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Abstract
This thesis investigates the magnetic properties of single atoms and molecules adsorbed

on thin magnesium oxide decoupling layers, grown on a silver single crystal. To address these

systems experimentally, we use a low temperature scanning tunneling microscope capable

of applying radio-frequency bias modulations in the tunneling junction. The main motiva-

tion is to investigate and control the spin dynamics of single surface adsorbed atoms and

molecules using spin-polarized scanning tunneling microscopy within and beyond the I/V

converter bandwidth.

We first present the technical upgrades implemented on the system that enable a high

radio-frequency bias transmission up to 40 GHz in the tunneling junction. The presenta-

tion of the corresponding transfer function is followed by electron spin resonance results on

adsorbed hydrogenated titanium molecules at 0.4 K and 4.2 K. We determine the magnetic

moment and the g -factor of the molecules and achieve measuring narrow signal linewidths,

below 40 MHz at 0.4 K, further motivating the use of this technique to address new systems.

The magnetism of single dysprosium and terbium atoms adsorbed on the top-Oxygen

site of magnesium oxide thin films is investigated. The magnetic bi-stability of these sys-

tems, with an out-of-plane easy axis of the magnetization, allows us to record two-state noise

at low temperatures and in an externally applied magnetic field. An analysis of the magneti-

zation switching rate is presented and shows consistent results for dysprosium with the exist-

ing literature. We report a first energy threshold of the system at 140 meV. A similar analysis

is done for terbium, from which magnetization reversal pathways are identified from quan-

tum chemical calculations and estimated experimentally for the first time. We find three

energy onsets at 72 meV, 123 meV and 164 meV. Terbium and dysprosium atoms adsorbed

on the bridge-Oxygen site, however, do not show two-state noise within the real-time limit of

our instrument. On this site, terbium atoms show spectroscopic spin excitation features at

±23 meV. A comparison with a spectroscopy database in the gas phase allows to speculate on

their complete electronic configuration, including the valence electrons. We find two possi-

ble configurations based on this comparison: 4f 85d16s2 and 4f 85d16s1.

Finally, quantum stochastic resonance applied to the magnetism of single iron atoms on

thin magnesium oxide films is presented. This technique also benefits from the high radio-

frequency transmission, as a bias modulation is employed to drive the spin dynamics of the

adatom, at frequencies beyond the I/V converter bandwidth and at 0.4 K. We introduce the

time τ∗/2 that should correspond to the first excited state lifetime, assuming that the radio-

frequency modulation is sufficiently synchronized with the magnetic bi-stable system. We

show that this time scales linearly with the relaxation time of the system, in current- and

magnetic field-dependent measurements of the relative magnetic ground state population.



Keywords: Magnetism, rare-earth, transition metal, single atom, magneto crystalline

anisotropy energy, scanning tunneling microscopy, spin polarized scanning tunneling mi-

croscopy, radio-frequency, electron spin resonance, quantum stochastic resonance, spin dy-

namics, two-state noise, relaxation time, coherence time, decoupling layer, thin films, mag-

nesium oxide.



Résumé
Cette thèse étudie les propriétés magnétiques d’atomes et de molécules individuels, ad-

sorbés sur des couches minces d’oxyde de magnésium, préparées sur un monocristal d’argent.

Pour étudier ces systèmes expérimentalement, nous utilisons un microscope à effet tunnel,

opérationnel à basse température et capable d’appliquer des modulations radio-fréquences

en tension dans la jonction tunnel. L’objectif est de mesurer et contrôler la dynamique de

spins atomiques et moléculaires en utilisant la microscopie à effet tunnel polarisée en spin

au sein et au-delà de la bande passante de notre amplificateur électronique.

Nous commençons par présenter les améliorations techniques apportées à notre micro-

scope, qui permettent une haute transmission de la tension radio-fréquence jusqu’à 40 GHz

dans la jonction tunnel. La présentation de notre fonction de transfert est suivie par des ré-

sultats de résonance paramagnétique électronique sur des molécules de titane hydrogénées

à 0.4 K et 4.2 K. Nous déterminons le moment magnétique et le facteur de Landé de ces

molécules et mesurons des largeurs à mi-hauteur étroites, inférieures à 40 MHz à 0.4 K. Ces

résultats motivent l’utilisation de cette technique afin d’explorer de nouveaux systèmes.

Nous présentons ensuite le magnétisme des atomes individuels de dysprosium et de

terbium, adsorbés sur le site d’oxygène des couches minces d’oxyde de magnésium. La bi-

stabilité magnétique de ces systèmes, avec un axe privilégié de l’aimantation hors du plan,

nous permet d’enregistrer un bruit à deux états à basse température, dans un champ magné-

tique externe. Une analyse du taux de renversement de l’aimantation est présentée et mon-

tre des résultats cohérents avec la littérature pour le dysprosium. Nous observons un pre-

mier seuil en énergie à 140 meV pour ce système. Une analyse similaire est réalisée pour

le terbium, et nous rapportons pour la première fois les trajectoires de renversement de

l’aimantation, identifiées à partir de calculs chimiques quantiques. Nous trouvons trois seuils

d’énergie à 72 meV, 123 meV et 164 meV. Cependant, les atomes de terbium et de dyspro-

sium adsorbés sur le site oxygène-pont ne montrent pas de bruit à deux états dans la limite

temporelle de notre instrument. Sur ce site, les atomes de terbium montrent des signatures

spectroscopiques, correspondant à des excitations du spin, à ±23 meV. Une comparaison

avec une base de données spectroscopique en phase gazeuse permet de spéculer sur leur

configuration électronique complète, comprenant les électrons de valence. Nous trouvons

deux configurations possibles basées sur cette comparaison : 4f 85d16s2 et 4f 85d16s1.

Enfin, nous présentons la résonance stochastique quantique appliquée au magnétisme

des atomes individuels de fer. Cette technique bénéficie également de la haute transmis-

sion en radio-fréquence, car une modulation de la tension est utilisée pour contrôler la dy-

namique du spin de l’adatome, à des fréquences au-delà de la bande passante du conver-

tisseur I/V et à 0.4 K. Nous introduisons le temps τ∗/2 qui devrait correspondre au temps

de vie du premier état excité, sous l’hypothèse d’une modulation radio-fréquence suffisam-



ment synchronisée avec le système magnétique bi-stable. Nous montrons que ce temps est

proportionnel au temps de relaxation du système, dans des mesures en courant tunnel et en

champ magnétique.

Mots clés: Magnétisme, terre-rare, lanthanide, métal de transition, atome individuel, én-

ergie magnéto-cristalline, microscopie à effet tunnel, microscopie à effet tunnel à polarisa-

tion de spin, radio-fréquence, résonance paramagnétique électronique, résonance stochas-

tique quantique, dynamique de spin, bruit à deux états, temps de relaxation, temps de co-

hérence, couche isolante, films fins, oxyde de magnésium.
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Chapter 1 - Introduction

1 Introduction

Quantum mechanics has revolutionized the twentieth century by its relentless theoreti-

cal development that we owe to a remarkable synergy of researchers. The main contributors

posed for what is often referred to as the most intelligent photograph ever taken at the fifth

International Solvay Congress in 1927, shown in figure 1.1. The same year, the concept of

quantum tunneling is introduced by Friedrich Hund and then developped by Jacov Frenkel

who described that "electrons [...] can pass even with insufficient kinetic energy" a potential

hill [1–4].

Following these theoretical breakthroughs leading to the first quantum revolution, tech-

nologies relying on quantum mechanics were not yet conceivable. The invention of the

transistor in 1947 marks however the start of a new development era converging towards

quantum-based technologies, known as the second quantum revolution. If the number of

transistors on a chip doubled every year following Moore’s law of 1965, it becomes now diffi-

cult to continue scaling transistor size and density with classical semiconductor technology

[5]. With the ever-increasing miniaturization of these components, transistors have reached

the nanometer scale where dissipation and quantum tunneling can occur as dominant con-

tributions and induce a drop in their performance. Alternative fields aiming to overcome

Moore’s law limitation emerged, including spintronics in the 1980s. This field is based on

using the electron’s magnetic moment as an additional degree of freedom to process infor-

mation in solid-state devices. From the discovery of giant magnetoresistance by Fert and

Grünberg in 1988 on Iron (Fe) and Chromium (Cr) multi-layers [6], spintronics has rapidly

enabled the engineering of many modern technologies including hard-drive disks or mag-

netic random-access memory. This field provides attractive solutions for the ever-increasing

data storage demand as IBM estimates that 175 zettabytes of new data will be created in 2025

[7]. One might wonder: what can be the spatial limit for storing information? In an incredibly

farsighted paper, written in 1961, Richard Feynman argued that "the law of physics present

no barrier to reducing the size of computers until bits are the size of atoms, and quantum be-

havior holds dominant way" [8]. Following this remarkable statement, single-atom magnets

are nowadays considered as the ultimate miniaturization limit since they can store informa-

tion by their spin being stable in absence of external magnetic field and either pointing "up"

or "down". Even if such system is far from being commercialized, it shows promising results

that would overcome by orders of magnitude the current areal density record of 317 gigabytes

per square inch held by IBM and Fujifilm (2020) [9].

To address these systems on the atomic scale, experimental techniques have emerged

such as Scanning Tunneling Microscopy (STM), invented in 1981 by Binning and Rohrer.

STM consists of a conductive sharp tip and a conductive sample separated by a distance

on the order of 1 ångström (Å) such that the electron wave functions of tip and sample par-

tially overlap. When a bias voltage is applied over the junction, tunneling electrons lead to

a net tunneling current that can be measured. After the first reconstructed image of the 7x7
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unit cells of Silicon Si(111) in 1982 [10], this technique underwent multiples developments to

become an efficient tool to image the surface of conductive samples but also to probe elec-

tronic and magnetic properties on the atomic scale. In 1990, R. Wiesendanger et. al. were the

first to describe and investigate the vacuum tunneling of spin-polarized electrons with STM,

using a spin-polarized tip (SP-STM) on the Cr(001) terraces [11]. The same year, D. M. Eigler

et. al. published the well known image of IBM’s initials written with 35 Xenon (Xe) atoms

moved laterally on a Nickel Ni(110) surface [12]. From there, a huge interest grew in prob-

ing and controlling the magnetic states of single surface adsorbed atoms with the first Spin-

Polarized - Inelastic Electron Tunneling Spectroscopy (SP-IETS) showing spin excitations of

Manganese (Mn) and Fe atoms on thin Copper-Nitride Cu2N decoupling layers in 2010 [13].

Five years later, the first Electron Spin Resonance (ESR) experiment was performed with STM,

at 0.6 K, on single Fe atoms adsorbed on thin Magnesium Oxide (MgO) films, leading to the

first quantum coherent spin manipulation with STM [14]. ESR transitions are driven by an

Radio-Frequency (RF) bias modulation, applied from the STM tip or coupled into the tun-

neling junction via an antenna in the tunneling junction [15]. While more and more sample

systems are characterized with this technique [16–20], the working principle of ESR-STM is

not yet fully understood but shows promising ways of generating coherent spin states that

could be used as quantum bits of information in quantum computing devices.

In this context, this thesis conducts experimental investigations into the magnetism of

single surface adsorbed atoms and molecules. We use SP-STM to find and study single-

atomic systems that can retain their magnetic moment for a long time, at low temperatures,

and in a given direction with respect to the sample’s surface. To perform ESR-STM and to

identify single atom spin systems that have not yet been characterized and that could reveal

long coherence times, we use a home-built STM, equipped with an RF bias line that can apply

modulations in the tunneling junction. The application of RF modulations in an STM is not

only restricted to ESR-STM. We want to understand how the spin dynamics of a single atom

on a surface can be driven by an RF bias modulation. For this reason, we conduct Quantum

Stochastic Resonance (QSR) experiments, applied to magnetic bi-stable single atoms on a

surface. All experiments, shown in this thesis, are conducted on few monolayers (ML)-thick

MgO films, grown on a silver single crystal Ag(100).

The thesis is organized as follows. In chapter 2 we introduce the theory of magnetism

applied to single surface adsorbed atoms on thin decoupling layers. We focus particularly on

3d transition metal and rare-earth atoms, as they are investigated in this thesis. In chapter 3

follows the presentation of our STM and the technical upgrades that we have implemented

on the entire system and in particular concerning the RF cabling. As a benchmark for our mi-

croscope, we present ESR results on adsorbed hydrogenated Titanium (TiH) molecules at dif-

ferent temperatures in chapter 4. Chapters 5 and 6 are dedicated to the study of Dysprosium

(Dy) and Terbium (Tb) single atoms with SP-STM and, in particular, to the measurement of

two-state noise. We show how the magnetic switching rate gives information about the mag-

netic system and the possible magnetization reversal pathways. In chapter 6, we demonstrate
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that the complete electronic configuration of Tb atoms, adsorbed on the Oxygen-bridge site

of MgO, can be estimated from spectroscopy data. In chapter 7 we discuss the spin dynamics

of single Fe atoms, probed by the QSR technique.

Figure 1.1: Colorized version of the photograph taken at the 1927 Solvay Conference. 17 of
the 29 attendees were or became Nobel prize winners.
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Chapter 2 - Theory and Methods

2 Theory and Methods

In order to study their magnetic properties, single atoms of a material can be deposited

onto a suitable sample surface. If a fraction of a monolayer of the material is adsorbed on the

surface at sufficiently low temperature, the surface diffusion of the atoms is inhibited, avoid-

ing the formation of clusters. This allows the experimentalist to probe individual surface

adsorbed atoms, referred to as adatoms. In the following, an introduction to the magnetism

of surface adatoms and the differences from the simple free atomic case are discussed. The

main interactions described in the Hamiltonian are defined to understand how magnetism is

generated in these structures. An introduction to STM is then provided with an emphasis on

Spin-Polarized (SP) tunneling and SP-STM. Combining this technique with the magnetism

of adatoms enables the measurement of single atomic spin lifetimes, observing the two-state

noise resulting from magnetization switching of the adatom, both, within as well as beyond

the bandwidth of the I/V converter that is used to measure the tunneling current. The last

part of the chapter is dedicated to ESR-STM, with theoretical and technical descriptions and

the various theories proposed to explain the driving mechanism of ESR-STM are discussed.

2.1 An introduction to Spin Angular Momentum

The concept of quantum electronic spin originated from Niels Bohr’s postulate in 1913,

assigning a quantized magnetic moment to electrons. As shown in figure 2.1, Stern and Ger-

lach observed a deviation of a Silver (Ag) particle beam in an inhomogeneous magnetic field,

contradicting classical theories [21, 22]. Since the concept of spin remained a hypothesis

without theoretical description, the result of this experiment was incorrectly interpreted by

Stern and Gerlach as caused by the orbital angular momentum [23]. Only after Pauli’s exclu-

sion principle in 1925 and the work of Uhlenbeck and Goudsmit [24], the electronic spin was

described by the quantum number S with S = 1
2 for Ag, which explained a quantized angular

momentum for individual Ag atoms and the spatial deviation observed for small Ag clusters

in the Stern-Gerlach experiment.

Figure 2.1: Walther Gerlach’s postcard to Niels Bohr. The image shows the recorded pattern
of Ag particles without (left) and with (right) an inhomogeneous magnetic field, where a de-
viation is visible.

Other Stern-Gerlach experiments were performed more recently on different cluster sizes

of Fe, Ni and Cobalt (Co) to understand the transition of magnetic properties from bulk to
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single atoms [25–27]. By starting with a description of the free atom, we present in the next

section how a crystal surface can provide an environment in which an adatom shows mag-

netism.

2.2 From the Free Atom to an Atom Adsorbed on a Surface

Shortly after the first Stern-Gerlach experiment, Friedrich Hund formulated a set of rules

for calculating the quantum numbers L, S and J of a multi-electron system in its ground

state configuration. The simplest example is a single isolated atom for which the magnetic

moment is defined by:

mat = morbital +mspin =−µB (gLL+ gS S) =−µB g J J (2.1)

where µB is the Bohr magneton, gL the orbital g-factor, gS the spin g-factor and g J the Landé

factor [28]. From equation 2.1, the quantum number m J ∈ {−J ,−J +1, ...,+J } can be intro-

duced, associated to the operator Ĵz , as well as mL and mS for L̂z and Ŝz , respectively. We

choose ẑ as the quantization axis.

When applying Hund’s rules to elements of the periodic table, most of them have a non-

zero spin quantum number J . Nevertheless, none of them shows magnetism in the absence

of an external magnetic field since all the states in a given multiplet J are (2J +1)-fold degen-

erated. The example of a free Ti atom is given, based on the isolated Hamiltonian Hat:

Hat =
Z∑

i=1

( p2
i

2m
− Z e2

ri

)
︸ ︷︷ ︸

Hintra

+
(

Z∑
i< j

e2

|ri − r j |

)
︸ ︷︷ ︸

He-e

+λ L · S︸ ︷︷ ︸
HSO

(2.2)

The first sum in equation 2.2 refers to the kinetic energy of a single electron as well as its

attractive interaction to the nucleus. The electron is defined by its momentum pi , its mass

m and its distance ri to the nucleus with atomic number Z . The second term is the electron-

electron interaction known as the Coulomb repulsion and the last refers to the spin-orbit

coupling defined as the interaction of the electron spin with the magnetic field generated by

its own orbital motion. Figure 2.2 shows the energy spectrum of an isolated Ti atom with

electronic configuration [Ar]4s23d2, where [Ar] is the electronic configuration of Argon. The

first two energy splittings in figure 2.2 can be explained by the intra-atomic Coulomb repul-

sion, described in equation 2.2. The spin-orbit interaction is responsible for the last splitting,

leading to a ground state written as 3F2 with degeneracy (2J + 1) = 5. Note that spectro-

scopic notations 2S+1L J are used here. When an external magnetic field B is applied along

ẑ, the Zeeman interaction µB g J J ·B is added to the Hamiltonian in equation 2.2 and lifts

the 5-fold degeneracy of 3F2. Although Ti has Jz ̸= 0, its isotropic and degenerate behavior

does not give a preferential orientation of the magnetization and does not generate stable

magnetic order. However, some adatoms can preserve their orbital moment and the crystal

field (CF) interaction with the substrate can induce strong directional bonding, leading to an

anisotropic orbital and magnetic moment, along an energetically favorable easy axis.
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Figure 2.2: Qualitative energy spectrum of an isolated Ti atom. The inset shows the ground
state configuration 3F2 according to Hund’s rules where J has to be minimized.

