilot de cobalt . . . . . . . . 123

D.3.1 Orientation de l’aimantation . . . . . . . . . . . . . . . . . . . 124

D.3.2 Cartes du champ d’échange . . . . . . . . . . . . . . . . . . . 124

D.3.3 Polarisation en spin des ilots de Co . . . . . . . . . . . . . . . 126

D.4 Réorientation du spin d’un nano-aimant via adsorbtion d’hydrogène . 126

D.4.1 Superstructure d’hydrogène sur Co (2 ML) . . . . . . . . . . . 127

D.4.2 Rotation de l’aimantation . . . . . . . . . . . . . . . . . . . . 127

D.4.3 Déterminer la quantité d’hydrogène adsorbé . . . . . . . . . . 128

D.5 Manipulation du spin à travers des molécules couplées magnétiquement129

D.5.1 Aimantation du nickelocene adsorbée sur ilot de co . . . . . . 130

D.5.2 Carte d’énergie d’échange du nickelocène sur Co (2 ML) . . . 130

D.5.3 Carte de la polarisation de spin du nickelocène sur Co (2 ML) 132

List of Figures 135

iii



Contents

List of Tables 140

Bibliography 142

iv





CHAPTER 1

Introduction

The ambition of this PhD thesis is to enhance the spin sensing technique pioneered

by our team [1, 2], which involves attaching a nickelocene molecule to the tip of a

scanning tunneling microscope (STM) to collect magnetic őngerprints of surfaces

and atoms. Building upon the thesis of Benjamin Verlhac [3], who investigated

Fe atoms on Cu(100) and Co bilayer nanoislands grown on Cu(111) using inelastic

electron tunneling spectroscopy with a nickelocene tip, this research seeks to extend

and reőne these methodologies. Verlhac’s measurements demonstrated that both Fe

adatoms and Co atoms from the nanoisland possess a magnetization perpendicular

to the surface, with the exchange őeld produced by the atoms or surface showing an

exponential dependence on the vacuum gap of the tunneling junction. Speciőcally,

the variation of the exchange őeld between the top and hollow positions of the Co

lattice enables atomic network imaging without contact. Additionally, our molecular

probe can measure the spin polarization at the Fermi energy of Co islands and Fe

adatoms by analyzing the amplitude of the peaks and dips in the second derivative

of the tunneling current with respect to bias (d2I/dV 2).

Thus far, studied objects have exhibited only out-of-plane magnetization. During

this thesis, we demonstrate that our magnetic probe can detect magnetization in

different directions. Furthermore, other magnetic properties are monitored with

respect to the distance between the tip and the surface. We developed a mapping

technique, voxel imaging, capable of measuring with respect to lateral coordinates

(x, y), the exchange energy Eex(x, y) between the nickelocene tip and the surface as

well as the sample spin polarization P (x, y). This allows us to observe the lateral
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Chapter 1. Introduction

magnetic corrugation of pristine and hydrogen-contaminated Co nanoislands, as well

as the nickelocene molecule itself adsorbed on cobalt.

Chapter 2 provides a state-of-the-art overview of surface magnetism. It ex-

plains techniques closely related to ours, such as spin-polarized STM, magnetic

exchange force microscopy, and spin excitation spectroscopy. Additionally, it details

the working principle of the nickelocene tip on magnetic objects and brieŕy presents

other ways to sense the spin in STM like electron spin resonance (ESR-STM) or

the measurement of zero-bias anomalies in the conductance of quantum magnetic

impurities.

Chapter 3 begins with an explanation of the tunneling effect and covers the

Bardeen, Tersoff-Hamann, and WentzelśKramersśBrillouin (WKB) theories, which

provide a mathematical description of the current in a tunneling junction. The

chapter also discusses surface imaging techniques, introduces scanning tunneling

spectroscopy along with inelastic electron spectroscopy, and concludes with a de-

tailed description of our experimental setup and data acquisition process.

Chapter 4 focuses on typical ferromagnetic cobalt (Co) islands grown on a

clean copper surface, Cu(111), including monolayer-thick islands which have not

been previously studied. Our őndings, consistent with prior observations, show

that the thickness of the ferromagnetic Co layer inŕuences the direction of sample

magnetization and spin polarization. Additionally, we illustrate that the spatial

variation of the exchange energy across the surface is accurately represented by

computed spin-density maps.

Chapter 5 focuses on hydrogen-contaminated Co islands. Our measurements

reveal that the adsorption of hydrogen atoms rotates the magnetization from out-

of-plane to in-plane. To explain this effect, we perform DFT computations of the

magnetic anisotropy energy concerning the quantity of hydrogen adsorbed. Com-

bining experimental results with theoretical computations enables us to determine

the conőguration of the hydrogen atoms adsorbed and estimate their quantity.

Chapter 6 investigates the nickelocene adsorbed on Co bilayer islands. We

start by characterizing the adsorption and electronic properties of the molecule,

identifying the molecular orbitals with a metal tip. In the second part, we use the

nickelocene tip to probe the magnetism of the adsorbed nickelocene molecule on

cobalt. We identify its spin orientation, and employ voxel imaging to observe lateral

corrugations of the spin polarization and exchange coupling within the molecule.

Chapter 7 presents a brief overview of the thesis with some possible outlooks

for future work using a nickelocene-terminated STM tip.
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CHAPTER 2

Atomic scale magnetism with STM

Information storage devices like a magnetic random access memory (MRAM) are

composed of different Weiss domains with őnite magnetization directions. Each

area deőnes a unit of information, either 1 or 0. These domains contain roughly

millions of atoms. If we manage to reduce the size of a unit of information down to

a single atom, the storage device would reach the highest memory capacity possible.

However, to read information, we would have to access magnetization at the atomic

scale. The scanning tunneling microscope (STM), invented in 1981, is one of the

scanning probe techniques that has this ability (Fig. 2.1). Several other techniques

have inspired our research: i) Spin-polarized STM (SP-STM)[4], which was invented

in 1990, uses a magnetic STM tip to image magnetic surfaces taking advantage

of the magneto-resistance effect. As a result, the surface image displays areas of

different magnetic contrasts. ii) Spin excitation spectroscopy, developed in 2004

by A.J. Heinrich et al., which uses inelastic tunnel electrons to explore the spin

Hamiltonian of magnetic atoms. iii) The work by L. Gross et al. in 2009 [5] that

showed that a molecular CO tip can image a molecule with a resolution high enough

to highlight its chemical structure. Their work does not involve magnetism but

inspired using an STM tip functionalized with a nickelocene molecule. As we will

show monitoring the spin excitation of the nickelocene molecule through the inelastic

current provides information about the magnetism of the object studied. We thus

gain access to its spin polarization, magnetization direction, and magnetic exchange

coupling with atomic scale resolution. In this chapter, we elaborate in more detail

on the techniques mentioned above, which are used for imaging surface magnetism

3











Chapter 2. Atomic scale magnetism with STM

are separated by an energy ∆. The step observed in Fig. 2.4b is the őngerprint of

a spin excitation from the ground state to the őrst excited state (Figs. 2.4e) due to

inelastic tunnel electrons. A new tunneling channel is added to the elastic current

channel, leading to an increase in the dI/dV at the threshold voltage ∆ (see ğ 3.6).

During this scattering process the total angular momentum needs to be preserved

(ğ 2.2.2).

The spin excitation is measurable only for an Mn atom on the oxide Al2O3 and in

the presence of a őnite magnetic őeld. When B = 0 T the levels are degenerate and

no spin excitation is possible. The presence of the insulating layer is essential for

observing the spin excitation in the dI/dV spectrum. Nowadays, spin excitations

are predominantly observed in atoms adsorbed on thin insulating layers like Cu2N

and MgO [15, 16]. In such systems, the lifetimes typically range from a few tens

of nanoseconds [17, 18] to 1 millisecond [19] for 3d atoms, while reaching up to 1

hour at 2.5 K for a 4f atom of Ho deposited on MgO [20]. However, when magnetic

atoms are directly adsorbed on a metal substrate, the lifetime is very low. This

results in increased spectral broadening, making it challenging to resolve excitations

with precision on a metal surface. Khajetoorians et al. estimated a lifetime of 200 fs

for spin excitations of a Fe atom on Cu(111), with step heights representing only 5%

of the elastic conductance [21]. This reduction in lifetime is attributed to electron,

from the metal substrate, scattered by the magnetic atom.

Spin excitations serve as a means to gather magnetic information from various

spin systems, such as phthalocyanine molecules on an oxide [22] and in molecular

multilayers [23], or magnetic impurities on semiconductors [24]. Moreover, inter-

actions between spins in individual atomic-scale magnetic structures can be inves-

tigated by methodically assembling linear chains with the STM tip, one magnetic

atom at a time [25].

2.2.2 Spin excitations of a nickelocene molecule

Throughout this thesis, the spin excitations of nickelocene (Nc) will play a central

role. As shown in Fig. 2.5a, this molecule consists of a Ni atom sandwiched between

two cyclopentadienyl rings (C5H5 or Cp rings). The d8 conőguration of the Ni atom

results in an electronic structure of (e2)4(a1)2(e1)2, providing the molecule with a

spin S = 1 as demonstrated by several studies conducted in the gas phase [26] or

on powder samples [26, 27]. As a rule of thumb, half of the magnetic moment is

carried by the Ni atom, while the two Cp rings carry the other half. Figures 2.5a-b

illustrate how the electronic properties determine the energetically most favorable

magnetic state of Nc. The molecule’s geometry leads to a crystal őeld of symme-

8
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Hamiltonian:

H = DŜz
2 − gµBŜzBext. (2.4)

They observed the peak/dip splitting into two new peaks/dips (solid green lines in

Fig. 2.7a), corresponding to the spin excitations |S = 1,M = 0⟩ → |S = 1,M = +1⟩
and |S = 1,M = 0⟩ → |S = 1,M = −1⟩. Thanks to the energies of these spin ex-

citations (Fig. 2.7b), they found a magnetic moment µ = gµB = 1.89µB for Nc on

silver. A value slightly lower than for the free standing molecule where µ = 2µB.

This difference is due to charge transfer between Nc and the surface.

2.2.3 Spin excitations of a nickelocene-terminated tip

Our group demonstrated that Nc can be attached to the apex of a STM tip [1, 33].

The process to attach the molecule is straightforward provided the tip is mono-

atomically sharp. On noble metal surfaces, it is sufficient to set the tunneling

parameters to −1 mV and 50 pA, while carefully approaching the tip towards the

molecule by a minimum of 200 pm. Once the molecule is on the tip, we then check

that the molecular tip is reliable and robust. To do so, we sweep the tip toward

the surface and concomitantly measure the junction conductance until it reaches

the contact (z = 0), which is identiőed through a change in the slope of the trace

(Fig. 2.8a) [34]. At contact, the center-to-center distance between the C atoms

of the Cp ring and the Cu atoms is ≈ 250 pm [33]. The stability of the Nc-tip is

assessed by recording point contact images of the copper surface [35]. This image

acquisition consists of scanning at a conductance of approximately 2e2/h in order to

achieve a reproducible atomic resolution of the surface (Fig. 2.8b) [35]. Throughout

these image acquisitions, the molecular tip remains intact, allowing the procedure

to be repeated, resulting in reproducible atomic resolution of the surface.

Density functional theory (DFT) calculations were performed by modeling the

molecular tip by a Nc atop a Cu atom adsorbed on a Cu(100) plane [33]. The

molecular tip was placed at different distances from a Cu(100) surface and the

junction was fully relaxed. The insets of Fig. 2.8a present the relaxed geometry

for the tunnel (right inset) and contact (left inset) regimes. In the tunnel regime,

the molecule is attached to the Cu apex-atom through two carbon atoms of the Cp

ring, which results in the molecule tilting by 12◦ respect to the surface normal. At

contact, the Cp rings are parallel to the surface and the Cu apex-atom is coordinated

to őve C atoms.