An example is a single Fe atom adsorbed on a top-Oxygen site of a thin MgO film where

the unquenched out-of-plane Lz , restored by the spin-orbit interaction, leads to an out-of-

plane magnetic moment in the ground state. It is important to note that the orbital moment

and the magnetic moment do not always coincide [29]. The stability of the magnetization

of these anisotropic systems is given by the Magneto-crystalline Anisotropy Energy (MAE)

defined as the energy needed to reverse the magnetization in a classical reversal process. A

qualitative energy scheme is shown in figure 2.3 for an adatom adsorbed on an ideal out-of-

plane uni-axial environment with effective spin J∗ = 2, projected along the surface normal

ẑ. We will regularly use the notation J∗ that accounts for an effective adatom spin. This num-

ber typically differs from the free atomic case since substrate interactions and hybridization

effects occur on the surface.

−2 −1 1 20
<J z* >

En
er

gy
 [

a.
u.

] MAE

ZFS
4D

Figure 2.3: Energy level scheme of an adatom with J∗ = 2 and a large MAE of 4D , where D
is the axial anisotropy term (see section 2.2.1). ZFS refers to the Zero-Field Splitting, i.e., the
first accessible state in absence of external magnetic field.
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2.2.1 Spin Hamiltonian Model

For an atom adsorbed on a surface, the Hamiltonian can be written as:

H = Hat +HZ +HCF with HZ =µB g J J ·B (2.3)

where the first term is defined in equation 2.2 and the second term is the Zeeman inter-

action, for a given external magnetic field B. The g -factor is best described by a 3x3 tensor

that includes anisotropic effects in the three-dimensional space. HCF in equation 2.3 is the

crystal field that interacts with the adatom’s orbital momentum and originates from the sur-

rounding charges positioned at a distance |R j −r|. The electrostatic potential experienced by

the adatom is [30]:

VCF(r) =∑
j
= q j

|R j − r| (2.4)

After expanding equation 2.4 into spherical harmonics, using the Laplace expansion [31],

Stevens’ operators Om
n can be introduced as:

HCF =∑
n

∑
m

B m
n Om

n (2.5)

where |m| < n. The Stevens operators are hermitian and reflect the crystal symmetry.

This fact significantly reduces the number of non-zero terms in equation 2.5 [32–34]:

• n is positive and has an upper limit set by n ≤ 2l , where l is the single-electron orbital

momentum of the incomplete shell.

– n ≤ 4 for 3d transition metals.

– n ≤ 6 for rare-earths.

• For a single atom on a surface with crystal symmetry Cχv , the allowed Stevens’ opera-

tors in the expansion are O(−1)mχmχ
2p with m, p ∈N.

Stevens’ operators can be written in the orbital momentum basis as shown in table 2.1.

The contributions Om
n ||m|=n are expressed as a linear combination of the m-th power of lad-

der operators L̂±, defined as:L̂± = L̂x ± i L̂y

L̂± |l ,ml 〉 = ħpl (l +1)−m(m ±1) |l ,m ±1〉
(2.6)

The spin-Hamiltonian presented in equation 2.3 is generally complex to handle since it re-

quires the knowledge of all quantum numbers, modified by the ligand-field and the external

magnetic field.
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A good approximation is to use an effective spin-Hamiltonian, where the individual con-

tributions of orbital and spin moments are replaced by an effective spin J∗ that possesses the

crystal and spin symmetry properties. In this case, one obtains:

Heff = HCF(J∗)+HZ(g eff, J∗) (2.7)

where g eff is the effective g-factor that typically differs from the free electron case g ≈ 2.

Depending on the CF symmetry, Stevens’ prefactors B m
n can be expressed as a linear combi-

nation of parameters Dn and En , defined respectively as the axial and transverse anisotropy

terms. Examples are shown in section 2.2.2.

n m Om
n

2 0 3L2
z − l1

±1 ±1
2

[
Lz ,L+±L−

]
+

±2 ±1
2 (L2+±L2−)

4 0 35L4
z −

(
30l −25

)
L2

z +
(
3l 2 −6l1

)
±1 ±1

2

[
7L3

z − (3l +1)Lz ,L+±L−
]
+

±2 ±1
2

[
7L2

z − (l +5)1,L2+±L2−
]
+

±3 ±1
2

[
Lz ,L3+± J 3−

]
+

±4 ±1
2 (L4+±L4−)

Table 2.1: List of the first Stevens’ operators with even n, written in terms of orbital operators
(L̂z , L̂+, L̂−). [Â, B̂ ]+ indicates the symmetric product (ÂB̂ + B̂ Â)/2 and l = L(L+1) [35].

When L is sufficiently quenched by the CF and when S takes the symmetry of the crystal

via the spin-orbit coupling, Stevens’ operators can be written in the S-basis similarly to the

definition provided in table 2.1. In this case, S becomes a good quantum number for deter-

mining the magnetic states and thus J∗ ∼ S [36]. Smaller contributions from L can still be

incorporated in a modified g -factor g eff [37]. This effective Hamiltonian is particularly ac-

curate for describing Fe on MgO [38]. Another approximation J∗ ∼ J is used for rare-earth

adatoms, where an atomic value of L is preserved for the 4f shell and the spin-orbit interac-

tion is dominant over the CF that acts as a perturbation on the |J ,m J 〉 basis.

2.2.2 Crystal-Field and Magnetic Stability

In this section, we show how the interaction with the substrate can lead to a stable

magnetic ground state for a given adatom. The quantum number J∗ is used in the spin-

Hamiltonian, written as a function of D and E instead of the complete Steven’s operators.

Figure 2.4 shows how the CF distributes the magnetic states of an atom on adsorption sites

with different crystal field symmetries Cχv with respect to the rotation around the out-of-

plane direction.
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Figure 2.4: Spin-Hamiltonian, adsorption-site geometries and corresponding energy level
schemes of adatoms with different effective spin configurations and environments: (a)
C2v , J∗ = 3 , (b) C3v , J∗ = 5/2, (c) C4v , J∗ = 7. The figure is adapted from [33, 39].

The three cases in figure 2.4 all show an out-of-plane MAE induced by the CF. This sug-

gests a negative uni-axial anisotropy term Dχv in the Hamiltonians. As shown in figure 2.3,

the MAE barrier height is −|Dχv |J∗2
for integer spins and −|Dχv |(J∗

2− 1
4 ) for half-integer spins

[40, 41]. States drawn with the same color belong to the same eigenstate of Hχv and are mixed

by the ladder operators, with a strength Eχv . This transverse anisotropic term enables spin

reversal paths at reduced energies compared to the MAE and compromises the magnetic

ground state stability. When a spin travels through the MAE barrier via mixed states, Quan-

tum Tunneling of the Magnetization (QTM) occurs and leads to a reversal of the magnetic

moment. This mechanism typically shortens the lifetime of the initial magnetic state and is

present for integer spins, that can form split doublet states at J∗z = 0, as illustrated in figure

2.4(c). Half-integer spins however, as shown in figure 2.4(b), are protected against direct QTM

following Kramer’s theorem[42]. The best way to build a long-lived magnetic ground state is

therefore to provide a large MAE, with large negative D and small transverse anisotropy E .

Moreover, high coordination environments are preferred since they space the mixed levels

further apart, preventing direct QTM between degenerate ground states at zero magnetic

field. Other spin reversal mechanisms have to be considered and are illustrated in figure 2.5.
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Figure 2.5: Reversal path mechanisms of the adatom’s magnetic moment [33].

Figure 2.5 (a) shows the reversal of the magnetic moment with an energy equal or larger

than the MAE. This can be induced by an inelastically scattered electron, phonon or both. As

indicated in figure 2.5(b), shortcut tunneling can occur for integer spins traveling to opposite

magnetization via the J∗z = 0 states. This reversal mechanism is generated by the symmetric

or anti-symmetric mixing of two states induced by the crystal-field. As shown in figure 2.5(c),

an external magnetic field lifts the degeneracy of the two magnetic ground states and leads to

a resonant magnetization tunneling when mixed states are energetically aligned [43]. The ar-

rows in figure 2.5(d) indicate transitions for a change in the adatom’s effective spin∆m J∗ =±1

induced by inelastic scattering events. In this case, when the system is excited, the spin can

tunnel and relax to the other side of the barrier via mixed states. In an STM experiment, the

magnetic moment stability in the ground state can be weakened by scattering events from

the tip and substrate electrons. To reduce the scattering probability with the tip electrons,

the tunneling current can be lowered. Additionally, adatoms can be protected from substrate

electrons by placing them on insulating layers grown on top of a conductive crystal. In this

thesis, thin insulating films of MgO are grown on a Ag(100) single crystal for this purpose. This

choice is strongly motivated by the existing successful studies with ESR-STM [14–16, 44–48]

and with probing the magnetic ground state lifetime of adatoms [44, 49, 50]. With a simple

cubic structure [51], MgO is attractive due to its high stiffness, translating into a low phonon

density in the low energy regime [52], minimizing direct, Orbach and Raman scattering pro-

cesses [53–55]. In conclusion, the combination of CF and spin-orbit interactions define how

the magnetic energy levels are arranged along an easy axis as well as how they mix. The intrin-

sic magnetic ground state lifetime depends on the scattering cross-sections with substrate

electrons and phonons. When addressing these systems with STM, an additional scattering

contribution from the tip electrons reduces this lifetime.

2.2.3 3d Transition Metal Adatoms

For 3d elements adsorbed on a crystalline surface, the Hamiltonian is, in order of de-

creasing contribution:

H = He-e +HCF +HSO +HZ (2.8)

The terms He-e and HSO in equation 2.8 are introduced in equation 2.2 as HCF and HZ are

Clément Marie Soulard 11



Chapter 2 - Theory and Methods

defined in equation 2.3. The unpaired electrons are located in the outermost 3d shell, lead-

ing to a larger interaction with the field created by surrounding charges compared to intra-

atomic spin-orbit perturbation. If the orbital moment is low and sufficiently quenched, S is

a good quantum number for describing the energy level scheme of the adatom [56]. This is

the case for Mn atoms adsorbed on top-Oxygen sites MgO that have L = 0 in the 3d5 con-

figuration according to Hund’s rules. Despite the crystal field adding small L contributions,

the quantum numbers from the atomic case are almost preserved with Sz ≈ 5
2 . In this case,

the approximation J∗ ∼ S is accurate and the spin-Hamiltonian can be written in terms of S.

However, the quenching of L is far from being a generality as Co and Fe on top-Oxygen sites

MgO have non-negligible orbital moments. This is particularly true for Co that has an almost

fully preserved Lz [57]. Figure 2.6 shows the projected expectation values of Lz and Sz in unit

of ħ in a magnetic field for Mn, Co and Fe on MgO [58].

(b)

(a)

(c)

Figure 2.6: Low-energy spectra of Mn (a), Co (b) and Fe (c) adsorbed on MgO with energies
given relative to the ground state [58]. The different colors indicate the distinct magnetic
states of each system, defined by the quantum numbers Lz and Sz .

In figure 2.6, the solid lines are obtained by multiplet calculations combined with plane-
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wave Density Functional Theory (DFT). The circles in figure 2.6 (c) correspond to the fitting

to a spin Hamiltonian. The conservation of the atomic-like orbital momentum of Co, shown

in figure 2.6, can be explained by an almost uni-axial CF C∞ and a strong spin-orbit coupling

∆E =λL ∆S > 50 meV. For Fe, the CF with symmetry C4v completely quenches the orbital mo-

mentum which is then partially restored by the spin-orbit interaction on the order of 20 meV

[38, 58].

2.2.4 Rare-earth Ions

Rare-earth or lanthanide atoms have an electronic ground state of the form [Xe]4 f n5d m6s2,

with n = 0 for Lanthanum and n = 14 for Lutetium. For these two elements and for Cesium

m = 1, otherwise m = 0. They are described on a surface with the following Hamiltonian, in

order of decreasing contribution:

H = He-e +HSO +HCF +HZ (2.9)

Compared to 3d elements, the terms HCF and HSO in equation 2.9 are switched with

HSO > HCF. The fact that the 4f electrons lie closer to the nucleus with a small spatial ex-

tension of their wavefunctions explains the lower contribution of HCF with respect to HSO for

rare-earths compared to 3d adatoms [59]. The typically-large spin-orbit interaction mixes L

and S quantum numbers so the CF can be treated as a perturbation that lifts the (2J +1)-fold

degeneracy of the ground state. In this case, the effective spin J∗ is approximated by J .

Figure 2.7: Approximations of the angular dependence of the 4f spatial charge density distri-
bution as a function of m J [60].
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Figure 2.7 shows the different 4f spatial charge density distributions for rare-earths in

the trivalent configuration 6s25d 14 f n−1, with the lowest spin-orbit state. The substrate-

dependency on the adatom’s charge density and the MAE is highlighted in figure 2.8 where

the spin ground state orientation is shown for an Erbium (Er) atom deposited on Platinum

Pt(111) and on Copper Cu(111). The CF determines the magnetic ground state m J [61].

Pt(111) Cu(111)Free

Er Er Er

Figure 2.8: 4f charge density of an Erbium atom with J = 15/2 in the free case (left) and to
the ground state on Pt(111) (middle) and on Cu(111) (right). The arrows indicate the ground
state magnetization orientation on each substrate. The figure is adapted from reference [62].

2.3 Scanning Tunneling Microscopy (STM)

The magnetism of single adsorbed atoms deposited on thin insulating films can be in-

vestigated with STM and SP-STM. In this section, the working principle of STM is presented,

followed by a theoretical description of electron tunneling, including the SP case. Similarly,

STS and SP-STS are introduced with a focus on inelastic scattering that can generate mag-

netic transitions. A part is dedicated to the description of magnetic lifetime measurements,

introducing the rate equations. Finally, the theoretical and technical aspects of ESR-STM are

discussed.

2.3.1 Operational Principle

The working principle of an STM is presented in figure 2.9.

(A) (B)

Figure 2.9: (a) Working principle of an STM where the microscope is placed in a Ultra-High
Vacuum (UHV) chamber [63]. (b) Close up of a realistic tip-sample tunneling junction where
a positive bias is applied on the tip [64].

The plane x̂ ŷ is conventionally defined parallel to the sample surface and ẑ is set along

the tip-sample axis. Positive ẑ signifies going away from the sample surface. Piezoelectric
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transducers along x̂, ŷ and ẑ allow the tip to move laterally and vertically in close vicinity

to the conductive sample. During normal operation, a tunneling voltage Vt is applied and a

tunneling current It is recorded. Typically, Vt is chosen between a few millivolts up to a few

volts with It ranging from pA to nA. The latter is measured using a suitable current-to-voltage

I/V amplifier. Samples can be scanned using the two following methods: (1) constant height

mode where the tip is kept at an absolute tip-sample height z and the variation of the tunnel

current is recorded; (2) constant current mode where an electronic feedback loop adjusts z

in order to keep a constant It during the scan. In this thesis, only constant It STM images are

shown as ∆z maps in the sample plane x̂ ŷ .

2.3.2 Electron Tunneling

Although vacuum tunneling was predicted by theory in the 1930s [4, 65], the first exper-

imental evidence of tunneling from an atomically sharp tip to a flat surface was realized by

Young et. al. [66]. They showed a transition from field emission to tunneling regime using the

topographiner, considered as the predecessor of STM [66, 67]. It was shortly after that Binnig

and Rohrer published their first experimental results using their STM and showing tunneling

current traces as a function of tip-sample distance [68].

A theoretical description of electron tunneling is provided here to understand the work-

ing principle of an STM. We start with a one-dimensional case where the time-independent

Schrödinger equation of a single electron subject to a potential U (z) is:

− ħ2

2m
∇2Ψ(z)+U (z)Ψ(z) = EΨ(z) (2.10)

where Ψ is the electron wave function, m its mass and E its energy approximated by the

Fermi energy EF . In a metal, the potential can be set to zero and the wave functionΨfree is a

plane-wave, giving the solution of equation 2.10 with momentum k:

Ψfree(z) = Ae i kz with k =
√

2me EF

ħ2 (2.11)

A is a normalization constant such that |Ψ f r ee (z)|2 = 1. Adding the standing-wave travel-

ling in opposite direction A′e−i kx is also possible and does not change the general solution.

At a metal-vacuum interface, the particle at the Fermi level does not vanish outside the metal

but rather follows an exponential decay [69]:

Ψvac(z) = Be−κz with κ≈
√

2m

ħ2 ·Φ (2.12)

where B is a normalization constant satisfying the boundary conditions with equation

2.11 and Φ is the metal work function. Figure 2.10 sketches the behavior of Re[Ψ(z)] in a

metal-vacuum junction.
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Metal Vacuum
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Figure 2.10: Potential scheme for a metal-vacuum junction (top). The shaded area corre-
sponds to the classical forbidden region. The bottom graph shows the real part of the wave
function traveling along positive ẑ. The figure is inspired from reference [70].

Since the wave function does not vanish across the vacuum barrier, a transmission coef-

ficient can be estimated from the probability of the electron to be at z = d with respect to

z = 0 [70]:

T = |Ψ(d)|2
|Ψ(0)|2 ≈ e−2κd (2.13)

Equation 2.13 reveals an exponentially decaying transmission with respect to the vacuum

gap width. The factor of 2 in equation 2.13 accounts for two electrodes separated by a vacuum

gap as in STM, where the two conductive regions are the STM tip and the sample. Applying

a tunneling voltage Vt modifies the rectangular potential U (z) of figure 2.10. In that case, the

Fermi level of the tip shifts by |e|Vt with respect to the one of the sample, as shown in figure

2.11.

Tip Vacuum

𝐸! − 𝑒𝑉

𝑧0

𝐸
Sample

𝑑

𝐸!

𝑅𝑒[ 𝜓"(𝑧)] 𝑅𝑒[ 𝜓#(𝑧)]

𝑈(𝑧)
𝐼$

Figure 2.11: A positive bias applied to the STM tip has the effect of lowering its Fermi level
with respect to the one of the sample by eVt . Electrons tunnel between the two metals, close
to the Fermi level, inducing a net tunneling current It in a direction set by the bias polarity.
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Both metal wave functions are shown, with a spatial overlap in the tunneling gap leading

to a tunneling current It . This one-dimensional model allows to understand the basic prin-

ciple of STM but a three-dimensional geometry is required for a more accurate description.

2.3.3 Tersoff-Hamann (TH) Model

In 1983, Tersoff and Hamann provided a three-dimensional model describing electron

tunneling in STM based on Bardeen’s transfer Hamiltonian [71–73]. Initially, the Tersoff-

Hamann (TH) model treats the tip and the sample as two separate sets of wave functions

ΨT and ΨS subject to potentials UT and US and evolving according to the time-dependent

Schrödinger equation. The main idea lies in using perturbation theory as the two metals are

brought closer to each other in an adiabatic process. Once the distance between the tip and

the sample is reduced, the system can be described by the Schrödinger equation including

both potentials UT and US . The corresponding wave function of the complete system Ψ(t )

can be written as a linear combination of tip and sample wavefunctions:

Ψ(t ) =∑
µ
Ψ(S,µ)(t )+∑

ν
cν(t )Ψ(T,ν)(t ) (2.14)

where µ and ν describe the different states available in the sample and tip respectively.

We consider, here, the case of a positive tip bias applied such that the system at t = 0 is

initially described by the sum of sample wavefunctions with a time-dependent coefficient

cν(t = 0) = 0. From equation 2.14, we introduce the electron tunneling probability Pµ→ν,

defined as the probability of sample’s state ΨS,ν evolving into a tip’s state ΨT,ν. A transition

matrix Mµν characterizes sample-tip electron transitions µ → ν [74]:

Pµ→ν = |cν(t )|2 ∝|Mµν|2 (2.15)

The tunneling current is expressed as the time-varying probability Pµ→ν(t ), incorporating

the state occupancy at the Fermi level and a positive bias Vt applied to the sample [65]:

It (Vt ,T ) =2π

ħ
∫ +∞

−∞
|M |2

[
f (EF −eVt +ϵ)− f (EF +ϵ)

]
·2e ·ρS(EF −eVt +ϵ)ρT (EF +ϵ)dϵ

(2.16)

The term 2e ·ρS(EF −eVt +ϵ) corresponds to the number of available electrons (the factor

of 2 arises from the spin) while the Fermi-Dirac distributions f (EF − eVt + ϵ)− f (EF + ϵ) de-

scribe the state occupations of both electrodes as a function of temperature and determine

thereby which electrons can tunnel. At low temperatures and low voltages, the Fermi-Dirac

distribution is sufficiently steep to evaluate the integral of equation 2.16 from 0 to eVt . The

tunneling current becomes then:

It = 4πe

ħ
∫ eVt

0
ρS(EF −eVt +ϵ)ρT (EF +ϵ)|M |2dϵ (2.17)
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The main assumption of the TH model is to treat the tip as a spherical s-orbital, leading

to a flat Local Density of States (LDOS) at the center of the tip apex. This assumption gives

the following expression for the tunneling current [64, 65]:

It ∝V ρS(EF −eVt )e−2dk (2.18)

where k is the electron momentum and d is the tip-sample distance. The exponential in

equation 2.18 arises from the transition matrix |M | in equation 2.17. This term is computed

using Fermi’s golden rule with the tip’s and sample’s wavefunctions that possess an exponen-

tial dependence in the tip-sample distance d (cf. equation 2.12). As k is typically on the order

of 1 Å for a metal work function of 4 eV, an increase of d by 1 Å leads to a decay of the tunnel-

ing current by almost one order of magnitude [63]. Therefore, the atom positioned at the tip

apex contributes mostly to the tunneling current measured.

As a conclusion, the TH model highlights the ability to access the sample’s LDOS with

the tunneling current in STM. STM images are therefore a convolution of the sample’s sur-

face topography with the sample LDOS and the tip geometry. Under some conditions, STM

can also carry SP information about the sample and is known as SP-STM.

2.3.4 Spin-Polarized Scanning Tunneling Microscopy (SP-STM)

SP-STM is based on using a tip with a net magnetic moment, caused by the imbalance of

spin "up" σ=−1
2 and spin "down" σ=+1

2 electron populations. The minority and majority

states are split by the exchange interaction between electrons [75]. If the tip is positioned over

a magnetic surface, the tunneling current is influenced by the Tunneling Magnetoresistance

(TMR) effect, that depends on the relative orientation of the tip’s and surface’s magnetic mo-

ments. The tunneling processes of spin "up" and spin "down" electrons have to be consid-

ered independently [76]. In figure 2.12, the working principle of SP-STM is illustrated for an

SP tip placed above a magnetic adatom adsorbed on a thin insulating film grown on the con-

ductive sample. At low tunneling voltages, elastic tunneling of electrons contributes domi-

nantly to the tunneling current, as we assume the absence of spin-flip scattering during the

tunneling process. Under this assumption, high (low) tunneling conductance corresponds to

a(n) (anti-)parallel orientation of the magnetic moments [77, 78].

Clément Marie Soulard 18



Chapter 2 - Theory and Methods

High Conductance(A) (B) Low Conductance

| ۧ𝜓↑
| ۧ𝜓↓

Tip 

Magnetic 
Adatom 

Substrate 

Figure 2.12: Working principle of SP-STM, in the context of single atom magnetism at low
temperature. The tip is placed at the same height z with respect to the adatom in panels (A)
and (B) and a constant negative tip bias is applied. The tunneling conductance depends on
the relative orientation of the adatom’s and tip’s magnetic moments. We consider only elastic
tunneling processes, and |Ψ↑〉 and |Ψ↓〉 denote the adatom magnetic states. A simplified
band model shows the density of states of both electrodes close to the Fermi level.

Experimentally, an SP tip can be constructed from a bulk ferromagnetic or antiferromag-

netic material, or by coating a non-magnetic tip with layers of magnetic material. In this

thesis, we use another method consisting of picking up magnetic Fe atoms on the sample

surface to spin-polarize an initially non-magnetic bulk tip.

2.3.5 Scanning Tunneling Spectroscopy (STS)

By taking equation 2.17 and using Leibniz’s rule for calculating the derivative of It , one

obtains:

d It

dV
(Vt , x, y, z) ∝ ρS(x, y,eVt ) (2.19)

assuming a constant probability |M |2 and a constant tip LDOS. STM has therefore the

capability to measure the sample LDOS, which is only available via a tunnel junction. For

these ideal assumptions, the tunneling conductance is directly proportional to the sample

LDOS. The term spectroscopy used in this thesis refers to dI/dV measurements as a function

of the tunneling bias and not to other types of spectroscopy like dz/dV. The typical operation

of a spectroscopy experiment starts by positioning the tip over a specific point of interest

on the sample’s surface (adatom, thin insulating film, metal substrate) at given tunneling

parameters (It , Vt ). The feedback loop is then switched off to keep a constant tip-sample

distance while the bias is swept over a given interval. The way dI/dV traces are recorded is

not by a simple numerical derivative of I (V ) spectra since this would lead to a high level of

noise [79]. Instead, a lock-in amplifier is used to measure the first derivative of It with respect

to Vt .
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Spin Excitation Spectroscopy (SES)

The tunneling of electrons from one electrode to another can occur elastically or inelas-

tically depending on their energy and on the investigated system. Inelastic Electron Tun-

neling Spectroscopy (IETS) has been employed to study systems with vibrational, rotational

or magnetic quantized levels [80–83]. In the context of single atom magnetism, we focus on

Spin Excitation Spectroscopy (SES), which is a type of STS and IETS. Figure 2.13 illustrates the

working principle of SES for an adatom, initially in the magnetic ground state |Ψi 〉. In figure

2.13(A), a negative bias is applied to the tip. If the electron energy stays below e|Vexc|, tun-

neling through the barrier occurs elastically, without disturbing the magnetic moment of the

atom. When |Vt | ≥ |Vexc|, an additional conductance path opens for electrons that exchange

energy and spin angular momentum with the adatom. In this case, the tunneling process

is described by ∆σ = +1 which imposes ∆m J∗ = −1 on the magnetic adatom, excited in the

state |Ψ f 〉. Figure 2.13(B) shows the corresponding dI/dV spectrum of the system where the

tunneling bias is swept symmetrically around 0 V and beyond |Vexc|. Elastic tunneling con-

tributes to the signal as a voltage-independent conductance (grey area E). The opening of a

new inelastic conductance channel leads to a step-like increase of the signal at |Vt | ≥ |Vexc|
(red areas I− and I+). For paramagnetic tip and substrate, the steps are symmetric around 0,

leading to equal areas I− and I+.
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Figure 2.13: Working principle of SES. (a) Mechanism of inelastic tunneling via a magnetic
atom sitting on the sample surface. The electron from the tip interacts with the adatom,
changing its state from |Ψi 〉 to |Ψ f 〉 [13]. (b) Idealized dI/dV measurement on the adatom
with |eVexc| matching the energy difference between the states |Ψi 〉 and |Ψ f 〉.

Figure 2.14 summarizes the different tunneling processes that can occur inelastically and

elastically, with a magnetic adatom adsorbed on the sample surface at low temperature. The

panels are drawn similarly to the one in figure 2.13 (A), with the vertical axis representing

the energy carried by tunneling electrons and the adatom. Red and green arrows symbolize

tunneling electrons with spin "up" (σ=−1
2 ) and "down" (σ=+1

2 ) respectively.
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Figure 2.14: Inelastic and elastic electron tunneling processes, occurring when the tip is
placed over a magnetic atom adsorbed on the sample surface. Panels (A) to (D) represent
the inelastic processes, as (E) and (F) correspond to the elastic case where electrons do not
exchange energy and spin with the adatom. The figure is inspired from reference [13].

For the inelastic processes, shown from panels (A) to (D), the electron has enough energy

to induce transitions from |Ψi 〉 to |Ψ f 〉 to the adatom. The elastic tunneling processes are

shown in panels (E) and (F), where the adatom stays in the state |Ψi 〉. In figure 2.14 (A) and

(B), tunneling electrons exchange energy and spin with the adatom, imposing a change in the

adatom’s total angular momentum ∆m J∗ =±1 when transiting from |Ψi 〉 to |Ψ f 〉. Panels (C)

and (D) correspond to tunneling electrons transferring energy but not spin with the adatom.

This imposes∆m J∗ = 0. Magnetic systems subject to transverse anisotropy can undergo such

transitions, where the higher energy state |Ψ f 〉 is mixed with the initial one |Ψi 〉. For panels

(E) and (F), neither energy nor spin are exchanged and the adatom’s magnetic state remains

in |Ψi 〉. In this case, we also have ∆m J∗ = 0.

After the first spin-flip experiment on Mn adatoms on Aluminum Oxide Al2O3 [83], other

3d elements were studied, especially on Cu2N [84–86] and later on MgO [38, 57]. Rare-earth

adatoms were also addressed with STS and can reveal intra-atomic spin-excitation features,

where the alignment of the 4f spin with respect to the valence spin is inverted [87, 88]. This

enables the measurement of the intra-atomic exchange between 6s5d and 4f electrons [87].
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Spin-Polarized Spin Excitation Spectroscopy (SP-SES)

Figure 2.15 shows the working principle of SP-SES in an idealized dI/dV spectrum mea-

sured on a magnetic adatom. We assume that the tip’s and adatom’s magnetic moments

are aligned for |Vt | < |Vexc|. The elastic tunneling contributes in the signal as E− and E+
for negative and positive biases, respectively. As seen in section 2.3.4, the use of an SP tip

discriminates tunneling probabilities of electrons with spin "up" and spin "down". As a

consequence, an asymmetry in the dI/dV spectrum around Vt = 0 is observed as long as

mtip · madatom ̸= 0. Figure 2.15 introduces the dI/dV spectrum of a magnetic adatom, where

a transition ∆m J∗ = −1 occurs from the energy e|Vexc|. Given that the tunneling bias is ap-

plied to the tip, inelastic tunneling dominates at negative Vt with a signal I− larger than I+.

Below the spectrum in figure 2.15, simplified band models are illustrated for negative (left)

and positive (right) tip biases.
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Figure 2.15: Working principle of SP-SES and idealized dI/dV spectrum. Spin-polarized tun-
neling processes are shown for a tip placed on a magnetic adatom adsorbed on the sample
surface. A tunneling bias is applied to the tip and we consider only one possible magnetic
transition for the adatom, such that ∆m J∗ = −1 at Vt = e|Vexc|. The arrows indicate the tun-
neling path with thicknesses related to the strength of the process [13].

Clément Marie Soulard 22



Chapter 2 - Theory and Methods

The spin-polarization of the inelastic tunnel conductance is obtained by estimating the

height difference of the conductance steps at positive and negative voltages [13]:

P = η+−η−
η++η−

∝ ηS (2.20)

where ηS is the spin polarization of the tip. In equation 2.20, η+ and η− are the conduc-

tance steps at negative and positive tip bias respectively, as shown in figure 2.15. From this

description, quantifying the influence of tunneling electrons on the adatom’s magnetic state

is a fundamental step for determining and optimizing its magnetic stability with STM.

2.3.6 Magnetic State Lifetime: the Example of a Single Fe Adatom on MgO

To understand what limits the magnetic state lifetimes of single surface adsorbed atoms,

we need to quantify the contribution of the different electronic scattering events when these

systems are investigated with STM. We take the example of a Fe atom adsorbed on a few

MLs-thick MgO/Ag(100), as this system will be studied with the QSR technique in chapter 7.

We derive the ground and first excited state lifetimes of an Fe atom on MgO, based on the

electronic rate equations. This system can be described by the following spin-Hamiltonian:

Heff = D2Ŝ2
z +E4(Ŝ4

−+ Ŝ4
+)+ g eff

z µB Bz Ŝz (2.21)

where D2 =−4.7 meV and |E4| < 2µeV [38, 49]. These parameters suggest an out-of-plane

easy axis of the magnetization with an expectation value of < Sz >≈ 2 in the ground state. An

effective g-factor of 2.57 is calculated and is significantly above the free-electron value [38].

At Bz = 2 T, the ground and first excited states, |0〉 and |1〉 respectively, are written as a super-

position of |Sz =−2〉 and |Sz =+2〉, given the C4v adsorption site symmetry for Fe [49]:

|0〉 = 0.9999 · ( |Sz =−2〉)−0.0004 · ( |Sz =−2〉)
|1〉 =−0.0004 · ( |Sz =−2〉)+0.9999 · ( |Sz =+2〉) (2.22)

Figure 2.16(a) illustrates the different electronic interactions with the adatom, sitting be-

tween the conductive tip and sample Ag(100). The calculations are based on reference [49]

and we consider a positive tip bias Vt→s > 0 where t = tip and s = sample. In figure 2.16 (b),

the external magnetic field splits the energy of states |0〉 and |1〉. At 2 T, the energy separation

is around E01 ≈ 1.19 meV. QTM is induced by inelastic scattering and leads to the reversal

of the magnetization along the easy axis. As the product | 〈0| Ŝz |1〉 |2 is non-zero, tunneling

electrons exchange energy but not spin with the adatom during this process (∆mS = 0).
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Based on the notations introduced in figure 2.16, equation 2.23 provides the electronic

relaxation rate r 1→0
e and the excitation rate r 0→1

e :
r 1→0

e = r 1→0
t→t + r 1→0

t→s + r 1→0
s→t + r 1→0

s→s

r 0→1
e = r 0→1

t→t + r 0→1
t→s + r 0→1

s→t + r 0→1
s→s

(2.23)

where 1 → 0 and 0 → 1 indicate transitions from |1〉 to |0〉 and from |0〉 to |1〉 respectively.
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Figure 2.16: (a) Scheme of the different electronic scattering events for a magnetic Fe atom
adsorbed on a few MLs-thick MgO/Ag(100) layers, and investigated with STM. t → s (s →
t ) corresponds to the excitation or relaxation process from an electron tunneling from the
tip (substrate) to the substrate (tip). s → s (t → t ) represents the spontaneous relaxation
process from a substrate (tip) electron that return to the substrate (tip) after interacting with
the adatom. (b) Qualitative energy level scheme of the Fe adatom with J∗ ∼ S and Sz = 2. An
external magnetic field is applied along ẑ and lifts the ground state degeneracy.