The tilt angle of Nc on the tip apex can be assessed experimentally by “counter

imagingž. This procedure consists in imaging an atom on the surface using a Nc-

11
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CHAPTER 3

Scanning Tunneling Microscopy

The scanning tunneling microscope (STM), invented in 1981, marked a ground-

breaking achievement in nanoscience. The key őgures behind this invention, Binnig,

Rohrer, Gerber, and Weibel, were honored with the Nobel Prize in 1986. The STM

serves as a powerful tool for characterizing surfaces with a resolution down to the

nanometer and even atomic scale in some cases. This is achieved by bringing a

metallic tip within several angstroms of the sample’s surface. By applying a bias

voltage between the tip and the sample, a current ŕows across the vacuum gap, its

amplitude depending on the tip-surface distance. Thanks to a feedback loop, the

tip scans the surface at a constant current, and its vertical movements produce a to-

pographic map of the surface. In addition to surface imaging, the STM enables the

spectroscopic analysis of nanoscale objects. Notably, it allows accessing the surface

density of states as well as the excited states of single atoms and molecules. This

chapter begins by explaining the tunneling effect. Following this, we move to the

Bardeen, Tersoff-Hamann and WentzelśKramersśBrillouin (WKB) theories, which

provide a mathematical description of the current in a tunneling junction. Subse-

quently, we elaborate on how to image a surface and introduce scanning tunneling

spectroscopy, as well as inelastic electron spectroscopy. Finally, we provide details

about our experimental setup and the data acquisition process.
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as well as ψII(d) = ψIII(d), ψ
′

II(d) = ψ
′

III(d). Utilizing these conditions, we express

A
′

1 and A1 with respect to A3.

A1 =

[

cosh (ρ2d)− i
k21 − ρ22
2k1ρ2

sinh (ρ2d)

]

eik1dA3,

A
′

1 = −iρ
2
2 + k21
k1ρ2

sinh (ρ2d)e
ik1dA3.

(3.3)

The őnal expression of the transmission coefficient is :

T =

∣

∣

∣

∣

A3

A1

∣

∣

∣

∣

2

=
4E(U0 − E)

4E(U0 − E) + U2
0 sinh

2 [
√

2m(U0 − E)d/ℏ]
, (3.4)

and the reŕection coefficient is R =
∣

∣A
′

1/A1

∣

∣

2
= 1− T . The evanescent wave within

area II has a penetration depth of:

1

ρ2
≃ 1.96√

U0 − E
Å, (3.5)

where the energy unit is expressed in electron-volts. For a higher probability to

tunnel through the barrier, the condition d ≲ 1/ρ2 should be satisőed. With typical

values of E = 100 meV, a barrier potential U0 = 4 eV, which is the typical work

function of a metal, the distance d to have a decent probability to tunnel through

the barrier should be of order 1 Å. On the other hand, if the barrier is wide such

that ρ2d ≫ 1, the transmission coefficient is exponentially decreasing with respect

to d:

T ≃ 16E(U0 − E)

U2
0

exp (−2ρ2d), (3.6)

quickly dropping to zero within a few angstroms. Although this model is overly

simplistic for describing realistic STM experiments, it does elucidate the high sen-

sitivity to height changes in the sample topography. Additionally, it demonstrates

that during tunneling, the atom of the tip closest to the substrate is the primary

atom involved in the tunneling process.

3.2 Bardeen’s theory

The Bardeen model, named after physicist J. Bardeen, is used to describe the trans-

port of charge carriers [47], typically electrons. This model is based on the semi-

classical Boltzmann transport equation, which considers both classical and quantum

mechanical effects. It provides a broad understanding of carrier transport and tun-

neling phenomenon occurring between two electrodes brought into close proximity.
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[

− ℏ
2

2m

∂2

∂z2
+ UB

]

χν = Eνχν . (3.12)

The wave functions ψµ and χν decay into the vacuum region between electrodes A

and B. As the two electrodes are brought together at z0, the Schrödinger equation

describing the system becomes:

iℏ
∂Ψ

∂t
=

[

− ℏ
2

2m

∂2

∂z2
+ UA + UB

]

Ψ. (3.13)

If the two potentials UA, UB do not overlap with respect to the coordinate z, the

solution of the new Schrödinger’s equation is written as [48]:

Ψ = ψµe
−iEµt/ℏ +

∞
∑

ν=1

cν(t)χνe
−iEνt/ℏ, (3.14)

since Ψ(t = 0) = ψµ, cν(0) = 0. Each set of wave functions ψµ and χν are not

solutions of the Hamiltonian in Eq. 3.13. Moreover, Bardeen’s theory assumes that

⟨ψµ|χν⟩ ∼= 0. Substituting Ψ in Eq. 3.13 leads to:

iℏ

∞
∑

ν=1

dcν(t)

dt
χνe

−iEνt/ℏ = UBψµe
−iEµt/ℏ + UA

∞
∑

λ=1

cλ(t)χλe
−iEλt/ℏ. (3.15)

We neglect the second term on the right-hand side as it constitutes a second-order

inőnitesimal quantity and restrain the following calculation to the őrst order. We

multiply Eq. 3.15 by the term χ∗
νe

iEνt/ℏ and integrate over z > z0 where UB is non

zero:

iℏ
dcν(t)

dt
=

∫

z>z0

ψµUBχ
∗
νd

3re−i(Eµ−Eν)t/ℏ. (3.16)

From this relation it is then possible to express the tunneling current.

3.2.2 Tunneling current

To accomplish this, we begin by expressing the amplitude of the ν-th state of elec-

trode B by integrating over time the Eq. 3.16 and substituting UB by using Eq. 3.11

and Eq. 3.12:

cν(t) =Mµν
e−i(Eµ−Eν)t/ℏ − 1

Eµ − Eν

, (3.17)
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where:

Mµν =
ℏ
2

2m

∫

Ωt

(

χ∗
ν∇2ψµ − ψµ∇2χ∗

ν

)

d3r. (3.18)

The integral is over Ωt a subspace containing the free tip considered as electrode B.

Subsequently, the square of this amplitude yields the probability of the µ-th state

in the sample (electrode A) transitioning into a ν-th state in the tip at the time t:

Pµν ≡ |cν(t)|2 = |Mµν |2
4 sin2 [(Eµ − Eν)t/2ℏ]

(Eµ − Eν)2
, (3.19)

if the time of tunneling is t≫ 2ℏ/(Eµ − Eν)

2ℏ sin2 [(Eµ − Eν)t/2ℏ]

πt(Eµ − Eν)2
= δ(Eµ − Eν). (3.20)

Thus the probability can be written as

Pµν(t) =
2π

ℏ
|Mµν |2 δ(Eµ − Eν)t. (3.21)

The delta function implies that the tunneling current is elastic, meaning that Eµ =

Eν . By deriving the probability with respect to time, we obtain the transition rate:

γµν =
2π

ℏ
|Mµν |2 δ(Eµ − Eν). (3.22)

Naturally, an electron can only tunnel from an occupied state to an unoccupied

state. At zero temperature, there is a sharp Fermi edge separating occupied and

unoccupied states, while at elevated temperatures, the Fermi edge is smeared out;

occupied states are then described by the Fermi-Dirac distribution:

f(E) = (exp [(E − EF )/kBT ] + 1)−1, while unoccupied states are described by 1 −
f . Accounting for the occupation in this manner and assuming a bias voltage V ,

Eq. 3.22 becomes:

γs→t
µν =

2π

ℏ
|Mµν |2 δ(Eµ − Eν − eV )f(Eµ)[1− f(Eν)], (3.23)

while the transition rate of a tip state transferring to a sample state is:

γt→s
νµ =

2π

ℏ
|Mνµ|2 δ(Eµ − Eν − eV )f(Eν)[1− f(Eµ)]. (3.24)

Up to now we have considered the tunneling process involving a single state µ to

a single state ν. However the tip and sample are characterized by a continuous

spectrum of states, thus we have to consider all states µ and ν. To obtain the

expression of the tunneling current, we multiply the rates by e, the electron charge,
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Figure 3.3: Sketch of the spherical tip apex above a ŕat surface. Adapted from [49].

and sum over all the tip and sample states to obtain the expression of the tunnel

current:

I =
∑

µν

e(γs→t
µν − γt→s

νµ ),

I =
2πe

ℏ

∑

µν

|Mµν |2 δ(Eµ − Eν − eV )[f(Eµ)− f(Eν)],
(3.25)

where we assume that Mνµ = M∗
µν . Equation 3.25 will serve as the starting point

for the Tersoff-Hamann and WKB theories presented hereafter.

3.3 The Tersoff-Hamann model

In Bardeen’s theory, the computation of the tunneling matrix elements can be de-

manding. Tersoff and Hamann facilitate this step by describing the STM tip by a

spherical wave [49]. This approximation provides a relatively simple and computa-

tionally efficient method for analyzing tunneling phenomena near surfaces. It allows

for quantitative analysis of STM measurements, enabling the extraction of surface

properties and atomic-scale features. Due to its effectiveness and versatility, it is

widely used in surface science. The tip is modeled as a spherical potential with R

representing the curvature radius of center position r⃗0 and d denoting the distance

between the surface and the tip apex (Fig. 3.3). The sample wave function will

be denoted as ψµ with µ the µ-th state, while the tip wave function is referred to

as χν . Taking Eq. 3.25 from Bardeen’s theory, and under the experimental condi-

tions of low voltage and low temperature, the tunneling current in the őrst order

approximation is given by:
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I =
2π

ℏ
e2V

∑

µν

|Mµν |2 δ(Eµ − EF )δ(Eν − EF ). (3.26)

An important assumption in the Tersoff-Hamann theory is the local modeling of the

tip as a spherical potential, thereby implying that χν takes the form of a spherical

wave:

χν = C
exp (−κ |r⃗ − r⃗0|)

κ |r⃗ − r⃗0|
, (3.27)

where C represents a constant, κ =
√
2mϕ/ℏ, ϕ being the work function of the tip

approximately equivalent to that of the surface. The surface and tip wave functions

are expanded, as detailed in [49], and subsequently inserted into in Eq. 3.18 to cal-

culate the tunneling matrix elements and őnd Mµν ∝ ψµ(r⃗0). Finally, the tunneling

current is determined as:

I ∝ V ρt(EF )
∑

µ

|ψµ(r⃗0)|2 δ(Es − EF ), (3.28)

where ρt is the DOS per unit volume of the tip. The tunneling current depends on

the DOS of the surface at the Fermi energy, measured at the tip position, given by:

ρs(r⃗0, E) ≡
∑

µ

|ψµ(r⃗0)|2 δ(Eµ − E). (3.29)

This quantity is also known as the local DOS (LDOS). Furthermore, the cur-

rent I exponentially diminishes with the distance d, as described by |ψµ(r⃗0)|2 ∝
exp [−2κ(R + d)]. These őndings allowed for the computation of the corrugation of

the 2× 1 and 3× 1 reconstruction of Au(110) resulting in an exceptional agreement

with STM measurements of the same surface conducted by Binnig et al. [50]. In

Chapter 6, we will investigate the magnetism and spin transport of an Nc molecule

on a cobalt surface. We will show that the Tersoff-Hamann method can reproduce

the STM images of the molecule, provided that the tip used is metallic. However,

when the metallic tip is replaced by the Nc-tip, we will őnd that the approximation

is no longer valid, and the Bardeen theory is then needed to correctly reproduce the

images.

3.4 Imaging with the STM

Acquiring an STM image demands extremely precise motion control, facilitated

by affixing the tip to a piezoelectric tube scanner, as depicted in Fig. 3.4. The
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Figure 3.4: Sketch of the STM tip attached to the piezoelectric tube scanning a
surface and the electronic set up.

tube, crafted from PZT, comprises four thin metal plates or quadrants on its outer

surface, forming the (±x) and (±y) electrodes. The inner surface is similarly coated

with metallic material, constituting the (z) electrode. To move in the y-direction, a

voltage V is applied to the (y) electrode, while −V is applied to the (−y) electrodes.