Following the calculations in reference [49], we express each transition rate from elec-

trode m to electrode n using the Fermi-Dirac distribution f (E):
r 1→0

m→n = P Gm→n

|e|2

∫ +∞
−∞ f (E)

[
1− f (E +E01 −|e|Vt→s)

]
dE

r 0→1
m→n = P Gm→n

|e|2

∫ +∞
−∞ f (E)

[
1− f (E −E01 −|e|Vt→s)

]
dE

(2.24)

where P is the inelastic scattering probability, Gm→n the conductance between electrodes

m and n, E01 the energy difference between states |0〉 and |1〉, and Vt→s the positive tip bias

applied.
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For voltages eVt→s >> kB T , one obtains the following approximation:


r 1→0

e ≈ P
|e|2

(
E01

(
Gs→s +Gt→t

)+ (|e|Vt→s +E01)Gt→s

)
with Gt→t =G2

t→s/Gs→s

r 0→1
e ≈ P

|e|2
(|e|Vt→s −E01

)
Gt→s

(2.25)

where E01 is the Zeeman splitting for a magnetic field Bz . Non-electronic processes rne

can be added to the description leading to a total rate of rtot = re + rne . The rate rne is at-

tributed to spin-phonon coupling, defined at a given temperature, and considered indepen-

dent of the MgO thickness. It is treated as a constant in reference [49] and an explicit form of

rne is not discussed here. The associated magnetic lifetimes of |0〉 and |1〉 can be defined as:
τ|1〉 =

(
r 1→0

e + r 1→0
ne

)−1
≈ T1

τ|0〉 =
(
r 0→1

e + r 0→1
ne

)−1

(2.26)

where T1 is the relaxation time, defined as the time the adatom’s magnetic moment re-

laxes from the excited state |1〉 to thermal equilibrium. At low temperature and high magnetic

fields, the energy difference between |0〉 and |1〉 is large compared to kB T . Under these con-

ditions, we can approximate T1 by the time the system takes to relax from |1〉 to |0〉, i.e. τ|1〉.
In equation 2.25, the substrate-substrate conductance Gs→s strongly depends on the number

of MLs of MgO on which the Fe atom is adsorbed. For 2 ML, Gs→s = 10−4 ·G1 and for 3 ML,

Gs→s = 10−6 ·G1, where G1 is the metallic conductance of the adatom. With these parame-

ters, we show the relaxation time measured with pump-probe spectroscopy, with a SP tip, as

a function of Gt→s in figure 2.17 [49].

Figure 2.17: Pump-probe measurement of the relaxation time T1 of Fe on 2 ML MgO versus
tip-sample conductance at Bz = 2 T, Vt = 10 mV and TSTM = 1.2 K [49].
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The solid black line in figure 2.17 fits the data using equation 2.25 with P , G1 and rne as the

fitting parameters. In this context, a pump-probe experiment consists of applying a voltage

pulse across the tunneling junction to excite the adatom’s spin (pump) followed by a weaker

voltage pulse to measure the adatom’s magnetic state at a time∆t after the excitation (probe).

Many pump-probe cycles are performed at different times ∆t and allow the measurement of

a SP current as a function of ∆t [85]. The relaxation time can be determined by fitting the

exponentially decaying pump-probe signal and leads to the plot in figure 2.17. In figure 2.17,

T1 is limited by the substrate-substrate scattering rate rs→s ∝Gs→s (blue line) in the low con-

ductance regime, where the influence of the tip is weak. At high conductance, T1 is limited by

tip-tip scattering rate (red line) rt→t ∝ G2
t→s/Gs→s , where the tip-adatom distance is short.

Finally, the relaxation rates rt→s and rs→t represent the contribution from electrons tunnel-

ing from one electrode to another, and scattering with the adatom’s spin (olive line).

In addition to pump-probe spectroscopy, other methods are available with SP-STM to ad-

dress the spin dynamics of single atoms at different timescales. Some of them are presented

in figure 2.18.

𝑝𝑠 𝑛𝑠 𝜇𝑠 𝑚𝑠 𝑠 ℎ

Spin Dynamics Timescale

Two-state Noise

Pump-Probe

High-freq. Stochastic Resonance

(A)
(B)

(C)

Figure 2.18: Non-exhaustive list of methods to address the spin dynamics of single atoms at
different timescales with SP-STM. The techniques shown in (B) and (C) can measure T1.

Panel (A) shows the high-frequency Quantum Stochastic Resonance (QSR) technique ap-

plied to Fe atoms adsorbed on Cu2N [89]. On the same decoupling material, the first pump-

probe experiment, carried on Fe-Cu dimers, is shown in panel (B) [85]. Panel (C) corresponds

to the first experiment recording a two-state noise on a magnet made of five Fe atoms on

Cu(111) [90]. Techniques shown in panels (B) and (C) are capable of measuring magnetic
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state lifetimes directly and, consequently, T1. QSR in panel (A) allows the measurement of a

time τ∗ that we introduce in section 2.3.8. Other methods, including lifetime broadening [91]

or spin-pumping [92, 93], exist but are not discussed here. In this thesis, only the two-state

noise and the high-frequency QSR are used and presented below.

2.3.7 Two-state Noise Experiment

When addressing the magnetism of single adsorbed atoms on surfaces with SP-STM, the

reversal of the magnetization along the easy axis can be measured in real-time, either as a

change in the tunneling current or in the tip-sample distance. This measurement, referred to

as two-state noise, is accessible for systems showing a magnetic ground state lifetime within

the current amplifier bandwidth, for a given temperature, magnetic field and tunneling volt-

age. The main motivation of conducting such experiment is to estimate the intrinsic mag-

netic lifetime of a system. In absence of tunneling electrons (Vt = 0), some magnetic adatoms

can spontaneously switch and reveal two-state noise induced by substrate phonons and elec-

trons from the crystal. Some other adatoms can retain a stable magnetic moment at Vt = 0

and no magnetization switching is observed. In this case, one needs to apply a tunneling

voltage (|Vt | > 0) to induce QTM via tunneling electrons that can scatter, either elastically

or inelastically, to the adatom. When the tunneling electron energy |eVt | equals or exceeds

the energy of the first magnetization reversal path, QTM is induced by scattering processes,

causing the system to switch between the two magnetization orientations along the easy axis.

As long as the tip’s magnetic moment has a non-zero projection with respect to the adatom’s

easy axis, the magnetization reversal can be probed as telegraph noise in the z or It signal,

with the feedback loop closed or open, respectively.

Two-state noise experiments on MgO/Ag(100) have been conducted on different single

atoms, such as Fe [49]. For a transition metal adatom, STM can directly access the 3d elec-

trons at the Fermi level, and the telegraph noise is a direct measurement of the 3d magnetiza-

tion reversal. Two-state noise have also been recorded on lanthanides in references [94–96]

and [50, 87, 88], for Holmium (Ho) and Dy respectively. In this case, the STM cannot probe the

confined 4f electrons and the telegraph noise corresponds to the magnetization reversal of

spin-polarized outer shells, accessible with STM. We assume a strong intra-atomic exchange

coupling such that the magnetic moment of the outer shell electrons follows the one of the 4f

electrons, and vice versa. Under these assumptions, telegraph noise measured for rare-earth

single atoms is an indirect measurement of the 4f magnetization reversal. We show in figure

2.19 (A) the two-state noise experiment on Dy adsorbed on the top-Oxygen site of MgO from

reference [50].
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In a two-state noise trace, the time occupations n0 and n1, of states |0〉 and |1〉 respec-

tively, can be calculated over a long measurement period, such that lifetimes τ|0〉 and τ|1〉 can

be determined accurately: τ|0〉 =
n0

n0+n1

τ|1〉 = n1
n0+n1

≈ T1

(2.27)

Intrinsic lifetimes can be estimated from equation 2.27 in a two-state noise experiment when

performed at low tunneling current and low tunneling voltage. In these conditions, the influ-

ence of tunneling electrons on the magnetic system is minimized. For example, the magnetic

moment of top-Oxygen Dy has been found stable in the ground state over days at low tunnel-

ing voltages and at TSTM = 1 K [50], confirming the experimental results from XMCD studies

[97].

(A) (B)

(C)

Figure 2.19: (A) Two-state noise experiment on a Dy adatom adsorbed on the top-Oxygen site
of MgO at Vt = 156 mV, TST M = 1.8 K and Bz = 5 T. (B) Switching Rate measured as a function
of tunneling voltage. (C) 4f energy level scheme of top-Oxygen Dy, obtained from multiplet
calculations for Bz = 5 T [50].

In figure 2.19 (B), the switching rate, defined as the total number of switchings divided

by the corresponding measurement time, is shown as a function of the tunneling voltage Vt .

Steep increases of the switching rate come from the opening of new scattering channels for
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tunneling electrons. Each energy onset e|Vt | can be assigned to a magnetization reversal

path for the 4f electrons. The corresponding energy level scheme is shown in figure 2.19 (C).

We will describe in more detail how this scheme is calculated in section 5.1. The first onset

is identified around 146 meV and corresponds to a reversal induced by inelastic scattering

∆m J = +1. The switching rate, that we call Γ from now on, can also change with the tunnel-

ing current. As reported in references [90, 94, 98], Γ follows the power law Γ ∝ I N , where

N is a fitting exponent. For Dy on MgO, an exponent N ∼ 1 is reported experimentally and

indicates that a single-electron process governs the magnetization switching.

2.3.8 Quantum Stochastic Resonance (QSR)

Stochastic resonance is a well-known phenomenon where the presence of noise can en-

hance the response of a non-linear system to a weak input signal. The auditory system pro-

vides an attractive example of how noise can augment the detection and processing of weak

signals: the presence of background noise typically improves the detection of faint sounds by

enhancing the system’s sensitivity to low-intensity auditory stimuli [99]. An optimal amount

of added noise improves the response of the system, whereas further noise increase only de-

grades the information content [100]. If stochastic resonance is at the core of many phenom-

ena in nature such as the periodicity of ice ages [101, 102] or the charge carrier dynamics in

micro-structure devices [103, 104], this mechanism has also been predicted at the quantum

level [105, 106].

In the context of the magnetism of single atoms, QSR has been demonstrated for the

magnetization reversal of Fe atoms adsorbed on Cu2N [89]. Figure 2.20 illustrates the work-

ing principle of this technique. Figure 2.20 (A) shows the simultaneous application of DC

and AC biases to the tip positioned over the adatom, where the ac component can be writ-

ten as VRF(t ) = V0, RF cos(ωt ). In absence of modulation, the adatom undergoes reversal of

its magnetization at a given DC voltage and temperature. In the case of Fe on the Nitrogen

site of Cu2N, a small transverse anisotropy term allows a real-time SP read-out of the mag-

netization orientations, as a two-state noise trace shown in figure 2.20 (B) 1. An excited state

lifetime on the order of milliseconds is reported for a tunneling bias Vt below the first inelastic

excitation threshold. The corresponding histogram of τee , representing the time intervals be-

tween consecutive excitations from the ground state |0〉 to the first excited state |1〉, is shown

in green in figure 2.20 (C). In the absence of an AC voltage, the distribution of τee follows a

hypo-exponential function, as indicated by the black solid line fitting the data. This function

corresponds to a Poisson distribution, describing well the waiting times between tunneling

electrons scattering with the adatom’s spin [89, 107]. The non-driven statistics exhibit a char-

acteristic maximum at τee ≈ 0.5 ms, which corresponds to the average round-trip time of the

magnetic bi-stable system.
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Figure 2.20: (A) Two-state noise experiment on a single Fe atom adsorbed on the top-
Nitrogen site of 1 ML-thick Cu2N/Cu(100). An SP tip is used, and a DC bias and an RF modu-
lation are applied. (B) Two-state noise without (1.) and with (2.) RF modulation applied with
fRF = 2 kHz. (C) Corresponding histograms for (B) 1. (green) and (B) 2. (purple) [89].

When an RF modulation is applied at a frequency of 2 kHz, corresponding to a char-

acteristic time of 0.5 ms, the tunneling voltage Vt +VRF(t ) becomes synchronized with the

excitation rates of the adatom. Consequently, the counts of τee undergo significant modifi-

cations, as shown by the purple trace in figure 2.20 (C). The counts for τee now peak at integer

multiples of the excitation period, TRF = 0.5 ms. These observations indicate that QSR fun-

damentally alters the dynamics of the Fe atom and enhances the signal-to-noise ratio of the

characteristic time τee of the non-driven system.

As explained in reference [89], QSR is realized by modulating the excitation rates, me-

diated by voltage-dependent inelastic electrons tunneling from the tip. This synchronization

makes the RF voltage acting as a drive for the magnetic excitations, efficient within a defined

frequency range ∆ fRF. In the case of Fe on the Nitrogen site of Cu2N, the synchronization

efficiency is ∆ fRF ∈ [0.2,10] kHz, for Vt = 15 mV and VRF = 5 mV. The relaxation rate is domi-

nated by scattering with bath electrons and is found constant over a single drive period [89].

For Fe adsorbed on the copper-site of Cu2N, the large transverse anisotropy generates

a faster reversal of the magnetization, beyond the I/V converter bandwidth. To probe the

dynamics of an adatom’s spin under QSR with SP-STM, the lock-in amplifier is synchronized

with the following RF chopping scheme: the driving voltage is turned "on" for the first half

of the lock-in cycle and "off" for the second half. The demodulated current from the lock-in

output is therefore directly related to the effect of the modulation and to the conductance

difference between states |0〉 and |1〉 [89]. Figure 2.21 illustrates the working principle of

high-frequency QSR. The term "high-frequency", introduced already in figure 2.18, refers to

a timescale of the spin dynamics that exceeds the I/V converter bandwidth and the data sam-

pling rate.
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Figure 2.21: Working principle of high-frequency QSR, capable of probing fast spin dynamics
in the context of single atom magnetism. Panel (B) is taken from reference [89] and shows
the spin-polarized current measured on a single Fe atom adsorbed on the copper site of 1
ML-thick Cu2N/Cu(100).

Figure 2.21 (A) shows three subplots, each corresponding to a color-coded inset in panel

(B). The average current shown in figure 2.21 (B) is the lock-in demodulated current, propor-

tional to the integrated conductance difference between the ground and first excited states.

This signal also provides a measurement of the relative magnetic population of the system,

given the RF chopping scheme described above and assuming a sufficient synchronization

between the drive and the adatom’s excitation rate. We describe now the different assump-

tions that we make regarding this technique, represented by the three color-coded insets in

figure 2.21. At 0 Hz (blue inset), we use a sufficiently low DC bias (10 mV) and a sufficiently

large magnetic field along the adatom’s easy-axis (1.5 T) to assume that the system is asym-

metrically populated, mostly in the ground state. This leads to a high lock-in current at 0 Hz

in figure 2.21 (B), since the tip’s and adatom’s magnetic moments are aligned here. As we

apply an RF modulation and increase the frequency, excitation events occur more frequently

leading to a Lorentzian-like decaying signal over the sweep. The minimum is reached when

the drive frequency becomes larger than the relaxation rate, leaving the adatom mostly in

the excited state (yellow inset). Based on these two assumptions, we define the characteristic

time τ∗ at the Lorentzian Half-Width at Half Maximum (HWHM) (red inset) as follow:

τ∗ = f −1
HWHM (2.28)

At the HWHM, the synchronization of the RF drive with the adatom’s excitation rate is

maximum. Assuming identical ground and first excited state populations, as well as an ideal

drive synchronization, τ∗ corresponds to the characteristic round-trip time of the non-driven

system, completing the transitions |1〉→ |0〉→ |1〉. Under these assumptions, τ∗/2 represents

an approximation of the first excited state lifetime and, therefore, of the relaxation time of the

system at low temperature.
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2.4 Electron Spin Resonance - Scanning Tunneling Microscopy (ESR-STM)

Electron Spin Resonance (ESR), also known as Electron Paramagnetic Resonance (EPR),

is a spectroscopic technique invented in 1944 by Y. Zavoisky, who observed changes in the ab-

sorption of radio-frequencies by paramagnetic substances in a magnetic field [108]. Among

its attractive features, this technique offers a high energy resolution for resolving spin exci-

tations, whose main limitation comes from the intrinsic spin relaxation broadening [109].

However, standard continuous-wave ESR requires at least 107 spins for sufficient signal-to-

noise ratio and has therefore a poor spatial resolution [110]. In contrast, STM offers sub-

nanometer resolution but the energy resolution in STS is limited by 5.4kB T [111, 112]. Com-

bining these two techniques, known as ESR-STM, is therefore a strong motivation for observ-

ing resonance signals on single adsorbed atoms.

Historically, the first ESR-STM experiment, in the sense of how we commonly understand

it today, was reported by Baumann et. al. in 2015 [14]. In their work, they investigated ESR

signals of Fe adatoms adsorbed on 2 ML MgO, at TSTM = 0.6 K. They measured a Rabi rate

of Ω = (2.6± 0.3) rad/µs and a coherence time of T2 = (210± 50) ns , for VRF = 8 mV. These

parameters will be defined in section 2.4.3. Other systems have been investigated with ESR-

STM and are listed in table 2.2.

Substrate
Adsorbed Atoms

References
or Molecules

MgO/Ag(100)

Fe [14], [44], [45], [46], [47], [113], [114], [115]
TiH [16], [47], [114], [45], [116], [117], [118], [119]
Cu [120]
Eu

[20]
Sm

FePc [17]
Li2

[18]LiNa
Na2

NaCl/Au(111) TbPc2 [19]

Table 2.2: ESR-STM systems reported in literature so far.

Because the driving mechanism of ESR-STM is still unclear, it is difficult to predict if a

magnetic system will reveal ESR signals. For this reason, most of the groups referenced in

table 2.2 kept the ESR-compatible MgO substrate and tried other magnetic adsorbed systems,

like TiH, which was the first molecule to reveal ESR signals. However, the study of Terbium

phthalocyanine double-deckers (TbPc2) on Sodium Chloride NaCl has proved that MgO is

not the only decoupling medium to generate ESR contrast and opens the way for exploring

new substrates.
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In this section, we describe first the working principle of ESR-STM followed by a the-

oretical description using the Bloch formalism, employed also for standard ESR. Finally, the

different proposed mechanisms, aiming to explain ESR-STM, are presented based on the the-

oretical review written by Delgado et. al. [121].

2.4.1 Working Principle

The working principle of ESR-STM is illustrated in figure 2.22. In panel (A), a magnetic

adatom, with an out-of-plane easy axis, is placed in a vector magnetic field. An SP tip is em-

ployed and generates a magnetic field Btip, sensed by the adatom. The total field component

(Bext, z +Btip,z), parallel to the easy axis of the magnetization, has the effect of splitting the

energy levels, as shown in panel (B).
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Figure 2.22: Working principle of ESR-STM. ESR signals on an Fe atom adsorbed on MgO are
shown in (C) and are taken from reference [115]. The parameters are It = 60 pA, Vt = 60 mV,
VRF = 22 mV, Bxy = 1.5 T and TSTM = 0.8 K.

ESR is achieved when coherent transitions between |0〉 and |1〉 are driven by a continuous

RF bias modulation whose frequency fRF satisfies the resonance condition:

h fRF = h f0 =µB g eff
z ∆J∗ · (Bext, z +Btip, z

)
(2.29)

where h f0 is the Zeeman splitting energy induced by the field component parallel to
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the easy axis. The right term in equation 2.29 expresses this energy in term of an effec-

tive g-factor g eff
z , where µB is the Bohr magneton. Equation 2.29 applies for systems with

a strong out-of-plane magnetic anisotropy such as Fe/MgO/Ag(100). ESR signals measured

on this system are shown in figure 2.22 (C), as an example. The magnetic field along ẑ is indi-

cated on top of each trace and shifts linearly with the RF frequency, as described in equation

2.29. The ESR lineshape will be discussed in section 2.4.3. For paramagnetic systems like

TiH/MgO/Ag(100), the magnetic moment is aligned with the external magnetic field, if the

corresponding Zeeman energy is strong enough compared to the tip magnetic field. In this

case as well, a resonant RF electric field induces transitions between the Zeeman-split states

|0〉 and |1〉 [122]. Experimentally, the RF modulation can be applied directly to the tip or to

an antenna next to the tip in the tunneling junction [15]. ESR-STM signals translate into a

change in the tunneling current ∆I , as the the two magnetic orientations |0〉 and |1〉 are dif-

ferentiated with the SP tip through the TMR effect. This change in current is measured with

the lock-in amplifier, synchronized with an RF chopping scheme, which will be presented in

section 2.4.2.

The main requirements for conducting ESR-STM experiments are summarized below:

• A controllable vector magnetic field.

• An SP tip.

• A low STM temperature for sufficient spin polarization of the surface adatom at the

desired energy level splitting.

• Sufficient RF transmission over a large frequency interval from the RF generator down

to the tunneling junction.

• Low noise-level to prevent variations in the tip-sample distance leading to excessively

broad linewidths.

In this thesis, two methods are used to measure ESR-STM signals. They are illustrated in

figure 2.23 and described below.

• Frequency sweep method: the RF frequency is swept at a fixed external magnetic field

and a constant tip-adatom distance. An ESR peak is recorded at the RF frequency fRF

satisfying equation 2.29. The effective g -factor can be estimated from the linear shift of

ESR frequencies with the external magnetic field. However, the frequency-dependent

losses of the RF cabling, from room temperature down to the tunneling junction, have

to be compensated for applying a constant RF amplitude during the sweep.

• Tip-field sweep method: the tip-adatom distance is changed by sweeping the tunnel-

ing current linearly, at a fixed RF frequency and external magnetic field. We assume

that the tunneling current is proportional to the tip magnetic field [16, 123]. This re-

lation is expected for an exchange interaction field and for a dipolar field on a narrow
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current range [47, 115]. Consequently, the tip-induced magnetic field Btip, sensed by

the adatom, is swept linearly and an ESR peak is recorded when the resonance condi-

tion in equation 2.29 is fulfilled. The main advantage of this method is that it does not

require a compensation of the RF cabling losses, as we work at a constant fRF. However,

as the combined interactions contributing to Btip are difficult to estimate, this method

does not provide a precise and straightforward measurement of the magnetic moment

nor of the g -factor.

(A)

(B)

𝑓𝑅𝐹 2𝑓𝑅𝐹 4𝑓𝑅𝐹

𝐵tip,1
𝐵tip,2 𝐵tip,3

Figure 2.23: Working principle of the frequency sweep and tip-field sweep methods illus-
trated in (A) and (B) respectively. In (B), the field Btip,i is defined as the tip magnetic field
sensed by the adatom at three different tip-adatom distances. A 3.5 nm x 2.8 nm STM image
of a single Fe adatom adsorbed on MgO is used for the illustration.

2.4.2 Lock-in Detection

For both methods described above, ESR signals are measured with a lock-in amplifier

synchronized with an RF chopping scheme. Similarly to the high-frequency QSR technique,

the RF modulation is chopped "on" and "off" at a period matching a lock-in cycle, as shown

in figure 2.24 (A). We use in this thesis a chopping frequency of 323 Hz. The demodulated

current ∆I is thus proportional to the rectified RF current induced by the RF modulation.

Away from the resonance condition, in panel (B), the RF voltage is not capable of driving

coherent transitions between |0〉 and |1〉, which results in no frequency-dependent changes

in the SP tunneling current. In panel (C), when the RF modulation is chopped "on" and

within the ESR peak linewidth, an SP current is observed at the lock-in frequency.

Clément Marie Soulard 35



Chapter 2 - Theory and Methods

323	Hz

RF	On RF	On RF	On
RF	Off RF	Off RF	Off

(A)

(B)
Demodulated	current	away	from	ESR	peak

(C)
Demodulated	current	at	ESR	peak

∆𝐼

Figure 2.24: RF chopping scheme used for detecting ESR-STM signals [124].

The time-integrated lock-in signal leads to the measurement of the ESR peak, in a fre-

quency or tip-field sweep. When the RF is chopped "off", the system relaxes at a rate T −1
1

typically much larger than 323 Hz.

2.4.3 Theoretical Description

The energy relaxation time T1 and the coherence time T2 are represented in the Bloch

sphere in figure 2.25. Points on the sphere’s surface correspond to pure states of the system

(including superposed ones), whereas points on the inside of the sphere correspond to mixed

states [125]. The axes x̂ and ŷ corresponds to pure states |0〉+|1〉p
2

and |0〉+i |1〉p
2

, respectively.

| ⟩0

| ⟩1

𝐸

𝑇!

𝑇"

�̂� �̂�

(𝑦

(𝑥

(𝑦

(𝑥

𝐵!"!#

ℎ𝑓!

Figure 2.25: Bloch sphere representation of the relaxation and coherence times T1 and T2 at
low temperature. The yellow arrow represents the wavefunction |Ψ〉 of the adatom in an ideal
two-level system, such that |Ψ〉 =α |0〉+β |1〉 with |α|2 +|β|2 = 1 [126].
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Similarly to figure 2.22, we chose the ẑ axis as the adatom’s easy axis of the magnetiza-

tion, along which the magnetic field B z
tot splits the levels according to the Zeeman interac-

tion. Once prepared in the first excited state |1〉, the system relaxes at a characteristic time T1

toward thermal equilibrium, approximated by the pure ground-state |0〉 at low temperature.

In the Bloch sphere, this is represented by the adatom’s wavefunction moving away from |1〉
and relaxing towards |0〉 (cf. figure 2.25 left). When the system is prepared in a superposed

state, in the x̂ ŷ plane and along the sphere’s surface, the interaction of the adatom’s spin with

the environment leads to a loss of coherence between states |0〉 and |1〉. This is described an-

alytically by a exponential decrease of the off-diagonal elements α(t )β∗(t ) and α∗(t )β(t ) of

the system’s density matrix at a characteristic time T2. In the Bloch sphere, this is represented

by a decreasing projection of the adatom’s wavefunction in the x̂ ŷ plane (cf. figure 2.25 right).

The coherence time T2 is therefore defined as the time the system stays in a superposed state

with a well-defined phase between |0〉 and |1〉, before mixing becomes too strong to distin-

guish each state. The upper limit of T2 is given by 2T1; this relationship explains why adatoms

with a long relaxation time are promising candidates for showing a long coherence time. We

introduce the generalized Rabi rate Ω̃=
√
Ω2 +4π( fRF − f0)2 defined as the rate at which the

system precesses coherently between |0〉 and |1〉 under the applied RF electric field. The fre-

quencies fRF and f0 are defined previously in equation 2.29.

We start our theoretical description by assuming that the magnetic system can be ap-

proximated by a pure two-level system; this assumption is justified in this context, as one

deals generally with magnetic systems with a doubly degenerate ground state, such as half-

integer spins, and/or systems where the two lowest states are well-protected by a uni-axial

anisotropy term [127]. The Bloch equations of a two-level system can be applied to deter-

mine the time-dependent dynamics of the adatom’s magnetic moment. In the steady-state

limit d < Ss > /d t = 0, the expectation values of the adatom’s magnetic moment < Ss > and

of the tip < St > can be calculated, using the Bloch formalism [128] and the derivations from

reference [118]. One has for the adatom:

< Sx
s > = < S0

s > · ∆ωΩT 2
2

1+∆ω2T 2
2 +Ω2T1T2

(2.30)

< S y
s > = < S0

s > · ΩT2

1+∆ω2T 2
2 +Ω2T1T2

(2.31)

< Sz
s > = < S0

s > · 1+∆ω2T 2
2

1+∆ω2T 2
2 +Ω2T1T2

(2.32)

where < S0
s > is the adatom spin in absence of VRF(t ) and ∆ω =ω0 −ωRF with ωi = 2π fi .

Note that these equations are valid in the frame rotating around ẑ at a frequency fRF. Simi-

larly, the expectation values of the tip’s magnetic moment < St > can be estimated:

< Sx
t > = < Sx y

t > cos(ωRFt ) (2.33)
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< S y
t > = < Sx y

t > sin(ωRFt ) (2.34)

< Sz
t > = Sz

t (2.35)

These expressions suggest that the tip’s magnetic moment is rotating at fRF since it has

in-plane components as shown in figure 2.22 (A). With the average spin components of the

tip and of the adatom, one can estimate the time-average tunneling current that depends on

the tunneling conductance G and on the angle between both moments:

Ī (t ) =G · (VDC +VRF(t )
)=G j

[
1+a < Ss > · < St >

] · [Vt +V 0
RF cos(ωRFt +φ)

]
(2.36)

where G j is the spin-average tunneling conductance in the junction, a a normalization fac-

tor and φ is the phase difference between the applied RF voltage and the precession of the

adatom’s magnetic moment in the lab frame. [45]. Moreover, we substract from equation

2.36 the contribution from VRF = 0 since the ESR signal ∆I is typically measured with the

chopping scheme of figure 2.24. With I (VRF = 0) = G j VDC
(
1+aSz

t < S0
s >

)
, one obtains the

derived ESR signal ∆I from reference [118]:

∆I = I (VRF ̸= 0)− I (VRF = 0)

= I0 + I sat
DC · Ω2T1T2

1+Ω2T1T2
· (1+βsin(φ)

) · 1+αδ
1+δ2

(2.37)

where:

I sat
DC = aG j VDC < Sz

t >< S0
s >

δ= ∆ω
πΓ

β= 1

2ΩT1
· VRF

VDC
· < Sx y

t >
< Sz

t >
α= βcos(φ)

1+βsin(φ)
·
√

1+Ω2T1T2

(2.38)

In equation 2.37, I0 corresponds to the rectified current when the RF is on. In equation 2.38,

I sat
DC is the saturation current under the applied DC voltage, β is the homodyne factor and α

the asymmetric factor. From equation 2.37, the Full-Width at Half Maximum (FWHM) of the

ESR peak can be defined as:

Γ= 1

πT2

√
1+Ω2T1T2 (2.39)

In the first ESR-STM experiment by Baumann et. al., they report an ESR linewidth of

3.6 MHz for VRF = 1 mV, It = 560 fA and Vt = 5 mV measured on Fe at TSTM = 1.2 K [14]. The

corresponding energy resolution of 1.5·10−5 meV outperforms the IETS limit of 5.4kB T = 5.6·
10−1 meV at the same temperature, by four orders of magnitudes. In equation 2.37, terms
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proportional to β account for the homodyne contribution to the ESR signal. It comes from

the oscillating tunneling conductance, synchronized with the RF modulation frequency, that

generates a DC tunneling current through mixing with the RF bias [45]. When the homodyne

contribution is negligible (β ≈ 0), the ESR lineshape can be described by a Lorentzian func-

tion [14]. When β is non-zero, the ESR lineshape is asymmetric and can be described by a

Fano function, as it will be defined in section 4.2.

2.4.4 Proposed Mechanisms

In conventional ESR, a time-varying magnetic field can drive nuclear and electronic spins

in resonance, when the modulation frequency matches the corresponding Zeeman splitting

[129]. In contrast, ESR-STM uses an RF electric field in the tunneling junction and leads to

ESR transitions. Despite the increasing number of groups succeeding in measuring ESR sig-

nals, the driving mechanism of this electrical-based technique is still unclear. Since 2015,

different mechanisms have been suggested and we present some of them below, following

the review [121]. Most of them are based on a piezoelectric response from the adatom or

molecule.

Piezoelectric Response:

Under the application of a time-varying RF electric field, the adatom or molecule is sub-

ject to a vertical displacement z(t ) with respect to the substrate. The spin Hamiltonian of the

system can be expanded in Taylor series around z = 0 and separated into two parts [109]:

H ≈ H0 +δH = H0 + z(t )
∂H

∂z

∣∣∣
z=0

(2.40)

In equation 2.40, H0 is the Hamiltonian describing the excitation spectrum of the system

and δH describes the system’s response to a displacement z(t ). In all piezoelectric-based

mechanisms, the system enters in resonance when δH is modulated at a frequency matching

the energy splitting h f0 of states |0〉 and |1〉. Coherent transitions are provided by a non-zero

Rabi force F Rabi = 〈0| ∂H
∂z |1〉. The Rabi rate is defined asΩ= F Rabiz0, where z0 is the amplitude

of the electric field-induced oscillations z(t ) = z0 cos(ωt ) [109]. All piezoelectric mechanisms

are based on using a system’s response δH that satisfies F Rabi ̸= 0. To assess the validity of a

given mechanism, the experimental Rabi rate can be compared to the predicted term z0F Rabi.

This requires an estimation of the oscillation amplitude z0 that can be done with DFT calcu-

lations [109]. Below, we describe two of the mechanisms based on a piezoelectric response

z(t ) of the adatom to an RF electric field. The first one provides a description specific to the

system Fe/MgO, which was the only ESR-active system at the time it was proposed. A more

general mechanism based on a magnetic field modulation, similarly to conventional ESR, is

then introduced.

1. Modulation of the CF: in the first ESR-STM experiment [14], Baumann et. al. proposed

a time modulation of the transverse CF term F4, defined using a ligand-field Hamilto-

nian H0(L,S). In this case, the time-dependent mixing of |0〉 and |1〉 leads to a non-zero
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Rabi force, expressed as F Rabi
CF = ∂F4

∂z 〈0|L4
x +L4

y |1〉. This model helps to understand the

magnetic field dependency of ESR signals on Fe but restricts ESR-STM to this system.

It also fails fitting the experimental Rabi rate as a function of the tip-adatom distance

[45].

2. Modulation of the exchange and dipolar interactions: reference [109] proposes a more

general mechanism, compatible with spin-1/2 systems. It is based on a time mod-

ulation of the tip-adatom exchange interaction HJ (z(t )) = J (z(t )) < Stip > · S, where

< Stip > is the statistical average of the tip’s magnetization and S the adatom’s magnetic

moment. The corresponding Rabi force is F Rabi
J = ∂J (z)

∂z < Stip > · 〈0|S |1〉. The modu-

lation of the exchange interaction between the tip and the adatom can be understood

as follows: due to the inhomogeneous magnetic field of the tip, the modulation of the

adatom’s position results in a time-varying exchange interaction field sensed by the

adatom [118]. This oscillating field drives the ESR transitions in this model.

By using an exchange coupling of 2 meV, found from experiments on Fe/Cu2N/Cu(100)

[123], and using a tip-adatom distance of 0.6 nm, reference [109] calculates a driving

strength of δH/z0 ≈ 66.7 meV/nm for Fe on MgO. This value is in good agreement

with DFT calculations that find 65.9 meV/nm. However, this model fails explaining

the exchange driving strength calculated for TiH molecules on MgO [116, 121]. This

suggests other sources of piezoelectric displacements. For this reason, reference [45]

added the long-range dipolar interaction to the exchange interaction to characterize

the time-varying magnetic field sensed by the adatom. This model successfully ex-

plains the shifting of the resonance condition for a wide range of tip-adatom distances.

However, they compute a piezoelectric displacement for the TiH molecule that is much

smaller than other values [109, 116], showing the difficulty in giving a clear physical ex-

planation for the excitation mechanism in ESR-STM [121].

Another mechanism has been proposed recently in reference [121]. It does not rely on a

piezoelectric response. We present below the main ideas of this model.

Cotunneling Theory:

The work in reference [121] uses an effective cotunneling Hamiltonian to describe the

quantum system, interacting with the two electrodes. This approach is based on the An-

derson model [130] and has already described successfully SES spectra for a wide variety

of systems adsorbed on surfaces [131]. In the context of ESR-STM, this theory models the

change of the tunneling transmission induced by the RF electric field. This field induces

time-oscillating hopping amplitudes described by the Anderson model. As a result, the off-

diagonal elements of the renormalized Hamiltonian of the magnetic adatom possess finite

oscillating terms directly proportional to the Rabi frequency [132]. A time-dependent mag-

netic field is therefore created by the tunneling barrier modulation from the RF electric field.
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In this model, and in comparison to the previous mechanisms, a piezoelectric response is not

required to explain the Rabi oscillations although it can enhance the barrier modulation and

facilitate the resonance driving strength. However, the main limitation of this theory is that

it requires a detailed description of the tip’s and adatom’s wave functions that are difficult to

access experimentally [45].
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3 ESR-STM Setup

Performing ESR-STM experiments requires a low-noise laboratory environment and an

STM suited for RF modulations in the GHz range of the tunneling junction bias at low tem-

peratures. This section is thus dedicated to the description of the ESR-STM used in this the-

sis, emphasizing on the upgrades brought to the system. The improvement of the Transfer

Function (TF), defined as the frequency-dependent RF transmission through the tunneling

junction, is presented in a second part. The last section is dedicated to the preparation and

growth of the sample. For the experiments presented in this thesis, single Fe, Ti, Dy and Tb

atoms are deposited on thin MgO films of various thicknesses, grown on Ag(100).