The voltage trigger an electric őeld-induced stress in opposite directions on each

quadrant, resulting in the deŕection of the tube in the y-direction. Alternating

the voltage polarity at a őnite frequency enables the tip to scan the surface. The

piezoelectric tube covers distances spanning from the atomic scale to the micrometer

range in the (x, y, z) directions. Additionally, it is essential to note the presence of a

coarse piezoelectric mechanism that aids in moving the tip across larger distances,

spanning several milimeters.

In the process of imaging, a bias voltage is applied between the sample and the

tip, enabling the ŕow of a tunneling current. While scanning in constant current

mode, the STM capitalizes on the current’s sensitivity to the tip-surface distance.
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Figure 3.6: Sketch of the junction within the frame of the WKB theory for V > 0
(a) and V < 0 (b). The blue arrows show the direction of the current.

elements. This derivation, as elucidated in [51], leads to an expression particularly

beneőcial for a theoretical description of tunneling spectroscopy with a STM. We

consider a junction composed of two planar electrodes (Fig. 3.6), namely the sample

and the tip, separated by a distance z. To express the current, we replace the

őnite summation over the sample and tip discrete states in Eq. 3.25 by an integral

over energies using the sample (ρs) and tip (ρt) DOS:
∑ →

∫

ρ(E)dE. After an

appropriate change of variable we őnd

I(z, V ) ∝ 2πe

ℏ

(

ℏ
2

2m

)2 ∫ ∞

−∞

T (z, V, E) [f(E − eV )− f(E)] ρs(E)ρt(E − eV )dE.

(3.30)

The WKB approximation consists in assuming that the tunneling matrix element can

be described by the transmission probability T (z, V, E). For a trapezoidal barrier

within the tunnel junction (Fig. 3.6), the transmission probability is approximately

T (z, V, E) = exp

[

−2z

√

2m

ℏ2

(

Φ +
eV

2
− E

)

]

, (3.31)

where the electron momentum parallel to the electrodes surface is neglected. Here, Φ

represents the mean value of the tip and sample work functions. Under the condition

where kBT ≪ eV is satisőed, the Fermi-Dirac distributions can be approximated by

step function and the expression of I simpliőes further to:

I(z, V ) ∝ 2πe

ℏ

(

ℏ
2

2m

)2 ∫ eV

0

T (z, V, E)ρs(E)ρt(E − eV )dE, (3.32)

which is an expression more amenable for describing tunneling spectroscopy.
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3.6 Tunneling spectroscopy

Elastic tunneling. Scanning tunneling spectroscopy experiments are aimed at

probing the DOS of a sample. As the tunneling current contains information about

both the sample and the tip DOS, one can calculate the derivative with respect to

V to deconvolute the sample DOS as derived in [51]:

dI(z, V )

dV
∼= A[eT (z, V, E)ρs(E)ρt(E − eV )|E=eV

+

∫ eV

0

T (z, V, E)ρs(E)
dρt(E − eV )

dV
dE

+

∫ eV

0

dT (z, V, E)

dV
ρs(E)ρt(E − eV )dE], (3.33)

where A represents a proportionality coefficient related to the effective tip-surface

contact area. According to the approximation outlined in [51], only the őrst term

remains in Eq. 3.33 since ρt is considered constant. Concerning the third term, at

sufficiently low bias, the transmission probability shows minimal variation. Conse-

quently, this leads to the őnal expression of the conductance:

dI

dV
(z, V ) ∝ ρs(eV )T (z, eV, V ). (3.34)

Thus, the surface DOS can be probed through the measurement of a dI/dV . This

expression, however, oversimpliőes the tunneling process, as it disregards the inŕu-

ence of the atomic orbitals of both the tip and sample. The orbitals decay differently

into vacuum, with some being less favorable to the tunneling process (e.g., in-plane

orbitals such as px, py, dx2−y2) compared to others (s, pz, dz). As a result, the dI/dV

signal may differ from the surface DOS at a given distance z due to the weighting of

these orbitals in the tunneling process. By expanding the method to incorporate a

simple orbital-dependent electron tunneling transmission, more accurate results can

be obtained, showing a reasonable agreement with Bardeen-based calculations [52].

Inelastic tunneling. Up to this point, we have focused on elastic tunneling, where

the energy of the tunneling electrons remains constant. However, introducing a

single object (atom, molecule) into the junction can allow tunneling electrons to

exchange energy with it (Fig. 3.7). Through inelastic electron spectroscopy, known

as IETS, electrically induced excitations can be detected within the object, such

as spin transitions [13] or vibrational modes [14, 53]. An inelastic event occurs

when the tunneling electron energy surpasses an energy threshold ∆ representing
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DOS ρt:

dI(V )

dV
∝

∫ ∞

−∞

ρs(E)
df(E − eV )

dV
dE. (3.38)

This expression can also be represented as a convolution product between ρs and a

function χT :

dI(V )

dV
∝

∫ ∞

−∞

ρs(E)χT (eV − E)dE, (3.39)

where χT (E) is the thermal smearing function that broadens the dI/dV signal

(Fig. 3.10a):

χT (E) = χT (0)[cosh(E/2kBT )]
−2, (3.40)

where χT (0) = e/4kBT . The thermal smearing function χT is responsible for broad-

ening the dI/dV signal. The full width at half maximum (FWHM) is δT = 3.5kBT .

The lock-in measurement, particularly the voltage modulation amplitude, intro-

duces some smearing in spectroscopic measurements. This can be demonstrated by

considering the őrst harmonic of the current resulting from the additional modulated

bias, which is expressed as:

I1ω(V ) =
2

τ

∫ τ/2

0

I[V + Vm cos(ωt)] cos(ωt)dt. (3.41)

I1ω represents the differential conductance measured by the lock-in ampliőer, [dI/dV ]lock-in,

achieved by selecting the appropriate phase to maximize the signal. Upon substi-

tuting V ′ = Vm cos(ωt) and integrating Eq. 3.41 by parts, we have:

[

dI(V )

dV

]

lock-in

=

∫ ∞

−∞

dI

dV
(V + V ′)χm(V

′)dV ′,

=

∫ ∞

−∞

dI

dV
(V ′)χm(V

′ − V )dV ′,

=

∫ ∞

−∞

dI

dV
(V ′)χm(V − V ′)dV ′.

(3.42)

Consequently, the lock-in ampliőer measures the convoluted differential conductance

associated with a lock-in smearing function χm (Fig. 3.10b):

χm(V
′) = χm(0)

√

V 2
m − V ′2

Vm
, |V ′| ≤ Vm,

= 0, |V ′| > Vm,
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and the smearing function ϕm (Fig. 3.11b):

ϕm(V ) =
8e

3π

(V 2
m − V 2)3/2

V 4
m

, |V | < Vm, (3.44)

= 0 , |V | > Vm. (3.45)

The FWHM of ϕm is δ′m = 1.22 Vm. As a result, the energy resolution for inelastic

tunneling spectroscopy is approximately:

δ′ ≈
√

δ′2T + δ′2m. (3.46)

With our measurement conducted at T = 2.4 K and a modulation amplitude of

Vm = 200 µV rms, our energy resolution is approximately 1.2 meV.

Estimating high-frequency noise. In Chapter 4, we will extensively use spin ex-

citation spectroscopy to measure the magnetic properties of surfaces. These inelastic

spectra can be accurately reproduced by a model calculation [57], which indicate

an effective temperature T ∗ = 3.4 K for our system, whereas our working temper-

ature is 2.4 K. The effective temperature of an experiment is always larger than

its base temperature due to additional broadening effects. Along with modulation

voltages and non-zero temperature as mentioned above, we may additionally include

electromagnetic noise and lifetime broadening. The quantity δ′T ∗ = 5.4kBT
∗ there-

fore provides a rough estimate of the smearing for our inelastic tunneling spectra,

which in our setup is 1.57 meV. We may also estimate the electromagnetic noise by

inserting additional terms in Eq. 3.46:

δ′T ∗ =
√

δ′2T + δ′2m + δ′2rf + δ′2L , (3.47)

where δ′rf quantiőes the electromagnetic smearing and δ′L quantiőes the lifetime

broadening. In Chapter 4, we will show that the typical lifetime for the Nc spin

excitations is τ = 0.1 ns, which, using the time-energy uncertainty relation, re-

sults in δ′L = ℏ/(2τ) = 3.3 µeV. Hence, a crude estimate for the electromagnetic

broadening is δ′rf = 1 meV.

3.9 Experimental setup

Our apparatus comprises two chambers, the preparation chamber where the sample

is prepared and the so-called STM chamber. The two chambers are separated by a
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gate valve and maintained at a pressure of approximately 10−10 mbar, corresponding

to ultra-high vacuum (UHV) conditions. Both chambers include a turbo molecular

pump connected to a scroll pump, and possess independent ion pumps. Further-

more, a load-lock chamber with its own turbomolecar pump allows for transferring

tips, substrates, molecular powders from ambient air into the preparation cham-

ber. During STM measurements, all pumps are turned off except for the ion pumps.

Compressed air is utilized to suspend the chambers on dampers, isolating them from

ŕoor vibrations (< 10 Hz).

In the preparation chamber (Fig. 3.12a), the primary tasks involve sample clean-

ing using an Ar+ ion sputtering gun. For cleaning the Cu surface we use an accel-

erating voltage of 3 kV and a gas pressure of 1.5 10−6 mbar. Sample annealing is

accomplished by passing current through a W wire beneath the sample stage (Fig.

3.12b). The emitted electrons are accelerated toward the sample via a high volt-

age (750 V) to bombard the sample and increase its temperature to a maximum of

700◦ C. Temperature monitoring occurs through a combination of a thermocouple

positioned near the sample and a pyrometer placed outside of the chamber. For

material deposition, the preparation chamber houses two electron beam evapora-

tors, facilitating the deposition of materials like Fe or Co at room temperature.

Sample manipulation is handled via a manipulator with storage caskets utilized for

organized sample storage.

At low temperature, the STM chamber (Fig. 3.12c) operates under a pressure

of < 5 × 10−11 mbar. A NEG pump helps limiting contamination from hydrogen.

The STM system itself is a customized Omicron model designed to operate under

low-temperature conditions, utilizing inner and outer cryostats. The inner one is

őlled with liquid helium (3.6 liters), while the outer one needs to be reőlled with

liquid nitrogen every 12 hours. The working temperature is maintained at 4.4 K for

approximately 32 hours, after which a helium reőll is necessary. Pumping the helium

cryostat can temporarily lower the temperature to 2.4 K for 12 hours. The lower

pressure attained compared to the preparation chamber is due to cryopumping from

the cryostats. The STM sample stage, which is placed under the helium cryostat, can

be suspended by three springs to dampen vertical motion. A set of radial magnets

ensures, instead, lateral damping through eddy currents.

In terms of electromagnetic noise reduction strategies, efforts are made to min-

imize the pickup entering the STM. For this purpose, all cables used to drive the

piezoelectric tube have 2 MHz low-pass őlters. The bias cable is also low-pass ől-

tered at 40 kHz. Additionally, a voltage divider, which is placed before the őlters,

allows for dividing the DC and AC biases by factors ranging from N = 1 to 500 for
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Single-spin sensing a cobalt island

Spin sensors can achieve sensitive magnetometry through changes in their spin states

when they interact with a magnetic target. Examples include SQUID magnetome-

ters employing nitrogen vacancy centers in diamond [58] or carbon nanotubes [59].