3.1 Overview of the ESR-STM and Repairs Made During the Thesis

The measurements presented in this thesis are acquired with a home-built low temper-

ature UHV-STM, capable of holding a base temperature of 0.4 K for 21 hours. It is equipped

with superconducting coils generating a vector magnetic field in the range Bz ∈ [−8.0 T, +8.0 T]

and Bxy ∈ [−0.8 T, +0.8 T]. The positive ẑ axis is defined along the tip-sample direction and

points from the sample toward the STM tip.

3.1.1 Laboratory Environment

The first task of this PhD thesis was to move the instrument from the first to the ground

floor, in a more spacious lab whose concrete foundations are isolated from the rest of the

building. This typically ensures a better decoupling from external mechanical vibrations. A

sectional sketch of the lab environment is shown in figure 3.1. Our ESR-STM is placed on

an active pneumatic damping system that minimizes vibrations induced by structure-borne

noise, at frequencies typically below 200 Hz.

Tiles Screed Concrete Slab Sand

Lab Walls Acoustic Chamber

ESR-STM 
Setup

Figure 3.1: Section drawing of the laboratory where the ESR-STM was moved in 2020.
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Tiles and screed have been removed, such that the active pneumatic damping system is

in direct contact with the concrete slab. The latter provides a base which is rigid enough to

absorb the dynamic forces generated by the active damping system. Due to the rigid con-

nection to the cryostat and the vacuum system, required for sufficient thermal coupling and

stable positioning in the magnetic field, our ESR-STM is susceptible to vibrations that limit

the stability and resolution of atomic scale measurements. To improve the measurement

conditions, a soundproof enclosure was constructed around the instrument in 2021 and is

shown in more details in figure 3.2. It provides an acoustic noise reduction at frequencies

from 20 Hz to 1 kHz.

(A) (B)

(C)

2	m

100	mm

50	mm

Figure 3.2: Drawings of the soundproof enclosure by the company Spectra in 2021 [133]. An
overview is shown in (A) as (B) and (C) correspond to the types of constructions used for
feedthroughs.

The acoustic panels are filled with rock wool with a thickness of 100 mm. Sliding doors al-

low to access the setup on both sides of the cabin and on the roof to operate the system during

sample preparation, filing of liquid He and N2 or maintenance. All doors of the chamber are

closed during STM measurements. Cables and flanges, used for conducting the experiments,

can still be passed through the cabin without compromising its insulation performance. In

panel (B), a construction for soft and semi-rigid cables is shown with two parallel plates filled

with dense foam on either side of the panel, minimizing the transmission of air-borne acous-

tic noise to the inside of the chamber. Similarly, in panel (C), KF nipple fittings, mounted

inside the wall, are used for cryostat and primary vacuum operations.

3.1.2 The ESR-STM

As illustrated in figure 3.1, the ESR-STM sits in an environment protected from mechan-

ical and acoustic vibrations. Figure 3.3 shows a photo (left) and a sketch of the instrument

seen from above (right). The different parts of the instrument are indicated in red in figure

3.3 and can each be isolated from the others via VAT gate valves.
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Pressure Gauge,
RGA, Gas dosing 

lines

Axial Manipulator

Load-lock

Preparation 
Chamber

Load-lock 
Manipulator

Sputter gun,
Knudsen Cell

In-situ triple 
evaporator

STM chamber

Figure 3.3: Photograph of the 0.4 K ESR-STM used in this thesis (left). A sketch shows the main
components of the system in a top view (right) with the different UHV chambers labeled in
red. The figure is adapted from reference [134].

• The load-lock chamber is used for transferring new samples from ambient conditions

to the UHV preparation chamber with a linear manipulator. Unlike the other cham-

bers, the vacuum is achieved only with a primary and turbo pumps.

• The preparation chamber is required in all UHV-STMs to prepare atomically clean

single crystals in-situ. It can perform all the necessary operations: sputtering with an

ion sputter gun, annealing by electron-bombardment and a direct measurement of the

sample temperature with a K-type thermocouple [135]. It also includes a Knudsen cell

containing Magnesium (Mg) for the MgO growth. Gas dosing lines (argon and oxygen)

are also connected to the chamber via leak valves.

• The STM chamber contains the cryostat, the superconducting magnets and the STM.

A triple evaporator is mounted to deposit single atoms onto the sample inside the STM

at a sample temperature below 10 K.

• The cryostat is illustrated in figure 3.4. It is equipped with a closed-circuit single-shot
3He stage reaching a temperature of 0.4 K for 21 hours at the STM. Measurements can

also be performed at 4.2 K when filling the insert with liquid 4He and leaving the 3He

in the gas phase. In this case, the STM can hold this temperature for a maximum of

22 hours. The main bath is filled with liquid 4He and keeps the superconducting mag-

nets at 4.2 K for up to 48 hours. The radiation heat load from the UHV chamber walls

at room temperature is absorbed by an outer jacket cooled by liquid nitrogen to mini-

mize heat losses in the inner volumes. The hold time of the jacket is approximately 20

hours. If any part of the cryostat warms up, adsorbed residual gas components, mostly

hydrogen, desorb from the inner walls and generate a significant pressure increase in

the STM chamber, which compromises the sample’s cleanliness. The STM is rigidly
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attached to the 3He pot, where no internal vibration insulation is provided. This has

a negative impact on the the measurement stability especially after filling the cryostat

with helium or nitrogen. Bubbling of the liquid N2 in the outer jacket causes vibrations

in the cryostat, visible as excessive noise in the tip-sample distance. In order to make

STM measurements feasible, the liquid N2 has to be frozen. This is achieved by pump-

ing the reservoir for approximately 5 hours. Additionally, strong spikes in the tunnel

current are observed in the first 5-6 hours after filling the helium insert or the main

bath. These "pinging events" are attributed to differential thermal expansion, caused

by the increased temperature gradients due to the filling process. The frequency and

intensity of these events decay over time, reducing the available measurement time to

approximately 14 hours at TSTM = 0.4 K or TSTM = 4.2 K [136].

The measurements are carried out using the Nanonis SPM control software which is doc-

umented in reference [137]. The upgrades that improved the measurement and working con-

ditions of this ESR-STM are presented below in section 3.1.3.
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3He reservoir

Linear translator

Liquid He reservoir (insert)

Liquid He reservoir 
(main)

Sorption pump

Liquid 3He pot

STM

in situ evaporation 
and gas dosing

Sample transfer position

Towards preparation 
chamber

Mobile 77K 
radiation shield

Superconducting 
magnets

77 K radiation 
shield

Liquid N2 reservoir

NEG + Turbo 
Pumps

Mobile 4K 
radiation shield

Figure 3.4: Schematic of the 3He cryostat, adapted from reference [134]
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3.1.3 Modification of the Vacuum Setup

The combination of Non-Evaporable Getter (NEG) pump with the preparation cham-

ber ion pump led to a base pressure of 5.0 ·10−10 mbar during the measurements, improving

the vacuum by more than a factor of 2 compared to the previous setup. A small independent

turbo pump has also been mounted to pump the STM chamber when the NEG gate valve and

preparation chamber are closed for protection from higher pressures. The main limitation of

the STM chamber base pressure comes from the fact that the superconducting magnets can-

not be heated above 40°C, preventing a proper bake-out of the cryostat.

When preparing and growing the sample, the gate valve between the STM chamber and

preparation chamber is closed leading to a base pressure that can go below 6.0 ·10−11 mbar

in the preparation chamber. This is a factor of 5 better than the value reported when start-

ing this thesis. This improvement is due to multiple changes, including the installation of

a gate valve to protect the ion pump from the argon partial pressure during sputtering, the

replacement of an old leak valve for the sputter gun, the periodic use of a Titanium Sublima-

tion Pump (TSP) over week-ends, and the installation of separate prevacuum pumps for the

load-lock and preparation chambers.

3.1.4 Design of a New Sample Holder

Previously, the repeated cycles of sputtering and annealing led to the deposition of con-

ductive material between the sample and sample holder. As the sample has to remain insu-

lated from ground, this insulation was compromised after typically 20 sputter and annealing

cycles. A new sample holder had to be designed to improve the durability of the electrical

insulation of the sample with respect to ground. A scheme of the new setup is presented in

figure 3.5.

10	mm

Figure 3.5: New sample holder. The sample is shown in brown and must remain electrically
insulated from the sample holder during the measurements. A thin flexible tantalum plate
is screwed on top of the construction to clamp the insulating alumina and sapphire parts
visible in light grey.
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During the sample preparation and growth, this design offers a larger contact area be-

tween the holder and the linear manipulator of the preparation chamber, leading to a more

evenly distributed force holding the sample in place. As a result, insulating parts made of

alumina and sapphire are less subject to crack. After this change, we observe an improved

sample’s insulation over time with respect to ground when placed in the STM.

3.1.5 STM Wiring

The wiring of the STM is concentrated in the insert that sits vertically centered in the cryo-

stat. The insert contains the microscope on one end and the electrical feedthrough on the

other. The wiring of the STM is organized as follows: the tunnel current, the tunnel bias, and

the RF voltage are grouped in one feedthrough flange, and the coarse piezo and the piezo in-

put lines are installed on an other flange. From room temperature, all the wires travel through

two different stages down to their specific connection end around the microscope: i) a 4He

connection flange (4 K), ii) a 3He pot flange. Wires are soldered to metallic pins that fit into

conductive cylinder blocks with an input and an output pin; these blocks are meant for ther-

malizing the wires at the 4He and 3He stages. All connections between these two stages have

been replaced by superconducting wires. This improved the 3He hold time from 15 hours to

21 hours.

RF Line

The previous RF setup of our instrument offered a poor RF transmission to the tunnel

junction, with a finite and low transmission only at discrete RF frequencies [48]. This lim-

itation made the realization of continuous frequency sweeps impossible. Instead, external

magnetic field sweeps were performed, leading to longer measurements and inducing piezo-

actuator creep when changing the magnetic field. We present here the new ESR-STM setup

leading to a smoother and much higher RF transmission up to 40 GHz. This allows to con-

duct ESR-STM and high-frequency QSR experiments using the frequency-sweep method, in-

troduced in figure 2.23. The new electronic setup of our ESR-STM is shown in figure 3.6.
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Figure 3.6: Electronic setup used for the 0.4 K ESR-STM at LNS-EPFL.

The RF output is inserted into a 1 dB attenuator, placed before the bias pick-off tee, and

is made of a 450Ω resistor to prevent charge build-up. We recall that −20 dB is equivalent to

a signal attenuation by a factor of 10. The cable used in air is a 50 Ω flexible RF cable with a

total length of 6 m, provided by the company Teledyne Storm Microwave [138]. The intrinsic

cable losses for a 1 m cable are characterized by the company elSpec and are shown in figure

3.7.
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Figure 3.7: Losses for 1 m of the RF cable used in air. The data are provided by elSpec.

The following function is used for the fit:

y( fRF ) =−
√

a · fRF with a ≈ 0.304 (3.1)

where the square-root dependency comes from the resistive losses of a 50 Ω impedance

cable. A linear term in fRF is neglected and would account for the dielectric losses [15]. In-
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tegrating the fit of figure 3.7 to 6 m and adding the 1 dB attenuator, a cable attenuation of

approximately −11 dB is expected at 10 GHz before the vacuum feedthrough. We will use this

fitting function to substract the 6 m cable losses in air and estimate the TF from the vacuum

feedthrough down to the tunneling junction.

The RF cabling from the 300 K flange feedthrough down to the tunneling junction is pre-

sented in figure 3.8. SMK type 2.92 mm and SMPM connectors are used throughout the sys-

tem to minimize reflections and losses over the entire frequency range. We use a silver-plated

stainless steel coaxial cable of ∼ 1.5 m from the 300 K feedthrough to the 4He stage. From this

stage, a semi-rigid NbTi cable of 0.3 m goes to the 3He stage. Its superconducting state below

10 K provides attractive properties such as minimum heat transfer and RF power dissipation.

From the 3He stage, we use a flexible RF coaxial cable of ∼ 0.1 m. We glued its center conduc-

tor with silver epoxy to contact the STM tip through a supporting PEEK cable guide. Cables

data sheets are provided in references [139–141].

SMK 2.92 mm connector

SMPM connector

Silver-plated stainless steel coaxial cable

Superconducting NbTi coaxial cable

Flexible RF coaxial cable

Vacuum 
Feedthrough

300 K

4 K

0.4 K

STM Tip

Figure 3.8: Sketch of the RF wiring used at the different temperature stages (left). A photo of
the STM shows the flexible RF wire, the tip holder and the STM tip

3.2 Transfer Function (TF) Measurement

As mentioned in section 2.4.1, the determination of the frequency-dependent losses of

the RF voltage from the generator down to the tunnel junction is crucial for conducting ESR-

STM. The bias modulation amplitude VRF in the junction, denoted V jun
RF from now on, has to

be kept constant in frequency sweeps to control the amplitude and linewidth of ESR signals.

Non-constant RF amplitude would lead to a variation of the background signal, making it un-

feasible to identify the ESR peaks. Note that all RF bias amplitudes, in this thesis, are defined

as zero-to-peak amplitudes.
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The TF is measured using non-linear I(V) traces accessible with STS. The main idea is

that the RF bias modulation, far beyond the current amplifier cutoff-frequency, induces a

rectified current signal in a non-linear I(V) circuit. Therefore, the step, in the altered dI/dV

trace, is broadened by the RF voltage transmitted in the tunnel junction. This broadening is

determined by the convolution of the conductance trace in the absence of RF voltage with an

arcsine distribution function, defined as:

w(V ) = 1

πV jun
RF

√
1−

(
(V −V0)

V jun
RF

)2
(3.2)

where V0 is the applied DC bias.

In this thesis, the TF function was measured multiple times on different non-linear I(V)

traces such as the surface-state of Ag(111) [142], the spin excitation of Fe around ±14 meV

and the vibrational inelastic excitations of top-Oxygen site TiH around ±90 meV. We show

here the typical steps for measuring the TF using the Ag(111) dI/dV spectrum in figure 3.9.
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Figure 3.9: Effect of the RF modulation in a non-linear I(V) trace, as it appears in dI/dV. The
step-like onset of the conductance corresponds to the surface state of Ag(111) without (blue)
and with (red) the applied RF modulation. The black line corresponds to the convolution
function defined in equation 3.2.

In absence of RF voltage, a steep onset, centered at −63 mV, is visible and corresponds to

the expected energy of the Ag(111) surface state (blue trace in figure 3.9) [143]. A continuous

RF bias modulation is then applied while the DC bias is swept at a given RF frequency and

source amplitude ( fRF = 12.5 GHz , V src
RF = 251 meV). A broadening of 11.5 mV is induced by

the RF modulation in the junction, according to the convolution function that reproduces

well the broaden spectrum. This value is determined graphically by comparing the trace

with applied RF with the convolution function. This method generally leads to a sufficiently
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precise estimation of the broadening with respect to the more sophisticated least-squares

method that finds, in this case, a broadening of (11.52± 0.02) meV. The RF transmission at

fRF = 12.5 GHz can therefore be derived in equation 3.3. The voltages can be expressed in

dBmV where 0 dBmV corresponds to an RF voltage of 1 mV RMS [124]. These units can be

more convenient to use as they do not carry the logarithm function:

TF( fRF)[dB] =V jun
RF ( fRF)[dBmV]−V src

RF [dBmV]

= 20log10

(V jun
RF ( fRF)[mV]

1 mV

)
−20log10

(V src
RF [mV]

1 mV

)
= 20log10

(V jun
RF ( fRF)[mV]

V src
RF [mV]

)
=−26.8 dB with

(
fRF = 12.5 GHz,V src

RF = 251 mV
)

(3.3)

To extend the measurement of the RF transmission to other frequencies, we now mod-

ulate the RF signal according to the chopping scheme presented in figure 2.24 such that the

lock-in signal ∆I is proportional to the rectified current. The tunneling voltage Vt is typically

chosen at the center of the conductance step to maximize the rectified current induced by

the RF modulation. The TF measurement is done in three steps. First, we record the lock-in

signal∆I while sweeping the source amplitude V src
RF at fRF = 12.5 GHz, as shown in figure 3.10

(left). Second, by swapping the axes of this graph, and using the transmission calculated in

equation 3.3, we plot in figure 3.10 (right) the corresponding RF junction amplitude as a func-

tion of lock-in signal. A 3rd order polynomial fit is performed and establishes the analytical

relation V jun
RF (∆I ) [15]. Third, we aim for a constant RF junction amplitude while sweeping

                     

  

  

  

  

  

    

  

                      

 
   

    
 

 
   

 
 

 
 

 

        
 

 

  

  

  

  

      
            

 
  
  

 
 

Figure 3.10: Experimental steps realized for the measurement of the TF. The demodulated

current signal is calibrated to the source amplitude V jun
RF using the broadening of a non-linear

I(V) trace (top panels).

the RF frequency. To do so, we provide an initial list of RF source amplitudes, applied at each

frequency, and we record ∆I . After one iteration, the relation V jun
RF (∆I ) allows to estimate the

transmission V jun
RF [dBmV]−V src

RF [dBmV]. However, more than one iteration is generally re-

quired for a more precise measurement of the TF. We use three frequency sweep iterations
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for measuring our TF, shown in figure 3.11 for fRF ∈ [10 kHz, 40 GHz]. Using this TF, a con-

stant junction amplitude of 20 dBmV (or 10 mV zero-to-peak) can be applied at frequencies

between 10 GHz and 20 GHz and is shown in figure 3.12.

              

   

   

   

   

   

   

   

               

 
  

 
  
 
  
 
 
 
  
  
 
  
 
 
 

                     

   

   

   

   

   

  

 

              

 
  

 
  
 
  
 
 
 
  
  
 
  
 
 
 

Figure 3.11: TF of our ESR-STM setup, split into two frequency intervals.
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Figure 3.12: An RF junction amplitude of 20 dBmV is applied using the TF in figure 3.11.
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Figure 3.11 shows the TF used for high-frequency QSR (top) and ESR-STM (bottom) ex-

periments. Both TFs were measured at different times and their transmissions at 10 GHz do

not exactly match. A change in the transmission can be explained by variations of the tem-

perature profile of the stainless steel semi-rigid RF wire. We observe that our TF can change

by nearly 2 dB at a given frequency on a period of measurement (∼ 14 hours). That is why it

has to be characterized before any frequency sweep experiments to ensure a constant junc-

tion amplitude. In figure 3.11, the RF transmission is excellent up to 300 MHz where it starts

to drop to −25 dB. At higher frequency, it decreases down to −45 dB at fRF = 40 GHz. Trans-

mitting RF voltages in the tunneling junction is still possible at high frequencies given the

large power output available from the RF generator. A comparison can be made with the

transfer functions published by Paul et. al. [124] and Seifert et. al. [15]: reference [124] uses

a similar ESR setup with RF modulations applied from the STM tip as reference [15] uses an

antenna in the tunneling junction. Note that they define their TF in a different way:TFPaul =V jun
RF [dBmV]−P src

RF [dBm] = TFEPFL +50

TFSeifert = 10log10

(
V jun

RF [mV]
V src

RF [mV]

)
= TFEPFL

/
2

(3.4)

where P src
RF is the RF source power in dBm, V jun, src

RF are zero-to-peak voltages, and TFEPFL

is our transfer function. The number 50 in equation 3.4 comes from the conversion of the RF

source power in dBm to voltage amplitude in dBmV, for a cable impedance of 50Ω. We show

in figure 3.13 the two TF from references [15, 124].
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Figure 3.13: TFs taken from references [15, 124] and defined according to equation 3.4.

Our TF is on the same order of magnitude as the ones presented in references [15, 124]

especially at frequencies below 32 GHz. TFPaul experiences a stronger decrease than TFEPFL

after this frequency. However, TFSeifert is higher and more stable than our TF through the

whole frequency range.

We can estimate the RF transmission from the 300 K flange feedthrough down to the tun-

neling junction by removing the cable loss contributions presented in figure 3.7. Figure 3.14

shows the TF from 10 GHz to 40 GHz after removing the contribution from the 6 m RF cable
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and from the 1 dB attenuator.
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Figure 3.14: Estimate of the TF from the 300 K flange feedthrough down to the tunneling
junction.

Comparing figures 3.11 and 3.14 shows that a major contribution of the attenuation comes

from the long RF cables used in air. Our TF in figure 3.14 is now similar to TFSeifert. However,

the length of our 6 m cable cannot be reduced as the RF generator has to be placed outside

of the acoustic chamber since it produces acoustic noise when running.

3.3 Sample Preparation and Growth

To achieve an atomically clean surface with a low density of defects, sputtering and an-

nealing cycles are performed to the sample. The sputtering is done by the bombardment of

Ar+ ions on the crystal surface using a high-voltage sputter gun. This process is followed by

an annealing process that consists of heating the sample at a high temperature while staying

below its melting point. In this thesis, only two single crystals are prepared, Ag(111), for the

TF measurement, and Ag(100) on which MgO is grown. The preparation parameters for the

two crystals are the same. The sputtering cycle is run over 30 minutes in an argon partial

pressure of 1.0·10−7 mbar. An annealing cycle is then started with a ramp from room temper-

ature to 886 K at a rate of 100 K/min. The sample is kept at 886 K for 15 minutes before cooling

it down at a rate of 20 K/min. The MgO growth takes place after the last annealing when the

sample is cooling down from 886 K. The growth is controlled and optimized to obtain wide

and regular MgO thin films. The growth of MgO is made by deposition of atomic Mg vapor

from a Knudsen cell in an oxygen atmosphere. Table 3.1 summarizes the parameters used for

the growth on the Ag(100) single crystal. Figure 3.15 shows an STM image of the MgO thin

films grown on Ag(100), using the parameters listed in table 3.1.

Clément Marie Soulard 56



Chapter 3 - ESR-STM Setup

Parameters Value
Oxygen partial pressure [mbar] 1.0 · 10−7

Knudsen cell temperature [K] 613

Sample temperature [K] 756

Deposition time [min] 15

Table 3.1: Optimized parameters found for the growth of thin MgO films. The temperatures
are the ones read in the lab, measured by different thermocouples.

3.40 nm
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0.50

0.00

Ag(100)

Figure 3.15: STM image of MgO thin films grown on Ag(100), measured at TSTM = 4.2 K. The
tunneling parameters are It = 100 pA and Vt = 2.20 V.

One sees that the MgO forms squared films of approximately 100 nm side, with differ-

ent ML heights. For a tunneling bias below 2.5 V, it has been shown that the MgO reduces

exponentially the probability of electron tunneling into the substrate [144]. Therefore, in a

constant current STM image as in figure 3.15, a higher ML thickness of MgO corresponds to a

lower apparent height with respect to a lower ML-thick MgO film. The determination of the

absolute number of ML is however questionable: some groups start the MgO identification

from 1 ML [51, 145, 146] as others start from 2 ML, assuming that 1 ML height of MgO occurs

infrequently on the Ag(100) surface [124]. In this thesis, we assign the number of ML as in

reference [49], assuming that the 1 ML MgO is unfavorable and only present at the edges of

the more common 2 ML height patch. In addition to the apparent height measurement, an-

other method is used to determine the ML height of MgO and is reported in reference [144].

It is known as Field-Emission Resonance (FER) spectroscopy and is operated with the feed-

back loop active. The tunneling bias is swept up to high values such that a strong electric

field gradient induces electron emission between the tip and the sample. FER spectroscopy

gives information about surface states and the sample’s work function [144, 147]. Figure 3.16

shows the characteristic FER spectra measured on different surfaces.
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Figure 3.16: FER spectroscopies on Ag(100), 2 ML MgO and 3 ML MgO. All traces are normal-
ized to the same tunneling conductance with It = 70 pA and Vt = 3.0 V.

As studied in reference [145], the energy separation between the first two MgO resonance

peaks decreases with increasing MgO thickness. We, however, found that the position and

spacing of these peaks depend strongly on the tip atomic termination. We therefore do not

rely exclusively on this method and prefer to combine apparent height measurement with

FER spectroscopy to assign the ML thickness of MgO films, for an underlying flat crystal sur-

face.

The deposition of atoms on MgO is realized in-situ using a triple electron beam evap-

orator capable of depositing two species at the same time. Typical depositions are done over

40 s at a sample temperature below 10 K. Figure 3.17 shows an STM image after the deposition

of Fe and Dy atoms on the sample surface.
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Figure 3.17: 105 nm x 90 nm STM image after the atom deposition on MgO/Ag(100). The
tunneling parameters of the image are Vt = 100 mV, It = 10 pA.
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The delimited patch appearing at the center of the image corresponds to a 2 ML-thick

MgO film. The adatoms appear as protrusions in the STM image and their apparent height

depends on their electronic affinity with the substrate, their adsorption site on the MgO lat-

tice and on the tip apex.

3.3.1 Adatoms Adsorbed on Magnesium Oxide (MgO)

Figure 3.18 illustrates the three adsorption sites on the MgO lattice for the different

adatoms deposited in this thesis. It is important to define and distinguish these sites as

they provide different CF symmetries and therefore different magnetic properties for a given

adatom. Table 3.2 introduces the adatom nomenclature and the corresponding adsorption

sites.

Mg O

Top-Oxygen 
adsorption site

Oxygen-Bridge adsorption site 1

Oxygen-Bridge 
adsorption site 2

2.0 Å

Figure 3.18: The different adsorption sites on MgO for TiH, Fe, Dy and Tb.

Adsorbed Atom
Top-Oxygen site Oxygen-Bridge site 1 Oxygen-Bridge site 2

or Molecule
Fe X

TiHO X
TiHB X X
Dytop X
Dybr X X
Tbtop X
Tbbr X X

Table 3.2: Notation used for the adsorbed atoms and molecules on their corresponding sites
on MgO.
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Fe is the only adatom in table 3.2 to be adsorbed exclusively on the top-Oxygen site of

MgO. Other metals can each appear as top-Oxygen and Oxygen-bridge adatoms. The relative

abundance of top-Oxygen and Oxygen-bridge sites depends on the deposition temperature

and strongly on the thickness of the MgO film [97]. Since the main residual gas in UHV is

hydrogen which has a high affinity with Ti, we assume that the evaporated Ti atoms dissociate

the impinging H2 molecules and bind one H atom [148]. Whereas Ti has a spin S = 1 in the

gas phase, the TiH molecule adsorbed on the three sites of MgO has S = 1/2 [16]. Figures

3.19, 3.20 and 3.21 are STM images of the seven adatoms introduced in table 3.2. They are all

adsorbed on a 2 ML-thick MgO film and we report their apparent heights that depend on the

tunneling parameters, indicated for each image.
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Figure 3.19: STM image of Fe adatoms and TiH molecules on 2 ML-thick MgO. The tunneling
parameters are Vt = 100 mV, It = 20 pA.

In the three STM images, the MgO surface presents some small dark spots, appearing at

a lower apparent height with respect to the MgO film. They are either attributed to defects or

to a higher ML-thick MgO film starting to grow locally on top of the existing layer. In any case,

we did not conduct experiments on adatoms adsorbed on these sites. In the three STM im-

ages, adatoms do not appear perfectly round as one should expect, especially in figure 3.21.

This typically originates from the tip apex that is not always single-atomic and generates ad-

ditional spatial features on the adatoms.

Finally, to address their distinct magnetic properties with SP-STM, it is necessary to iden-

tify the different adatoms on the surface. The best identification method is to combine appar-

ent height measurement with STS if the adatom or molecule shows spectroscopic features at

accessible tunneling biases. We show in this thesis the characteristic STS spectra of Fe, TiHB

and TiHO in chapter 4 and of Tbbr in chapter 6. The other adatoms in table 3.2 are deduced

and identified exclusively with apparent height measurements.
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Figure 3.20: STM image of Dy adatoms adsorbed on 2 ML-thick MgO. The tunneling param-
eters are Vt = 50 mV, It = 10 pA.
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Figure 3.21: STM image of Tb adatoms adsorbed on 2 ML-thick MgO. The tunneling param-
eters are Vt = 50 mV, It = 20 pA.
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4 ESR-STM on TiH Molecules Adsorbed on MgO

To characterize our RF cabling after the changes described in section 3.1.5, we investi-

gate the well-known system TiH/MgO/Ag(100) and measure the corresponding g -factor and

magnetic moment. This system is preferred to Fe/MgO/Ag(100) since the ESR amplitude re-

ported for TiH is about twice as large as for Fe, at equivalent experimental parameters [45].

The expected resonance condition of TiH on MgO is around 25 GHz/T [117]. It is accessible

at relatively low RF frequencies, where the RF transmission is high, and at sufficiently large

magnetic fields to polarize our tip. This offers a large RF power range in the tunneling junc-

tion to maximize our chance to detect an ESR signal. As described in section 2.4.1, our SP

tip has to be atomically built to induce and sense coherent transitions between Zeeman-split

states. However, we observe that only few SP tips can resolve an ESR contrast above our noise

level. A first part of this chapter is thus dedicated to the preparation of an ESR tip. We then

present and discuss our ESR results on TiH molecules at TSTM = 0.4 K and TSTM = 4.2 K.

4.1 Preparation of an ESR Tip

Our STM tip is made by electro-chemical etching from a 0.25 mm diameter wire of Platinum-

Iridium Pt(90%)/Ir(10%). The non-magnetic bulk tip is spin-polarized in situ by picking up

several magnetic Fe atoms adsorbed on the MgO surface. A magnetic cluster is formed at the

tip apex that acts as a spin valve through the TMR effect.

                

 

  

  

  

  

  

                                

                   

 
  

 
 

  
 

  
  

                     

  

  

  

  

  

  

  

                             

                   

 
  

 
 

  
 

 
 

Figure 4.1: Left: different STS traces measured on Fe and MgO, with a non-SP tip (blue, green)
and SP tip (red). The tunneling parameters are Vt = 100 mV, It = 5 pA and a lock-in modula-
tion amplitude of 1 mV is applied. Traces are measured at TSTM = 4.2 K and Bz = 0.6 T. Right:
different STS traces measured with different SP tips on Fe. Offsets are applied for clarity.

On figure 4.1 (left), STS are performed on Fe before (red trace) and after (blue trace) pick-

ing up 3 Fe atoms in a magnetic field of Bz = 0.6 T. As a result, a spin polarization of ap-

proximately 26% is acquired. The steps at ±14 mV are identified as spin excitations from

|Sz =±2〉 to |Sz =±1〉 induced by inelastic tunneling electrons. If we assume that the tip is

polarized along the external magnetic field direction, a higher step at positive tip bias (red
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trace in figure 4.1) imposes transitions |Sz =−2〉 → |Sz =−1〉 as the dominant contribution

to the asymmetric signal. Figure 4.1 (right) shows how the different SP tips can lead to dif-

ferent spectra on Fe. We use STS on adsorbed atoms to identify the signature of a given SP

tip, as not all tip configurations are producing ESR signals. Similarly to Fe, Oxygen-bridge

TiHB and top-Oxygen TiHO reveal characteristic features in STS. Figures 4.2 and 4.3 show the

spectra of the two adsorption sites TiH molecules on MgO for an SP tip (blue) and a non-SP

tip (red). For both molecules, the step at 0 mV indicates the spin polarization of our tips and

can change for different tip terminations.
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Figure 4.2: STS traces measured on TiHB at TSTM = 4.2 K with an SP and non-SP tip.
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Figure 4.3: STS traces measured on TiHO at TSTM = 0.4 K with an SP and non-SP tip.
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As the process of building an ESR tip is time-consuming, we need to verify fast if a given

SP tip can reveal ESR contrast. The fastest method is to perform tip-field sweeps (see sec-

tion 2.4.1). In contrast, frequency sweeps are more time-consuming, since they require to

characterize the TF, that can change up to 2 dB at a given frequency and on a period of mea-

surement (∼ 14 hours). Figure 4.4 shows tip-field sweeps measured on TiHB for different RF

frequencies. For each data point, the lock-in signal is divided by the tunneling current such

that, in the absence of a resonance, a flat background signal is obtained.
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Figure 4.4: Tip-field sweep measurement at TSTM = 0.4 K on TiHB , showing no ESR signals in

an external magnetic field of Bxy = 600 mT and at V jun
RF = 28 mV. Offsets are applied for clarity.

This SP tip, used to measure the STS spectrum in figure 4.2, does not show ESR contrast

above our noise level and within this tunneling current range. As introduced in chapter 3, we

recall that V src
RF and V jun

RF are the zero-to-peak amplitudes of the RF bias modulation applied

from the generator and in the tunneling junction respectively. The choice of RF frequencies

and magnetic field used in figure 4.4 is motivated by the existing ESR measurements on TiHB

[118]. In our case, most of the tips did not show ESR contrast, as in figure 4.4. In figure 4.5,

we report STS spectra measured on Fe and TiHB with an SP tip showing ESR contrast. A spin

polarization of 50 % can be estimated from the IETS on Fe. This SP tip is able to detect ESR

signals, measured on TiHB and presented in section 4.3.
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Figure 4.5: STS traces recorded with the same SP tip on Fe and TiHB at TSTM = 0.4 K. This tip
reveals ESR signals on TiHB .

4.2 Fitting ESR Lineshapes

Given the complex expression of the ESR lineshape derived in equation 2.37, we use a

Fano function with a lower number of parameters to fit our ESR signals measured with the

frequency sweep method [15]:

∆I ( f ) = I0 + A ·

(
qΓ
2 + ( f − f0)

)2

(
Γ
2

)2
+ ( f − f0)2

(4.1)

where A is the amplitude of the peak, q the Fano factor, Γ the FWHM, I0 an offset and f0 is

the resonance frequency. q is equivalent toα in equation 2.38 withα= 2q/(q2−1). Note that

f0 does not always correspond to the Fano function maximum and shows a strong depen-

dency on the Fano factor q [149]. This parameter describes the asymmetry of the lineshape,

similarly to β in equation 2.38, where q = 0 corresponds to a pure Lorentzian function. The

Fano factor scales linearly with the RF amplitude and current [46]. Consequently, ESR signals

measured at the same RF amplitude and tunneling current in frequency sweeps are fitted

using the same Fano factor. We employ a least square method to find the optimal qopt that

minimizes the residuals’ sum of the Fano functions fitting a data set. Finally, all error bars

shown in this chapter are computed from the diagonalized covariance matrix, output by the

Python curvefit function, and calculated from the differences between Fano fits and data.