The inclusion of magnetic őeld gradients into magnetometers through scanning

probe techniques has allowed for the detection of single spins with a remarkable

resolution of up to 10 nm [60ś62]. Nevertheless, a paradigm shift is needed to

achieve the ultimate aim of atomic-scale resolution in magnetometry. A possible

approach involves using a single magnetic molecule as a spin sensor. Molecules offer

the advantage of a tunable electronic structure, making them well-suited for fulőll-

ing the design requirements of a quantum sensor [63]. Notably, recent advancements

in scanning tunneling microscopy (STM) techniques have enabled the detection of

a molecular spin on a surface through electron spin resonance (ESR; ğ 2.3) [37, 64].

This breakthrough enables the detection of exchange and dipolar őelds (> 10 mT)

in the immediate vicinity of the molecular environment [65, 66]. To freely access all

surface locations, a more advantageous strategy involves attaching the molecule to

the STM tip apex. To date, this has been successfully demonstrated solely with the

spin-S = 1 Nc molecule, albeit at the cost of limiting sensitivity to exchange őelds

> 1 T [2, 32].

In contrast to ESR, the spin states of a Nc-tip are in fact monitored through spin

excitations arising from the inelastic component of the tunneling current (ğ 2.2.3).

Subangstrom precision in sample spin-sensing is made possible by the exchange

interaction occurring across vacuum between the Nc-tip and the surface, which
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through a change in the slope of the trace as in ğ 2.2.3. The contact conductance

was G = 0.25, (2e2/h), which is lower than the contact conductance found on copper

(Fig. 2.8), the transition from tunneling to contact also being more abrupt. These

differences are not unusual when dealing with different surface materials [68].

Sample. The single-crystal Cu(111) substrate was cleaned by repeated cycles of Ar+

sputtering and annealing to 520◦C. The Co islands were grown at room temperature

by evaporating cobalt onto Cu(111) from a thoroughly out-gassed rod at a rate of

0.3 ML min−1. After a 1.1 ML deposition of cobalt, the sample was transferred

in the pre-cooled STM (T ≤ 77 K). It results in the formation of triangular-like

nanoislands, which are two atomic layers in height [7, 69, 70]. The islands, which

are denoted by 2 in Fig. 4.2a, display an apparent height of approximately 325± 10

pm and exhibit typical sizes spanning from 10 to 30 nm. Approximately 5% of

the surface area is occupied by islands that are three layers high (denoted by 3 in

Fig.4.2a), characterized by an apparent height of 540 ± 10 pm. To promote the

growth of one-layer high islands (referred to as 1 in Fig. 4.2b), we introduce strain

relaxations in the Cu substrate by either depositing Co at sub-room temperatures

or by lowering the annealing temperature of the Cu substrate [71]. The monolayer

islands exhibit variable sizes within the range of 7 − 20 nm and have an apparent

height of approximately 140±10 pm. Their morphology is triangular with truncated

corners, which signiőes that the diffusion barriers involved in their growth process

differ from those of bilayer islands [71]. Nickelocene deposition was carried out by

exposing the cold sample (< 100 K) to a molecular ŕux of 2.5 × 10−2 ML · min−1

during a few seconds. Care was taken to work in a hydrogen-free environment, as

Co islands are prone to hydrogen contamination [72, 73]. We will see in Chapter 5

that this contamination can affect the magnetism of the islands.

4.2 Electronic properties (metallic tip apex)

The islands exhibit similar electronic properties. In Fig. 4.2c, we present dI/dV

spectra acquired by placing a metal tip at the center of the islands. They were

recorded using a lock-in ampliőer operating at a frequency of 6.2 kHz and a modu-

lation of 5 mV rms. Across all the islands, a prominent feature is observed in their

dI/dV spectra, situated at energies of −0.39 eV (1), −0.33 eV (2), and −0.36 eV

(3). Based on the ab initio calculations, it is assigned to minority dz2 states, in

agreement with previous őndings [69, 70]. Figure 4.3a presents the computed local

density of states (LDOS) at 300 pm over a Co atom on the surface of mono-, bi-,

and trilayers, which were calculated by integrating the states in a sphere centered
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Figure 4.3: (a) Local density of states (LDOS) calculated at 300 pm over a Co
atom for mono-, bi-, and trilayer plotted in blue, red, and black, respectively. A
Gaussian broadening of 50 meV was applied to the data. The different curves have
been displaced for clarity. (b) Detail of the LDOS at 300 pm for the bilayer plotted
without broadening. (c) Projected density of states (PDOS) for the surface Co atom
of a bilayer.

smaller pz component. The origin of the peaks can be traced back to the projected

density of states (PDOS) of the surface Co atom (Fig. 4.3c). This computation is

a conventional DOS of a surface Co atom from a bilayer island where all the states

are projected onto the orbitals of the atom. Fig. 4.3b gives an idea of how these

states decay into vacuum since the calculation are done 300 pm above a Co atom of

the surface śa distance comparable where we position the tip during a spectroscopy

measurement. The peaks that extend into the vacuum (marked with green arrows)

are formed by the hybridization of d-states (mainly dz2) with s and pz orbitals. The

hybridization with s and pz orbitals is fundamental. For example, the dz2 peak

marked with a red arrow in Fig. 4.3c is not hybridized with s and pz orbitals, and,

therefore, it is not observed in the LDOS at 300 pm (Fig. 4.3b), as it decays faster

into the vacuum than the hybridized peaks.

The presence of standing wave patterns on cobalt layers highlights the existence

of a free-electron-like surface state [69, 74]. To analyze the dispersion of this state,
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1 ML 2 ML 3 ML
Mag. moment

(µB) 1.75 (I) 1.76 (I), 1.67 (II)
1.84 (I), 1.77 (II),

1.79 (III)
MCA

per Co (meV)
+0.628

(in-plane)
-0.208

(out-of-plane) +0.005

d(III,II) ś ś −8.50%
d(II,I) ś −10.10% −5.70%
d(I,1) −1.91% −0.35% −0.01%
d(1,2) +0.4% +0.08% +1.40%
d(2,3) +0.2% −0.17% +1.30%

Table 4.2: Computed structural properties and magnetism for 1, 2, and 3 ML of Co
on Cu(111). These calculations correspond to 9 layers of a Cu (111) slab, with an
energy cutoff of 500 eV for the plane-wave expansion and a k-point mesh of 35×35×1
to evaluate the electronic contribution to the Magnetocrystalline Anisotropy Energy
(MCA) using the so-called magnetic force theorem [76]. Additionally, the relative
displacement of the different layers (Roman numerals for the Co layers and Arabic
for the Cu ones) is expressed in terms of the unrelaxed ideal geometry.

simulated 2D-intensity-plot of the d2I/dV 2 shows a Zeeman splitting in agreement

with experiments (Fig. 4.7d). A level crossing occurs between |Ψ0⟩ and |Ψ1⟩ at an

exchange őeld D/gµB ≈ 36 T, which is lifted when Nc has a non-zero tilt angle

(dashed line in Fig. 4.7b).

4.3.2 Computed magnetization and anisotropy

To validate these observations, we conducted DFT calculations to determine the

Magnetocrystalline Anisotropy Energy per Co atom (MCA) within the islands.

More details concerning the MCA czn be found in ğ 5.4. Table. 4.2 presents the

computed MCA and the magnetic moments of the Co atoms. Are also included

some details of the relaxed Co/Cu structure considered. The MCA is consistent

with the experimental őndings, with one exception being the trilayer case, where

the MCA is close to zero. Therefore, other effects not considered here play a role in

the trilayer island, such as the size and shape, which inŕuence the island strain [70],

or shape anisotropy [77]. In Chapter 5, we will see that shape anisotropy stabilizes

the magnetization of a Co island exposed to hydrogen. Also, the presence of Cu

at the corners of the trilayer islands, as evidenced by the Nc-tip measurements (see

Fig. 4.9), could also inŕuence its magnetic properties [78]. The trilayer anisotropy

reŕects a delicate balance among all these effects and some variability in the orien-

tation of magnetization for the trilayer islands can be expected, depending on the

speciőcs of the sample preparation.
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Chapter 4. Single-spin sensing a cobalt island

bi- and trilayers (Fig. 4.12e-f) than for the monolayer (Fig. 4.12d). The origin of

this behavior is tracked down to the dz2 orbital. While for the monolayer the orbital

has a spin magnetization of 0.28 µB, for the bilayer it has a higher spin magneti-

zation of 0.42 µB (0.43 µB for the trilayer). At the same time, the monolayer has

a higher average absolute value for the spin density (Fig. 4.12c) in agreement with

the stronger exchange energy observed experimentally. First-principle calculations

would be needed for unveiling the physical rationale behind the observed values of

the exchange energy [81].

4.5 Spin polarization

4.5.1 Spin-polarized measurement

The cobalt islands can also show spin polarization as their magnetization induces a

spin imbalance in the tunneling current. This leads to discernible variations in the

relative heights of the peaks and dips within the d2I/dV 2 spectrum. This differ-

ence in amplitude can be viewed, for example, in (Fig. 4.13a) where the low-energy

excitation of a spectrum acquired above a trilayer island exhibits a smaller dip am-

plitude at negative bias compared to the peak at positive bias. The explanation for

this difference was given by Loth et al. while investigating an Mn atom on a Cu2N

surface with a magnetic tip [17]. Compared to their setup, our tunnel junction is

conőgured in reverse (Fig. 4.13b), as the spin-excited object resides on the tip, while

the surface is magnetic. The different spin-dependent amplitude is explained as fol-

lows. In the scenario of a spin excitation from the state |M = 0⟩ to |M = +1⟩ of Nc,

the conservation of spin angular momentum dictates that the electron spin initially

resides in an “upž state, denoted as |m = +1/2⟩, and subsequently transitions to a

“downž state, denoted as |m = −1/2⟩. This change occurs after the electron under-

goes scattering with Nc. Remembering that at a negative bias, the electron ŕows

from the surface to the tip, the conservation rule implies that the inelastic signal is

proportional to the spin up DOS (ρ↑) of the surface. Conversely, at positive bias the

current ŕows from the tip to the surface and is sensitive to the spin down DOS (ρ↓)

of the surface. To quantitatively assess this imbalance, we derive values from our line

shape őts in the form of a spin polarization P = (h+−h−)/(h++h−), where h+ and

h− represent the heights of the peak and dip of the low-energy excitation, respec-

tively. The excitation of Nc from the ground state to its second excited state |−1⟩
requires instead electrons starting in a |↓⟩ state and ending in a |↑⟩ state, resulting in

a spin polarization of −P . The trilayer islands exhibit a spin polarization of +0.17

at the Fermi energy (Fig. 4.14a), while the bilayer islands remain non-polarized
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the z-axis, as predicted by DFT calculations (ğ 2.2.3). In vacuum, the tilt angle is

close to 10◦, but approaches 0◦ when Nc comes into contact with the surface [1, 32].

To gain a deeper understanding of this behavior, we introduce the tip polarization

(ηt) and the sample polarization (ηs), expressing the spin polarization of the tunnel

junction as P = ηtηs. The sample spin polarization reŕects the net polarization in

the sample’s DOS

ηs =
ρ↑ − ρ↓
ρ↑ + ρ↓

. (4.4)

The spin polarization ηt quantiőes instead the spin momentum transfer during the

spin excitation. Detailed calculations for this parameter are available in the work by

Loth et al. [85]. In their study, they compare two distinct tunneling channels that

result in the same transition from an initial state |Ψi⟩ to a őnal state |Ψf⟩. In the

őrst channel, the inelastic electron undergoes a spin ŕip from −1/2 to +1/2, and the

intensity associated with this transition is denoted as T↑. Whereas, in the second

channel, the electron experiences a spin ŕip from +1/2 to −1/2, with an intensity

labeled as T↓. Using these quantities, they derive ηt as follows:

ηt =
T↑ − T↓
T↑ + T↓

=
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(4.5)

Applied speciőcally to our system, Ŝ+ and Ŝ− represent the raising and lowering

operators of the nickelocene spin, which is described by |Ψi⟩ and |Ψf⟩. In the case

of a zero-tilt angle, the eigenstates are |M = 0⟩ , |M = +1⟩ and |M = −1⟩, resulting

in ηt = 1, and the junction spin polarization simpliőes to P = ηs. To determine how

ηt changes when Nc is tilted on the tip apex, we introduce an angle θ between Bex

and the molecular axis and determine numerically the eigenstates |Ψ0⟩, |Ψ1⟩, and

|Ψ2⟩ through Eq. 4.2, which we then insert in Eq. 4.5. The variation of ηt with

respect to θ is presented in Fig. 4.14b. For small θ, the molecular axis of the Nc-tip

aligns nearly parallel to the out-of-plane surface magnetization, and the measured

spin polarization closely mirrors the sample polarization. This corresponds to the

behavior encountered in the bi- and trilayer islands. Conversely, as θ approaches 90◦,

ηt exhibits a pronounced angular dependence. This behavior is characteristic of the

monolayer island, where the molecular axis of the Nc-tip is almost perpendicular to

the in-plane surface magnetization. For a perfect perpendicular alignment, the tip

polarization becomes ηt = 0, resulting in a non-polarized tunnel junction (P = 0).
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For completeness, Fig. 4.16c-d present simulations of the time-averaged occupa-

tions based on our őtting parameters of Fig. 4.15. The occupations of the excited

states |Ψ1⟩ and |Ψ2⟩ increase with bias at the expense of the occupation of the

ground state |Ψ0⟩; the bias dependency is more pronounced for |Ψ1⟩. Unlike the bi-

layer island, the occupations of the trilayer island depend strongly on bias polarity

due to their spin polarization [17, 86]. It is important to note that the alignment of

the Nc magnetization changes as the excited states are populated. When neglecting

the tilt angle of Nc, at thermal equilibrium, the Nc magnetization is in the plane of

the cyclopentadienyl rings (see dashed lines at zero bias in Fig. 4.16 c-d), but based

on the spin-state occupations it undergoes an out-of-plane rotation. For example,

we predict a 26◦ rotation of the Nc magnetization when a bias of +12 mV applied

above a trilayer island (z = 30 pm).

4.7 Concluding remarks

In summary, our investigation demonstrates the high sensitivity of an Nc-tip to sur-

face magnetism and spin transport. A three-dimensional dataset of spin-excitation

spectra allows for the construction of spatial maps of the exchange interaction, which

resemble computed spin density maps. This represents a versatile and complemen-

tary option to employing force measurements in an atomic force microscope for

detecting the magnetic exchange interaction between the tip and the sample [10,

12]. The maps offer atomic-level information on the spin orientation of the sample,

making them valuable for magnetic imaging, particularly for intricate spin textures.

Additionally, spatial maps of the surface spin polarization can be constructed by

using the amplitude of the inelastic peaksÐa facet we will explore in Chapter 6.
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CHAPTER 5

Hydrogen-driven spin reorientation of a nanomagnet

Magnetic anisotropy plays a crucial role in determining the orientation of spins in

metallic thin őlms and multilayers, thus constituting a critical aspect of spintronic

device functionality. Among various approaches for controlling magnetic anisotropy,

the incorporation of mobile ionic species in thin őlms through voltage-gated trans-

port stands out as highly promising. Hydrogen, in particular, has proven supe-

rior to other ionic species, offering non-destructive and rapid toggling of magnetic

anisotropy of multilayered heterostructures [88ś90]. The rationale for hydrogen

loading is built upon the observation that even subtle interactions, such as charge

transfer between hydrogen and a metal atom, can trigger changes in the magnetic

anisotropy and effective magnetic moment of the atom [91ś95], while also affect-

ing the exchange coupling among atoms [96, 97]. The magnetization orientation

in ultrathin őlms can be modiőed by the adsorption and penetration of hydrogen

[96ś100]. This effect is observed not only in collinear magnetic őlms, but also in

noncollinear ones [101, 102], where hydrogen has the ability to stabilize skyrmion

states [103, 104]. The position and concentration of hydrogen play vital roles in

this process [103, 105]. However, detailed studies at the microscopic level are still

limited, in particular of model ultrathin magnets.

Single hydrogen molecules are commonly studied using STM. Hydrogen molecules

assemble into coverage-dependent lattices on metal surfaces [106] and have a char-

acteristic vibrational structure facilitating their identiőcation [106, 107]. They can

also be easily manipulated by the STM tip [108ś110], adding chemical functionality

to the microscope [111]. Dissociative adsorption of hydrogen molecules has also been
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reported on magnetic surfaces, where hydrogen atoms then form superlattices [73,

112]. However, conducting spin-sensitive STM measurements on hydrogen-exposed

magnets remains a challenging endeavor [73, 103], as it necessitates a magnetic tip,

which, similar to the surface, is susceptible to hydrogen contamination [113]. Rig-

orous monitoring of the tip apex status is essential, preferably with an external

magnetic őeld.

To overcome this challenge, we passivated the apex of a copper-coated W tip

with a Nc molecule and focused on Co islands grown on Cu(111) and, unlike the

islands in Chapter 4, exposed them to hydrogen. Magnetic exchange maps obtained

with the molecular tip reveal the formation of a hydrogen superstructure on the

island, as well as a 90◦ rotation of the magnetization compared to the pristine

island. These őndings are supported by ab initio calculations, which were performed

by Roberto Robles (Centro de Física de Materiales CFM/MPC, CSIC-UPV/EHU,

San Sebastián, Spain), Nicolas Lorente (CFM & Donostia International Physics

Center, San Sebastián, Spain) Olivier Bengone and Christine Goyhenex (IPCMS,

Strasbourg, France). The calculations suggest that hydrogen besides, adsorbing

onto the Co surface must also penetrate the island in weaker quantities, primarily

concentrated at the Co/Cu interface, to induce the rotation of the magnetization.

These őndings represent an advancement in our comprehension of how hydrogen

alters the magnetism of a nanoscale system at the atomic level.

5.1 Sample exposure to hydrogen

The sample consisted of cobalt bilayer islands grown on Cu(111) and decorated

with a small amount of Nc molecules. Details of sample preparation are given in

ğ 4.1. Following the deposition of nickelocene, we initiated the hydrogenation of

the sample. Hydrogen molecules constitute the predominant residual gas in the

UHV chamber. In our UHV environment, where the pressure is < 5× 10−11 mbar,

hydrogen contaminates the Co islands over time. Achieving the desired hydrogen

superstructure on the islands requires however an “efficientž hydrogenation. This

consists in increasing the temperature of the cryostat to more than 17 K for less

than 1 hour in order to prompt the release of H2 from the gold-plated copper walls

of the STM cryostat [114].

To investigate hydrogen exposure to cobalt, we employ two distinct operating

modes of the molecular tip, as illustrated in Fig. 5.1a, which shows two conductance

(G) versus tip displacement (δz) traces obtained above a pristine Co bilayer island.

The őrst trace (solid black line) is acquired by opening the feedback loop at 50
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Chapter 5. Hydrogen-driven spin reorientation of a nanomagnet

In particular, we consider a Co bilayer with its surface fully loaded with hydrogen

(1 ML coverage) to highlight the impact of Co-H hybridization on the MCA. As

shown in Fig. 5.13, only three pairs of orbitals have a sizable contribution to the

MCA: (yz, z2), (yz, xz), and (xy, x2 − y2). For the pristine Co bilayer (Fig. 5.13a),

similar observations can be made for both the surface Co layer (top panel) and the

őrst Co layer (bottom panel). The orbital pair (xy, x2− y2), which includes orbitals

parallel to the surface, gives the strongest contribution to MCA and favors an out-

of-plane orientation of the magnetization. The (yz, xz) orbital pair contributes less

to MCA while also favoring an out-of-plane orientation. The (yz, z2) orbital pair,

which includes orbitals perpendicular to the surface, favors an in-plane orientation.

Overall, the MCA of both the surface and the őrst layer is negative (green line

in Fig. 5.13a). Upon adsorption of 1 ML of hydrogen and its hybridization with

the Co surface atoms, drastic changes are observed (Fig. 5.13b). The out-of-plane

MCA related to (xy, x2 − y2) is suppressed in the Co surface layer (top panel),

favoring in-plane magnetization for the surface. Consequently, the MCA of the sur-

face becomes positive (green line in Fig.5.13b). This change is partly compensated

in the Co őrst layer by the increased contribution to MCA of the (yz, xz) orbital

pair (bottom panel), which favors out-of-plane magnetization. Overall, hydrogen

hybridization with Co drives complex changes in the MCA of the Co bilayer but

is insufficient alone to cause a rotation of the magnetization from out-of-plane to

in-plane. Only when considering the contribution of shape anisotropy can a reversal

of the orientation be achieved.

5.5 Considerations on hydrogen insertion

5.5.1 Effect of hydrogen loading on the magnetic anisotropy

The above considerations regarding the MCA per Co site lead us to consider the

possibility of H insertion as an enhancing factor of the rotation of the island mag-

netization towards an in-plane orientation. We start from a coverage of 0.5 ML

where the hydrogen is present only on the surface in a 2H-(2 × 2) superstructure,

and progressively insert H atoms in octahedral sites within the island. We retain

the conőgurations displaying in-plane anisotropy as in the experiment, and energet-

ically most stable. We őnd that up to 1 ML coverage, it is more favorable to load

the Co/Cu interface. The insertion of 1 or 2 H atoms (corresponding respectively

to a coverage of 0.75 and 1 ML) can be carried out at different locations among

the 4 available sites in the 2 × 2 cell. Ultimately, however, only one possibility for

each coverage leads to an increase of the MCA and a fortiori of the total magnetic
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with increasing hydrogen loading. The conőgurations analyzed correspond to those

identiőed in ğ 5.4, which exhibit in-plane magnetization and are energetically most

favorable. Figure 5.14a shows a spin density map with an additional 0.25 ML of

hydrogen at the octahedral sites of the Co/Cu interface. The computed spin den-

sities show no substantial difference compared to the experimental map. However,

increasing the hydrogen to 0.50 ML at the Co/Cu interface (Fig. 5.14b) and fur-

ther hydrogen loading (Fig. 5.14c) result in spin density patterns that diverge from

the experimental observations (Fig. 5.9a). Based on these őndings, if hydrogen is

present in the island, its coverage must be between 0.5 ML and 0.75 ML, with 0.5

ML located on the surface.

5.6 Concluding remarks

In summary, our study demonstrates that exposing a nanoscale magnet to suffi-

cient hydrogen can induce a 90◦ rotation of its magnetization. Although our DFT

computations are conducted on inőnite Co layers, they successfully reproduce the

interplay between hydrogen loading and magnetism observed in őnite-size Co mag-

nets, typically 10 nm wide or more in our measurements. This rotation is primarily

driven by hydrogen adsorption on the magnet’s surface and is further reinforced by

the presence of hydrogen at the Co/Cu interface. While hydrogen adsorption also

occurs at step edges in the experiment, our őndings suggest that this effect can be

neglected to őrst order.
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CHAPTER 6

Driving spins across magnetically-coupled molecules

The precise manipulation of magnetic ordering at the atomic level, such as control-

ling the spin of a single object śatom or moleculeś on a surface, holds signiőcant

promise for spintronics devices. The intricate interplay between the object and its

environment, mediated by a supporting substrate or host, dictates the resulting spin

orientation. Depending on the sign and nature of the magnetic coupling, interact-

ing objects can align in parallel (ferromagnetic), antiparallel (antiferromagnetic), or

noncollinear conőgurations. As we mentioned in Chapter 2, in the last decade ad-

vancements in STM have brought a variety of spin-sensitive spectroscopic techniques

allowing measurement of the magnetic coupling between spins. One possibility con-

sists in magnetically characterizing an isolated object with the STM tip and then

employing it as a sensor when it is magnetically coupled to a target object. The mag-

netic characterization consists in probing a spin-dependent feature, for example, a

zero-bias anomaly such a the Kondo effect [115ś117], the magnetoresistance through

SP-STM [118ś120], or spin excitations [17, 25]. More recently, high-precision spin-

sensitive measurements have become possible through ESR-STM śbut are limited

for the time being to single objects on MgO/Ag [16, 39, 121, 122], or through the

Yu-Shiba-Rusinov states of magnetic objects on superconducting substrates [123ś

128]. Alternatively, the target object can be coupled to the magnetic tip apex of

an STM. This detection scheme eliminates surface-mediated interactions and takes

advantage of the vertical-displacement sensitivity of the STM, as the sensor-target

distance is no longer constrained by surface corrugation. One may use a metal tip

with a magnetic atom at its tip apex [36, 41, 79, 80, 129ś131] or, as we showed in
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previous chapters, functionalize the tip apex with a nickelocene molecule.

Yet, to date, atomic-scale studies devoted to coupled magnetic molecules, whether

in a surface-to-surface [23, 64, 124, 127] or tip-to-surface [32, 67] conőguration re-

main limited. In this chapter, we illustrate that the exchange interaction between

a molecule positioned at the apex of the STM tip and a magnetic molecule on the

surface can be controlled by adjusting both the distance between the tip and the

surface and their lateral positioning. In particular, we investigate and visualize spin-

spin interactions between a Nc molecule attached to an STM tip and a Nc molecule

adsorbed on a cobalt nanoscale island. A signiőcant difference compared to pre-

vious work with a Nc-tip [32, 67] lies in the imaging technique utilized. Here, we

employ exchange imaging to chart the strength of magnetic interactions between the

molecules in the lateral plane, instead of relying on conductance maps. This method

enables us to pinpoint the conőguration where the exchange interaction reaches its

maximum. Moreover, it allows for the simultaneous probing of spatial maps of spin

polarization. Interestingly, these maps reveal that spin transport is more efficient

in a Nc-Nc geometry that differs from that of the maximum exchange interaction.

These őndings provide valuable insights into the interplay between magnetism and

spin transport in exchange coupled molecules. These őndings are supported by ab

initio calculations, which were performed by Roberto Robles (Centro de Física de

Materiales CFM/MPC, CSIC-UPV/EHU, San Sebastián, Spain), Nicolas Lorente

(CFM & Donostia International Physics Center, San Sebastián, Spain).

6.1 Nickelocene on a Co bilayer island

6.1.1 Adsorption and electronic structure (metallic tip apex)

To investigate the adsorption and electronic properties of Nc on cobalt (noted

Nc/Co), we use a metallic tip apex, i.e., a W tip coated with copper by soft in-

dentations into the surface. The sample consists of cobalt bilayer islands grown on

Cu(111) that are exposed to a Nc ŕux of 2.5×10−2 monolayer/min for a few seconds

at a temperature < 100 K (Fig. 6.1a). The solid white lines in Fig. 6.1a indicate the

three close-packed symmetry directions, i.e., the compact rows, of the Co surface:

⟨110⟩, ⟨101⟩ and ⟨011⟩. The corrugation of the Co island is not observable under

normal tunneling conditions, but can be visualized through exchange maps (ğ 3.14).

The sample is decorated with Nc molecules primarily adsorbed at copper and Co

steps, with typically a few molecules on the islands. No molecules are present on

Cu(111) terraces. To ensure a hydrogen-free surface, we use the cleaning procedure

described in ğ 5.3.1. Figure 6.1b presents a typical image of a clean area, along
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Chapter 6. Driving spins across magnetically-coupled molecules

feature, robust across all biases, arises from the adsorption of Nc/Co (Fig. 6.8),

which causes a degeneracy lift between the πxz and πyz molecular orbitals. We ten-

tatively assign the experimental two-lobe pattern to these molecular orbitals. Some

relevant differences are also observed. The value of the computed spin polarization

differs from the experimental one, and non-spin polarized features are present in the

computed maps, at variance with the experiment. The calculated maps also show

a spin polarization that spreads to a larger distance compared to the experimental

one (Fig. 6.20b). The reason is that in the experiment the Nc-tip must be exchange

coupled to Nc/Co to yield a measurable P . Thus, the signal on the experimental

map is constrained to an area close to the area of the Cp ring. These discrepan-

cies suggest the need to account for the presence of the Nc-tip, i.e., to go beyond

the Tersoff-Hamann approximation. To improve the comparison, we have therefore

ongoing theoretical computations using the Bardeen model with wave functions de-

scribing the nickelocene molecules on the tip and on the surface. We stress, however,

that the comparison will remain qualitative, as at this stage the calculation neglects

the inelastic nature of the tunneling electrons.

6.5 Concluding remarks

To summarize, our study focused on investigating the adsorption, electronic, and

magnetic properties of Nc on a Co bilayer island. We utilized voxel imaging to

extract spatial maps of the Nc-Nc exchange coupling across vacuum and maps of

the junction spin polarization. The maps reveal that spin transport is more efficient

in a Nc-Nc geometry that differs from that maximizing exchange interaction. Our

őndings also underscore the necessity of voxel imaging for extracting magnetic infor-

mation comprehensively from measurements. Magnetic and electronic information

can otherwise be intertwined, muddling the experimental message and making it

less amenable to theoretical comparison. This was notably the case in the prior

work by Czap et al. [32]. The simultaneous acquisition of both exchange and spin

polarization channels offers dual insights into spin texture and spintronic properties

at atomic scale resolution. This technique is particularly suitable for investigating

complex spin textures, from magnetic molecules to non-collinear systems such as

spin spirals, magnetic domain walls, antiferromagnets, and nano-skyrmion lattices.

98



CHAPTER 7

Conclusion and perspectives

Our comparative study on Co islands of varying thickness demonstrates the Nc-

tip ability to sense different spin directions of the sample. We conőrmed previous

macroscopic studies indicating that the magnetization of Co thin őlms varies with

thickness: a Co monolayer (1 ML) on Cu(111) exhibits in-plane magnetization,

unlike a Co bilayer (2 ML), which shows out-of-plane magnetization. This difference

in magnetization orientation is governed by the magnetocrystalline anisotropy of

the islands. The magnetization direction of a trilayer island (3 ML) is more subtle,

depending on “second orderž effects such as the size and shape of the islands. We used

voxel imaging to map the spatial dependence of the exchange energy between the

Nc-tip and these Co islands. Exchange energy maps acquired on Co monolayers are

less corrugated than those on Co bilayers, despite having an average exchange energy

value that is twice as large. Remarkably, the experimental exchange maps closely

correlate with spin density maps computed using density functional theory (DFT),

which describe the local magnetization m(r⃗). Finally, we provided a comprehensive

picture of the spin polarization measured with the Nc-tip. We found that the spin

polarization of the tunnel junction depends on the magnetization orientation of

the sample. For out-of-plane magnetization, the spin polarization of the tunnel

junction reŕects the sample spin polarization, thereby conőrming őndings in Ref. [2].

However, when moving away from this orientation, the tip spin polarization must

be taken into account.

In our study of hydrogen-contaminated Co islands using the Nc-tip, we demon-

strated that hydrogen adsorption on islands of different thicknesses (1 ML, 2 ML, and
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3 ML) arranges in a 2H-(2×2) structure. Spin excitation spectroscopy and magnetic

exchange maps revealed that the magnetization direction of bilayer islands rotates

from out-of-plane to in-plane. The nickelocene probe is also sensitive to the quantity

of hydrogen adsorbed on and within the islands. Based on DFT computations of

the magnetic anisotropy energy and from the comparison between exchange maps

and computed spin density maps, we concluded in fact that a minimum coverage of

0.5 ML hydrogen on the surface and 0.25 ML at the Co-Cu interface is necessary to

switch the magnetization direction of the Co bilayer.

The őnal chapter focused on the Nc molecule adsorbed on Co bilayer islands.

By combining spin excitation spectroscopy with DFT calculations, we demonstrated

that the spin of the Nc molecule is locked to the island magnetization through anti-

ferromagnetic coupling. Voxel imaging of Nc/Co (2 ML) allowed us to disentangle

two spin-related pieces of information: the exchange energy and the spin polariza-

tion. Unlike the previous investigation on the pristine or H-covered Co surfaces, the

exchange maps could not be reproduced with the computed spin density. By includ-

ing the Nc-tip in the calculations, we were able to closely reproduce the exchange

maps and show that the coupling is stronger when the Nc-tip is aligned with the

surface Nc. Regarding the spin polarization maps, we observed a two-lobe pattern,

which we traced back to the degeneracy lift of the frontier molecular orbitals of

Nc on the cobalt island. The computed maps involved the conductance of spin-up

and spin-down electrons using the Tersoff-Hamann theory. These maps showed the

two-lobe pattern, but further computations also accounting the molecular tip are

needed to reproduce the experimental results more accurately.

In future work, we aim at improving the spin contrast of the voxel maps. To do

so, we will coat the tip apex with magnetic material in order to exploit the exchange

coupling between the tip and the nickelocene attached to it. A magnetically coated

tip combined with an external magnetic őeld could potentially control the orientation

of the nickelocene spin and lock it in a speciőc direction. As a result, the degeneracy

of the nickelocene spin states is lifted, resulting in distinct spin excitations with

tunneling current which are 100% spin-polarized whether the Nc-tip is exchange-

coupled or not to the sample. This approach calls for experimental and theoretical

studies on how metallocenes interact with magnetic surfaces and atoms, similar to

the study of Chapter 6, including their ability to preserve their quantum spin states.

Such work is still scarce, and should be extended to the more straightforward case

of non-magnetic surfaces, where spin preservation is already known to occur but

not fully understood. Finally, we plan on extending the use of voxel imaging with

a Nc-tip to investigate exotic spin textures such as cycloidal and nano-skyrmion
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lattices. Further theoretical work is also needed. Our measurements show that the

Nc-tip needs to be included in the calculations, suggesting to generalize the use of

the Bardeen approximation for computing spin densities or spin polarization maps.
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APPENDIX A

Computational methods: Chapter 3

DFT calculations were performed using the Vienna Ab initio Simulation Package

(VASP) code [140]. The gradient-corrected exchange-correlation functional of the

Perdew-Burke-Ernzerhof (PBE) was used [141] and core electrons were treated with

the projector augmented wave (PAW) method [142]. A planewave basis set was

used with an energy cutoff of 400 eV. The Brillouin zone was sampled using a

30 × 30 × 1 k-point mesh. The Cu (111) surface was simulated using the slab

method with 15 Cu layers in a (1 × 1) unit cell. A vacuum layer of 20 Å was

used in the direction perpendicular to the surface in order to minimize interactions

between slab repetitions. Co-layers were located following pseudomorphic growth

at fcc positions. The position of all atoms except the two bottom layers was relaxed

until all the forces were smaller than 0.01 eV/Å. The Co layers relaxed as indicated

in Table 4.2. The Magnetocrystalline Anisotropy Energy (MCA) calculations were

performed by including spin-orbit coupling (SOC) in the calculations as implemented

in VASP [76]. Spin density maps and sections were plotted using the VESTA code

[143].
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APPENDIX B

Computational methods: Chapter 4

DFT calculations were performed using the VASP code [140]. The PBE [141] form

of GGA was used as an exchange and correlation functional. Core electrons were

treated following the PAW method [142]. Two supercell structures were used, both

representing epitaxially extended Co bilayers on a (111) oriented Cu substrate. The

őrst one is a 2× 2− (111) supercell including 2 layers of Co (4 Co atoms per layers)

and 9 layers of underlying Cu (4 Cu atoms per layer). It enables to achieve surface

hydrogen coverages between 0.25 and 1 ML by the addition of 1 to 4 hydrogen atoms

in hollow sites. Possible insertion in the most stable inner octahedral sites was

also considered with 4 octahedral sites available at the CoCo and CoCu interfaces,

i.e. 8 in total or 12 including the hollow surface adsorption sites. The second

used geometry is the simple 1 × 1 − (111) supercell including 2 layers of Co (1

Co atom per layer) and 9 layers of underlying Cu (1 Cu atom per layer). In this

case, the addition of one hydrogen atoms at the surface or at the CoCo and CoCu

corresponds to full hydrogen layers. A vacuum layer of 10 Å was always added in the

direction perpendicular to the surface in order to minimize interactions introduced

by periodical conditions. In any case an energy cutoff of 500 eV is used. Then for

the 2× 2 cell a 12× 12× 1 k-point sampling was applied while a larger 30× 30× 1

k-point sampling was used for the smaller 1 × 1-cell. We checked for pristine Co

and full hydrogen layers that the the magnetocrystalline anisotropy energies are the

same for 30 × 30 × 1 k points and 12 × 12 × 1 within an error of less than 20 µeV

per atom.

Calculations are performed into two main steps following the magnetic force
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Appendix B. Computational methods: Chapter 4

theorem [76], one involving spin-polarized calculations in the collinear scheme and

the other including spin-orbit coupling. In the collinear case, the supercell is relaxed

along the z direction while the lateral lattice constant is őxed to the one of Cu

(a = 3.635 Å, obtained after optimization of the copper substrate alone) according

to an epitaxial growth. The positions of all atoms except for those in the two bottom

layers were relaxed (along z direction) until all forces were smaller than 0.01 eV/Å

and the total energy converged within an accuracy of 1 · 10−7 eV. At this stage,

the output charge densities are used to deduce the spin-densities, whose maps are

plotted with the VESTA software [143]. The same charge densities are also used in

order to perform calculations including the spin-orbit interaction as implemented in

VASP [76].

The magnetocrystalline anisotropy energy (MCA) was determined by rotating

the spins according to different crystallographic directions. In our case, the spin-

orbit coupling was taken into account non-self-consistently for the spin orientations

corresponding respectively to in-plane and out-of-plane magnetizations. Site- and

orbital-resolved energies are provided within the spin-orbit calculations in VASP.

More precisely, we get Esoc on each ion which represents the accumulated energy

contribution inside the augmentation sphere that is centered at each ion position.

In order to determine the total magnetic anisotropy, we add to the MCA the so-

called shape anisotropy, which results from magnetostatic dipole-dipole interactions

and therefore depends on the geometry of the system under study. In the case of the

inőnite bilayers of the present work, this contribution Edd was evaluated numerically

using the following summation up to an in-plane cut-off radius of 150 Å [77]:

Edd =
µ0

8π

∑

i ̸=j

1

|rij|3
[

mi · mj − 3
(rij · mi) · (rij · mj)

|rij|2
]

(B.1)

The total MAE, between out-of-plane (⊥) and in-plane magnetization (∥), is there-

fore given by the difference of energies:

MAE = MCA +∆Edd

= (EDFT
tot,⊥ − EDFT

tot,∥ ) + (Edd,⊥ − Edd,∥)
(B.2)

Using this latter equation leads to positive (negative) values of MAE for in-plane

(out-of-plane) orientation.
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APPENDIX C

Computational methods: Chapter 5

DFT calculations were performed using the VASP code [140]. The PBE [141] form of

GGA was used as exchange and correlation functional. Core electrons were treated

following the PAW method [142]. A planewave basis set was used with an energy

cutoff of 400 eV. The Brillouin zone was sampled using the Γ-point. The Cu(111)

surface was simulated using the slab method with 5 Cu layers in a rectangular

(8×5
√
3) unit cell. A vacuum layer of 20 Å was used in the direction perpendicular

to the surface in order to minimize interactions between slab repetitions. Co-layers

were located following pseudomorphic growth at fcc positions. The positions of all

atoms except for those in the two bottom layers were relaxed until he forces were

smaller than 0.01 eV/Å. Charge transfers and magnetic moments were computed

using the Bader method [144]. STM images were simulated using Tersoff-Hamann

[49] and Bardeen [47] approximations following the method of Bocquet et al. [145]

as implemented in the STMpw code [146]. Spin density maps and sections, and

structural images were plotted using the VESTA code [143].
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APPENDIX D

Résumé en français

Cette thèse de doctorat vise à faire progresser la technique de détection de spin

développée par notre équipe de recherche, qui consiste à utiliser une molécule de

nickelocène attachée à la pointe d’un microscope à effet tunnel (STM) pour collecter

les empreintes magnétiques des surfaces et des atomes. En s’appuyant sur nos

précédents travaux ([1],[2], [33]), cette recherche cherche à affiner ces méthodes et

à explorer la magnétisation dans différentes directions. Une nouvelle technique de

cartographie, l’imagerie par voxel, est introduite pour mesurer l’énergie d’échange

et la polarisation de spin en fonction des coordonnées latérales, permettant une

observation détaillée des propriétés magnétiques dans les nanoilots de cobalt et les

molécules de nickelocène.

D.1 Etat de l’art

Le chapitre 2 offre un aperçu des techniques de pointe dans le domaine du mag-

nétisme de surface, telles que la microscopie à effet tunnel spin-polarisé (SP-STM),

la microscopie à force d’échange magnétique et la spectroscopie d’excitation de spin.

Il détaille également le principe de fonctionnement de la pointe de nickelocène sur

des objets magnétiques et présente brièvement d’autres méthodes de détection du

spin en STM, comme la résonance de spin électronique (ESR-STM) ou la mesure

des anomalies de conduction à zéro polarisation dans les impuretés magnétiques

quantiques.
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Appendix D. Résumé en français

un champ électrique radiofréquence (RF) dépendant du temps est employé dans la

jonction tunnel. Lorsque la fréquence de ce champ électrique AC correspond à celle

d’une excitation de spin, les états magnétiques deviennent également peuplés, ce

qui fait tourner l’orientation moyenne de la magnétisation de l’atome de Fe sur la

surface. Un autre élément clé de la mesure ESR est la pointe spin-polarisée, qui agit

comme détecteur. En fonction de l’orientation relative des moments magnétiques de

la pointe et de l’atome de Fe, l’effet de magnétorésistance modiőe le courant tunnel.

Comme le montre la Fig. D.8b, ∆I représente la différence entre le courant tunnel

avec et sans la tension RF à une fréquence donnée. Un pic apparaît à la fréquence de

résonance avec une intensité atteignant 100 fA. En fonction de la valeur du champ

externe B⃗ l’effet Zeeman change et la fréquence de résonance se déplace. L’ESR-

STM possède une résolution énergétique impressionnante de 0.1 µeV, correspondant

à un champ de l’ordre du millitesla.

Etats Yu-Shiba-Rusinov Le STM est capable de détecter des perturbations de

l’état supraconducteur à l’échelle atomique à proximité des impuretés magnétiques [40].

Lorsqu’elles sont adsorbées sur la surface supraconductrice, ou même en dessous, les

impuretés magnétiques perturbent localement les paires de Cooper. Des états liés se

forment, également connus sous le nom d’états Yu-Shiba-Rusinov (YSR), qui appa-

raissent comme des pics à des tensions de biais opposés dans le gap supraconducteur

dans les mesures de dI/dV . Ces états sont des résonances sous-gap polarisées en spin

à 100%. Il est intéressant de noter qu’une pointe supraconductrice peut être fonc-

tionnalisée avec une impureté magnétique pour produire des états YSR sur la pointe

[41] et être utilisée pour effectuer des mesures spin-polarisées avec une sensibilité au

spin accrue [42].

Effet Kondo. Un autre phénomène causé par des impuretés magnétiques adsor-

bées sur une surface métallique est l’effet Kondo [43, 44]. Le spin de l’impureté est

écranté par les électrons de conduction du métal, conduisant à un état virtuel qui se

manifeste dans le dI/dV comme un pic à tension de biais nulle. L’effet Kondo peut

également être produit sur la pointe du STM de manière contrôlée en fonctionnal-

isant l’extrémité de la pointe avec la molécule de cobaltocène de spin −1/2 [45]. De

manière similaire à la pointe Nc, une pointe Kondo peut recueillir des informations

magnétiques sur des objets en surveillant la résonance Kondo.

D.2 Microscope à effet tunnel

Le chapitre 3 commence par une explication de l’effet tunnel et couvre les théories

de Bardeen, Tersoff-Hamann, et Wentzel-Kramers-Brillouin (WKB), qui fournissent
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électrodes rapprochées. Ici, nous abordons le problème en utilisant des électrodes

unidimensionnelles.

Nous considérons une électrode A caractérisée par une barrière de potentiel UA

(Fig. 3.2) contenant les états stationnaires ψµ d’énergies Eµ. Pour l’électrode B,

caractérisée par un potentiel UB, les états stationnaires sont χν ayant pour énergies

propres Eν . Lorsque les deux électrodes sont rapprochées jusqu’à la coordonnée z0
le courant de tunneling résultant est décrit par :

I =
2πe

ℏ

∑

µν

|Mµν |2 δ(Eµ − Eν − eV )[f(Eµ)− f(Eν)], (D.3)

avec Mµν le terme de la matrice tunnel.

D.2.3 Le modèle de Tersoff-Hamann

Dans la théorie de Bardeen, le calcul des éléments de matrice de tunneling peut

être exigeant. Tersoff et Hamann simpliőent cette étape en décrivant la pointe STM

par une onde sphérique [49]. Cette approximation fournit une méthode relative-

ment simple et efficace sur le plan computationnel pour analyser les phénomènes de

tunneling à proximité des surfaces.

I ∝ V ρt(EF )
∑

µ

|ψµ(r⃗0)|2 δ(Es − EF ), (D.4)

où ρt st la densité d’états (DOS) par unité de volume de la pointe. Le courant de

tunneling dépend de la DOS locale de la surface à l’énergie de Fermi, mesurée à la

position de la pointe,

ρs(r⃗0, E) ≡
∑

µ

|ψµ(r⃗0)|2 δ(Eµ − E). (D.5)

Les deux théories, Bardeen et Tersfoff-Hammann ont un rôle important, dans cette

thèse, aőn de comparer nos résultats expérmentaux avec la théorie.

D.2.4 Spectroscopie via détection synchrone

En STM, la conductance différentielle, dI(V )/dV est une mesure permettant l’accès

à la densité d’état locale de la surface étudiée. En effet, en considérant une barrière

potentielle trapézoïdale à l’intérieur de la jonction tunnel :

dI

dV
(z, V ) ∝ ρs(eV )T (z, eV, V ), (D.6)
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z étant la distance entre la pointe STM et la surface, T la probabilité de transmission

de la jonction tunnel. Aőn de mesurer dI/dV en maximizant le ratio signal sur

bruit, nous utilisons la détection synchrone. Lors de la mesure, un signal modulé en

fréquence, Vm cos(ωt+ θ), est ajouté à la tension de biais V . θ représentant la phase

du signal et ω la fréquence angulaire. Dans cette thèse nous utilisons également

cette technique aőn de mesurer directement d2I/dV 2 et d’observer les évenements

de tunnel inélastiques.

Les amplitudes typiques du signal modulé Vm vont de 200 à 500 µV rms pour

la spectroscopie inélastique et de 2 à 5 mV rms. pour la spectroscopie de tunneling

standard. Les fréquences typiques se situent entre 700 Hz et 6.5 kHz. L’utilisation

d’une fréquence de modulation suffisamment élevée permet à la détection synchrone

de réaliser un plus grand nombre de moyennes sur la valeur mesurée pendant un

temps donné, améliorant ainsi le rapport signal sur bruit.

Dans le Chapitre 4, nous utiliserons largement la spectroscopie d’excitation de

spin pour mesurer les propriétés magnétiques des surfaces. Ces spectres inélastiques

peuvent être reproduits avec précision par un calcul modèle [57], qui indique une

température effective T ∗ = 3.4 K pour notre système, alors que notre température de

fonctionnement est de 2.4 K. La quantité δ′T ∗ = 5.4kBT
∗ fournit donc une estimation

approximative de l’élargissement de nos spectres de tunnel inélastiques, qui dans

notre conőguration est de 1.57 meV.

D.2.5 Imagerie par voxel

Aőn d’explorer le magnétisme de surface avec une pointe Nc, nous avons modiőé

notre conőguration d’acquisition pour enregistrer des voxels. Le terme voxel est

dérivé des mots volume et pixel. En imagerie médicale, en infographie et dans

d’autres domaines traitant des données 3D, les voxels sont utilisés pour représenter

la valeur (par exemple, intensité ou couleur) d’un point spéciőque dans un espace

3D. Cette acquisition de données implique la déőnition d’une grille, d’environ 1

nm de large, comprenant un maximum de 40 × 40 pixels, placée sur la surface ou

l’objet étudié comme illustré dans la Fig. D.10. La pointe est ensuite scannée à

une hauteur constante au-dessus de chaque pixel, où un spectre d2I/dV 2 est acquis,

ici avec le nickelocène attaché à la pointe du STM . Après ajustement de chaque

spectre avec un proől de Voigt, nous avons extrait des informations magnétiques,

comme décrit dans le Chapitre 4. Ces informations aboutissent à deux cartes de

voxels distinctes : le champ d’échange Eex(x, y) et la polarisation de spin au niveau

de Fermi P (x, y). Une troisième carte de voxels, qui ne sera pas exploitée dans cette

thèse, peut également être déőnie où l’anisotropie magnétique D de la pointe Nc est
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D.3.1 Orientation de l’aimantation

La őgure D.11a montre une série de spectres d2I/dV 2 dépendants de la distance

obtenus au-dessus d’un ilot monocouche avec la pointe de Nc positionnée directement

au-dessus d’un atome de Co au centre de l’ilot. La őgure D.11b présente la carte

d’intensité 2D correspondante. À une distance de z = 105 pm, le spectre présente

un pic et un creux aux biais de +3.9 et −3.9 mV, respectivement. À mesure que la

pointe se rapproche, le pic se déplace vers le haut et le creux vers le bas en énergie de

près de 5 mV. À z ≤ 60 pm, un second pic (creux) apparaît, initialement comme une

épaule haute énergie (basse énergie) au pic (creux), puis devenant pleinement résolu

à z = 40 pm en raison de son décalage énergétique plus prononcé. Dans les ilots en

bicouche et la majorité des ilots en tricouche (> 80%), nous observons plutôt une

division progressive du pic et du creux dans le spectre d2I/dV 2 à mesure que la pointe

s’approche verticalement d’un atome de Co. Cependant, une minorité des ilots en

tricouche (< 20%) présentent un comportement similaire aux ilots monocouche.

Selon la direction d’aimantation des surfaces sondées, les niveaux de Zeeman de

Nc, repérés à l’aide des pics (creux) sur les spectres, évoluent différemment lorsque

l’on approche la pointe moléculaire de la surface. Les ajustements des spectres

effectués à l’aide d’un programme de simulations [57] indiquent que les monocouches

possèdent une aimantation dans le plan de la surface, alors que les bicouches et

certaines tricouches possèdent une aimantation hors du plan de la surface. Les

calculs des niveaux Zeeman sont effectués en utilisant l’hamiltonien : Ĥ = DŜ2
z −

JŜ · ŜCo. Où Ŝ est le spin de Nc. La position en énergie des pics(creux) sur les

spectres permet aussi de mesurer le champ d’échange Bex = J⟨SCo⟩/gµB , entre la

pointe et la surface. L’orientation de l’aimantation de chaque ilots est déterminée

par des calculs DFT de l’énergie d’anisotropie magnétocristalline et correspond à

nos résultats.

D.3.2 Cartes du champ d’échange

L’énergie d’échange au-dessus de l’ilot monocouche est presque trois fois plus forte

par rapport aux ilots bicouches et tricouches, qui présentent des énergies d’échange

identiques. Le couplage d’échange varie également à travers la surface. Pour visu-

aliser ces variations, nous acquérons une image de voxels (ğ D.2.5) consistant en un

ensemble de données sous la forme de d2I/dV 2(x, y, V ) à une distance őxe de z = 20

pm au-dessus d’une région d’intérêt. Nous déterminons ensuite l’énergie d’échange

à chaque position latérale de la pointe en ajustant les spectres. L’image résultante

(Fig.D.12a-b) montre que la corrugation est environ deux fois plus faible dans l’ilot
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[73, 112]. Cependant, la réalisation de mesures STM sensibles au spin sur des

aimants exposés à l’hydrogène reste une entreprise difficile [73, 103], car elle nécessite

une pointe magnétique qui, similaire à la surface, est susceptible à la contamination

par l’hydrogène [113]. Un contrôle rigoureux de l’état de l’apex de la pointe est

essentiel, de préférence avec un champ magnétique externe.

Pour surmonter ce déő, nous avons passivé l’apex d’une pointe de W recouverte

de cuivre avec une molécule de Nc et nous nous sommes concentrés sur des ilots

de Co crû sur Cu(111) et, contrairement aux ilots du Chapitre 4, nous les avons

exposés à l’hydrogène.

Les molécules d’hydrogène constituent le gaz résiduel prédominant dans la cham-

bre UHV. Dans notre environnement UHV, où la pression est inférieure à < 5×10−11

mbar, l’hydrogène contamine les ilots de Co au ől du temps. Cependant, pour obtenir

la superstructure d’hydrogène désirée sur les ilots, une hydrogénation žefficacež est

nécessaire. Cela consiste à augmenter la température du cryostat à plus de 17 K

pendant moins d’une heure aőn de provoquer la libération de H2 des parois en cuivre

plaqué or du cryostat STM [114].

D.4.1 Superstructure d’hydrogène sur Co (2 ML)

Pour déterminer la couverture en hydrogène sur un ilot de Co (2 ML) à l’échelle

nanométrique, nous avons utilisé la pointe Nc en mode haute tension. Le résultat

est une image topographique affranchie de la corrugation magnétique (Fig. D.15a).

Par-dessus, les cercles bleus représentent une simulation du réseau de Co de l’ilot

vierge. Notre hypothèse est que l’hydrogène est arrangé en une superstructure 2H-

(2 × 2), comme indiqué sur le modèle de la őgure D.15b. La couverture est de 2

atomes d’H par cellule unité en surface, soit 0.5 ML. La simulation d’une image

STM en courant constant (Fig. D.15c) de cette structure à l’aide de la théorie de

Tersoff-Hamann correspond à notre image expérimentale. Cependant, la simulation

de l’image STM d’un réseau 1H-(2 × 2), où la couverture d’hydrogène est de 0.25

ML, donne des résultats similaires. Différencier les superstructures 1H-(2×2) et 2H-

(2 × 2) nécessite l’acquisition de spectres dI/dV sur la bicouche de Co contaminée

d’hydrogène. La comparaison avec le calcul DFT de la LDOS (Fig. 5.3) indique que

la superstructure de H est bien 2H-(2× 2).

D.4.2 Rotation de l’aimantation

Pour déterminer l’orientation de l’aimantation de l’ilot, nous avons enregistré une

série de spectres d2I/dV 2 en approchant la pointe de Nc au-dessus de Co(I). Comme
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Les données d2I/dV 2(x, y, V ) sont enregistrées en ouvrant la boucle de rétroaction

au-dessus du centre de la molécule à δz = −200 pm. La zone de mesure typique cor-

respond à une grille carrée de 0.65×0.65 nm2 centrée sur la molécule. Après ajuste-

ment des spectres de chaque pixel de la carte, nous extrayons l’énergie d’échange en

fonction des coordonnées latérales, Eex(x,y) (Fig.D.17a). La carte d’échange résul-

tante a un maximum de 2.2 meV au centre de Nc/Co (2 ML); ce maximum dépend

de la pointe, certaines pointes affichant même une énergie d’échange de 3.0 meV.

Comme dans les chapitres précédents, nous calculons la carte de densité de spin

de Nc/Co (2 ML). La forme des cartes diffère des résultats expérimentaux. Cette

divergence suggère qu’une approche différente est nécessaire pour représenter les

cartes d’échange expérimentales. Pour ce faire, nous adoptons une approche sim-

ple où deux molécules de Nc en phase gazeuse sont positionnées l’une au-dessus de

l’autre avec leurs anneaux Cp parallèles et séparés par d = 350 pm , ce qui corre-

spond à une distance de contact Cp-Cp d’environ 100 pm. La molécule supérieure

est déplacée par rapport à l’autre aux coordonnées (x, y), où (0, 0) correspond à un

alignement parfait de leurs atomes de Ni. À chaque position (x, y), le système est

relaxé et la différence d’énergie EDFT
ex = Ez,P − Ez,AP est calculée, ce qui indique le

couplage d’échange entre les molécules. Ez,P (Ez,AP) est l’énergie de la conőguration

où les spins des molécules sont parallèles (antiparallèles). Comme on le voit dans la

Fig. D.17b, cette approche, qui néglige à la fois la surface et la pointe métallique sur

laquelle Nc est attaché, est déjà suffisante pour reproduire qualitativement les don-

nées expérimentales. L’énergie d’échange atteint son maximum lorsque les molécules

sont alignées et tombe à zéro lorsqu’elles ne se font plus face.

La őgure D.17c présente un proől de la carte d’échange acquis le long de la

ligne pointillée rouge (Fig.D.17a). Le proől le long de la ligne pointillé verte sur

la carte (Fig. D.17b) calculée par DFT correspond au proől expérimental . Cela

conőrme que l’interaction d’échange est conőnée à une zone équivalente à celle d’un

anneau Cp. Nous notons cependant que l’énergie d’échange calculée a des valeurs

plus élevées que celle expérimentale. Cette divergence provient de deux facteurs

principaux : le choix particulier de la distance Nc-Nc utilisée pour calculer la carte,

qui présente une dépendance exponentielle, et la conőguration colinéaire des deux

spins utilisée dans le calcul. Une conőguration non colinéaire, qui s’alignerait plus

étroitement avec la conőguration expérimentale, n’est malheureusement pas triviale

à calculer. Les proől en ligne de Eex on une largeur à mi-hauteur de 190 pm, ce qui

est considérablement plus étroit que la largeur apparente de Nc/Co (2 ML). Cette

valeur est plutôt de l’ordre de la taille de l’anneau Cp de Nc, soit 220 pm (Encart

de la Fig. D.17c). Nous concluons que le couplage d’échange est actif uniquement
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et πyz. Nous attribuons provisoirement le motif à deux lobes expérimental à ces

orbitales moléculaires. Certaines différences pertinentes sont également observées.

La valeur de la polarisation de spin calculée diffère de celle expérimentale, et des

caractéristiques non polarisées en spin sont présentes dans les cartes calculées, con-

trairement à l’expérience. Les cartes calculées montrent également une polarisation

de spin qui s’étend sur une plus grande distance par rapport à celle expérimentale.

La raison en est que, dans l’expérience, la pointe de Co doit être couplée par échange

à Nc/Co pour produire une polarisation P mesurable. Ainsi, le signal sur la carte

expérimentale est contraint à une zone proche de la zone de l’anneau Cp. Ces diver-

gences suggèrent la nécessité de prendre en compte la présence de la pointe de Co,

c’est-à-dire d’aller au-delà de l’approximation de Tersoff-Hamann. Pour améliorer

la comparaison, nous avons donc des calculs théoriques en cours utilisant le mod-

èle de Bardeen avec des fonctions d’onde décrivant les molécules de nickelocène sur

la pointe et sur la surface. Nous soulignons toutefois que la comparaison restera

qualitative, car à ce stade, le calcul néglige la nature inélastique des électrons de

tunnel.
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