4.3 Results at 0.4 K

We present here the results as well as the analysis of tip-field and frequency sweeps mea-

sured on TiHB at TSTM = 0.4 K.
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4.3.1 Tip-Field Sweeps

Using the tip characterized in figure 4.5, tip-field sweeps revealing ESR contrast are shown

in figure 4.6 for different RF frequencies. Each ESR peak is measured as an increase of the

tunneling current ∆I , and shifts linearly with the RF frequency, in a fixed external magnetic

field of Bxy = 600 mT. The RF junction amplitude is approximately 55 mV given the average

transfer function of −32 dB between 16.5 GHz and 18.0 GHz. We fit the data using the Fano

function defined in equation 4.1 and replacing ( f − f0) by (I − I0), where I0 is the resonance

current.
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Figure 4.6: Tip-field sweeps on TiHB at TSTM = 0.4 K, in an external magnetic field of
Bxy = 600 mT and at a constant RF source amplitude of V src

RF = 2.26 V. The tunneling bias
is set to Vt = 100 meV. Offsets are applied for clarity.
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Figure 4.7: ESR peak positions in tunneling current, obtained from the Fano fits in figure 4.6.
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In figure 4.7, we report the resonance tunneling current as a function of the RF frequency.

A linear shift of the resonance current is observed in figure 4.7 and suggests a linear behavior

of the tip magnetic field with the tunneling current, according to equation 2.29. This moti-

vates the realization of frequency sweeps on this molecule, to measure the g -factor and the

magnetic moment along the external magnetic field direction.

4.3.2 Frequency Sweeps

Frequency sweeps are performed on TiHB at four external magnetic fields and are pre-

sented in figure 4.8.
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Figure 4.8: Frequency sweeps measured on TiHB at TSTM = 0.4 K. The tunneling parameters

are Vt = 60 mV and It = 15 pA with a junction amplitude V jun
RF = 28 mV. An average trace,

plotted with orange symbols, is substracted to the four sweeps and offsets are applied for
clarity.

In figure 4.8, the orange trace corresponds to an average of the four sweeps, calculated

outside of their respective resonance regions. This average trace is substracted to all four

sweeps, for an improved signal-to-noise ratio. The optimal Fano factor fitting the traces

is qopt = −0.027, obtained by minimizing the residuals’ sum of all four Fano fits with re-

spect to the data, as shown in figure 4.9. This value is close to zero and is consistent with the

Lorentzian lineshapes in figure 4.8.
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Figure 4.9: Optimal Fano Factor found for the four frequency sweep traces shown in figure
4.8.

We plot in figure 4.10 the resonance frequencies, extracted from the Fano fits of figure

4.8, as a function of Bxy. Error bars are not visible as the standard deviation is on the order of

10−4 · fRF.
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Figure 4.10: Resonance frequencies extracted from the Fano fits in figure 4.8, as a function of
the external magnetic field.

A slope of approximately 27.86 GHz/T is obtained from the linear fit and is used to derive

the g -factor of the TiHB molecule. One has:

fRF ≈ (27.86±0.26) ·Bext, xy + (0.41±0.15) with fRF = µB

h
gxy∆Sxy(Bext, xy +Btip, xy) (4.2)

In equation 4.2, there are two unknowns gxy and Btip, for one equation. To solve it, we
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assume that Btip is constant and independent of Bext,xy in the interval [540 mT, 600 mT]. This

allows the following identification:(27.86±0.26) ·109 = µB

h gxy∆Sxy → gxy = (1.99±0.02)

(0.41±0.15) ·109 = µB

h g eff
xy ∆SxyBtip, xy → Btip, xy = (14.7±4.0) mT

(4.3)

where Btip, xy is the residual resonance field when extrapolating the linear fit in figure 4.10

to Bext,xy = 0. The g -factor is obtained while neglecting a possible variation of Btip, xy with

the applied external field. We find gxy = (1.99±0.02), in good agreement with (1.953±0.003),

reported in reference [150] for one of the Oxygen-bridge site TiH. The molecule’s magnetic

moment can be derived according to equation 4.4, neglecting the tip magnetic field [122]:

|mTiHB | ≈
∣∣∣ h fRF

2espin ·
(
Bext

) ∣∣∣≈ (0.99±0.01)µB (4.4)

where espin corresponds to the axis along which molecule’s magnetic moment lies. Given

the small anisotropy of TiH on MgO, we assume that espin coincides with the external field

orientation, along x̂ ŷ . The magnetic moment is therefore simply the g -factor multiplied by

0.5µB . A more precise measurement of the g -factor and of the magnetic moment requires

a precise measurement of the tip magnetic field. One can characterize it by the sum of an

exchange and dipolar fields as in references [45, 122]. However, quantifying the contribution

of each field requires the measurement of many ESR signals, taken at different tip-sample

distances. We could not perform such an experiment, given the time-consuming process of

building an ESR tip with respect to our hold time of 14 hours at TSTM = 0.4 K. Also, we were

not able to keep an ESR tip during the filling process of our cryostat, despite retracting the tip

sufficiently away from the sample to avoid a change of the atomic termination.

In table 4.1, the fitting parameters of the ESR traces shown in figure 4.8 are listed and

discussed below.

Bxy = 540 mT Bxy = 560 mT Bxy = 580 mT Bxy = 600 mT

|A| [fA] 91.4 ± 5.2 97.6 ± 5.2 105 ± 5 106 ± 4

Γ [MHz] 37.16 ± 3.06 45.40 ± 3.52 58.55 ± 3.73 65.40 ± 3.93

qopt [-] -0.027

Table 4.1: Parameters fitting the ESR traces in figure 4.8.

The ESR amplitudes correspond, on average, to 0.65 % of the tunneling current It = 15 pA.

This value is quite low compared to what has been achieved in literature at a similar tempera-

ture and RF amplitudes. Furthermore, we observe, that ESR amplitudes increase for increas-

ing external magnetic fields. This can be explained by a stronger tip spin polarization and a

larger energy difference E01 with respect to kB T as Bext,xy increases. FWHM are reported in

table 4.1 with linewidths as narrow as 37 MHz. We will discuss the importance of narrow ESR

linewidths Γ and what limits a further decrease of Γ in section 4.5.
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4.4 Results at 4.2 K

To study the effect of temperature on the ESR lineshape, we measure ESR signals on

TiHO at a higher temperature TSTM = 4.2 K. Similarly to the previous section, we use an in-

plane magnetic field of Bext,xy = 600 mT and we identify an ESR-active tip in tip-field sweeps

followed by frequency sweep measurements. A more detailed analysis is provided in this

section, including a measurement of the ESR lineshape as a function of the RF amplitude.

4.4.1 Tip-Field Sweeps

Tip-field sweeps on TiHO are shown in figure 4.11. The resonance tunneling current is

plotted as a function of the RF frequency in figure 4.12: a linear behavior confirms that the

tip magnetic field scales linearly with the tunneling current. Compared to figure 4.6, the ESR

signals in figure 4.11 are spread out over a wider current range. This implies a weaker effect of

Btip, xy sensed by the adsorbed molecule in figure 4.11. The ESR linewidth increases and the

amplitude decreases as the resonance condition moves to higher currents. This is mainly due

to the decrease of T2 at higher currents, suggesting that each tunneling electron from the tip

interacts with the TiH spin and induces a loss of phase information [45, 46]. Moreover, ESR

signals shift towards higher currents with decreasing RF frequencies. This can be understood

as follow: as the tunneling current increases, the tip magnetic field, sensed by the molecule,

reduces linearly the effect of the external magnetic field on the resonance condition. This

implies that Btip, xy is anti-aligned with Bext,xy. This behavior is opposite to what is shown in

figure 4.6, at TSTM = 0.4 K. We provide a simplified model in figure 4.13 to explain these two

opposite behaviors. In this model, we consider only the dipolar field from the SP tip, and

neglect the influence of the exchange interaction field.
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Figure 4.11: Tip-field sweeps measured on TiHO revealing a shift of the ESR condition for
different fRF frequencies. Sweeps are performed at Bxy = 600 mT and Vt = 100 mV, for a
source amplitude V src

RF varying between 2.26 V and 2.40 V.
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Figure 4.12: ESR peak positions in tunneling current extracted from the Fano fits of figure
4.11, as a function of the RF frequency used.

(A) (B)

Bext,xy Bext,xy

Figure 4.13: Dipolar magnetic field generated by an SP tip for a ferromagnetic (A) and anti-
ferromagnetic alignment (B) between the tip’s and molecule’s magnetic moments. An STM
image of TiHB is shown, and the black arrow indicates the molecule’s magnetic moment,
aligned with the external field.
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In figure 4.13, the direction of the dipolar field lines, closed to the molecule, determines

the relative orientation of Btip with respect to Bext. Panel (A) explains the behavior of the

resonance condition in figure 4.11, where the total field sensed by the molecule along x̂ ŷ is

Bext,xy −Btip,xy(It ). In panel (A), the tip’s and molecule’s magnetic moments are ferromagnet-

ically aligned. In contrast, panel (B) explains figure 4.6, where the total field sensed by the

molecule along x̂ ŷ is Bext,xy +Btip,xy(It ). In this case, the tip’s and molecule’s magnetic mo-

ments are anti-ferromagnetically aligned.

Controlling the lineshape of ESR-STM signals is an essential step for probing precise and

reliable information on a magnetic adsorbed species and for sensing magnetic interactions

from its local surface environment. For example, the ESR lineshape can be controlled with

the RF amplitude applied in the tunneling junction. We present in figure 4.14 the effect of VRF

on ESR signals measured on a TiHO molecule. Experimentally, the source amplitude V jun
RF is

controlled from the RF generator and can be converted into the junction amplitude V jun
RF us-

ing our TF. The amplitudes in figure 4.14 are extracted from the fits and shown as a function

of VRF in figure 4.15.
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Figure 4.14: RF amplitude dependency of the ESR lineshape, measured at fRF = 14.5 GHz,
Bxy = 600 mT and Vt = 100 mV on TiHO .

In figure 4.15, the amplitude increases with increasing VRF, up to a saturation value for

which the RF voltage is strong enough to equalize the population of states |0〉 and |1〉 [14, 46].

This behavior confirms that V jun
RF is proportional to the Rabi rate Ω, and that its effect on

the molecule drives the ESR transitions. The FWHM of signals in figure 4.14 are relatively

constant with respect to V jun
RF , whereas a linear increase is expected considering equation

2.39 and is reported in references [14, 46]. We can explain our results by the presence of

strong decoherence sources that reduce the coherence time T2, beyond the broadening effect

of V jun
RF on the FWHM. Strong variations in the tip-sample distance and the corresponding

variation of Btip on a short timescale could lead to such a broadening.
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Figure 4.15: ESR signal amplitudes as a function of VRF. The molecule’s magnetic ground and
excited state populations are illustrated in blue and yellow respectively, changing under the
application of VRF.

The data presented so far, at TSTM = 4.2 K, were acquired on the same TiHO molecule.

But does the ESR lineshape change when other molecules, adsorbed on the same site, are

addressed with the same ESR tip? To answer this question, we show in figure 4.16 different

tip-field sweeps measured with the same tip on TiHO molecules, labeled from A to D.
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Figure 4.16: Tip-field sweeps measured on TiHO molecules at TSTM = 4.2 K, Bxy = 580 mT,
fRF = 15 GHz and V src

RF = 2 V. A DC tunneling voltage of Vt = 100 mV is applied.

All molecules are isolated on the surface, with no other magnetic species in a radius of
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r ≈ 3 nm. This prevents the influence of magnetic stray fields from nearby adatoms on the

resonance condition. For example, the static dipolar magnetic field sensed by a TiH molecule

and generated by an Fe adatom at a distance r ≈ 3 nm is around BFe ≈ µ0mFe

4πr 3 ≈ 0.2 mT, using

the dipolar field approximation. We use mFe = 5.2 µB taken from reference [38] and assume

that the magnetic moment of Fe is stable in the out-of-plane direction. This field is 3 orders

of magnitude lower compared to Bext,xy and the influence of nearby adatoms outside this ra-

dius on molecules A, B and C can be neglected. Tip-field sweeps for four TiHO molecules

A, B, C and D are plotted in figure 4.16 and we find similar resonance tunneling currents for

molecules A, B and C with (30.90±0.72) pA, (30.59±0.61) pA and (31.27±1.80) pA, respec-

tively. The asymmetry and amplitude strongly depend on the investigated molecule. This

result is unexpected as the relaxation time, coherence time and Rabi rate, that determine the

lineshape, should be similar at a fixed VRF and a fixed tunneling conductance. For molecule

D, we do not observe an ESR signal, above our noise level. A change of the tip apex can be ex-

cluded since we were able to reproduce the ESR signal on TiHO A after the measurements on

B-D. We explain the different lineshapes by different tip-molecules interactions. In conclu-

sion, the data shown in figure 4.16 suggests that only some molecules, adsorbed on the same

MgO site, show an ESR contrast for a given ESR tip and highlights the difficulty of probing

these signals efficiently.

In the next section, we introduce and discuss the frequency sweep results performed at

TSTM = 4.2 K. We measure the g -factor of molecules A, B and C, along the external magnetic

field direction x̂ ŷ . We neglect the possible variation of Btip,xy with the applied external field

to derive g .

4.4.2 Frequency Sweeps

Figure 4.17 shows frequency sweep ESR measured on molecule A. An average trace is

substracted to the data, as in figure 4.8. An optimized Fano factor of qopt = 0.384 is found.

The ESR amplitude increases with increasing external magnetic field (see section 4.3.2 for

the interpretation). The resonance frequency scales linearly with the external magnetic field

and is shown in figure 4.18.
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Figure 4.17: Frequency sweeps measured on TiHO A at TSTM = 4.2 K. The tunneling parame-

ters are Vt = 100 mV, It = 27 pA and V jun
RF = 28 mV. Offsets are applied for clarity.
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Figure 4.18: Resonance frequencies obtained from the Fano fits in figure 4.17, as a function
of the external magnetic field.

From figure 4.18, the experimental g -factor and tip magnetic field are determined:gxy = (1.82±0.09)

Btip, xy = (15.33±28.95)
(4.5)

Our value for gxy is consistent with (1.67±0.16), measured for TiHO in reference [151]. The
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measurement of the tip magnetic field is, however, imprecise due to the deviation of the data

from the linear fit in figure 4.18. Our method to determine Btip is therefore too sensitive and

unreliable, even for small deviations of the resonance frequency with respect to the linear fit.

However, it should not alter significantly the g -factor that we measure, as Btip << Bext for a

low tunneling current of It = 27 pA. We present in table 4.2 the parameters used for fitting the

data in figure 4.17.

Bxy = 520 mT Bxy = 540 mT Bxy = 560 mT Bxy = 580 mT
|A| [fA] 77.7 ± 10.8 115 ± 11 121 ± 10 131 ± 9

Γ [MHz] 387.71 ± 60.71 368.13 ± 51.64 450.63 ± 58.17 617.00 ± 74.86

qopt [-] 0.384

Table 4.2: Fit parameters of the ESR traces at TSTM = 4.2 K on TiHO A.

We show the ESR results on molecules B and C in figures 4.19 to 4.22. The data treatment

and analysis are identical to what has been presented so far. Table 4.3 summarizes the exper-

imental parameters determined on molecules TiHO A, B and C. In section 4.5, we discuss in

details the lineshapes of ESR signals at TSTM = 4.2 K, and a comparison with signals measured

at TSTM = 0.4 K is given.

ESR Data on TiHO A ESR Data on TiHO B ESR Data on TiHO C
qopt [-] 0.384 0.221 0.411
gxy [-] (1.82±0.09) (1.73±0.09) (2.04±0.06)

Btip, xy [mT] (15.33±28.95) (51.74±27.65) (−43.36±15.08)

Table 4.3: Fano factors, g-factors and tip-induced magnetic fields extracted from the ESR
signals on TiHO A, B and C.

In table 4.3, the g -factors of molecules A and B are similar. A higher value is found

for molecule C. This deviation is consistent with the ESR lineshapes observed on the three

molecules in figure 4.16 and can be explained by different tip-molecule interactions. A tip-

molecule distance-dependent measurement of the g -factor of a given molecule would give

further insights into the nature of the interaction. Characterizing and controlling the effect

of the magnetic tip is therefore crucial for the reproducibility and reliability in ESR-STM ex-

periments [45, 122].
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Figure 4.19: Frequency sweeps measured on TiHO B at TSTM = 4.2 K with Vt = 100 mV,

It = 27 pA and V jun
RF = 28 mV. Offsets are applied for clarity.
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Figure 4.20: Resonance frequencies of TiHO B, obtained from the Fano fits in figure 4.19, as a
function of the external magnetic field.
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Figure 4.21: Frequency sweeps measured on TiHO C at TSTM = 4.2 K. The tunneling parame-

ters are Vt = 100 mV, It = 27 pA for an RF amplitude of V jun
RF = 28 mV. Offsets are applied for

clarity.
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Figure 4.22: Resonance frequencies of TiHO C, obtained from the Fano fits in figure 4.21, as a
function of the external magnetic field.
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4.5 Discussion and Conclusion

A comparison of the ESR signals at different temperatures is shown in figure 4.23.

−1500 −1000 −500 0 500 1000 1500

1.6

1.8

2

2.2

2.4
T STM  = 4.2 K
T STM  = 0.4 K
Fano Fits

δf = f - f 0  [MHz]

N
or

m
al

iz
ed

 
 E

S
R
 S

ig
na

l Δ
I/

G
 t  [

m
V
]

Figure 4.23: ESR signals normalized to the tunneling conductance, centered around the res-
onance frequencies. Both traces are acquired at Bxy = 580 mT and VRF = 28 mV. The trace
at 4.2 K is measured with a tunneling current It = 27 pA, as the one at 0.4 K with It = 15 pA.
Offsets are applied for clarity.

The two signals in figure 4.23 have similar amplitudes which, in principle, would contra-

dict the expected decrease in amplitude with increasing temperature [46]. However, a direct

comparison is not possible, since these measurements are obtained with different tips, each

characterized by distinct spin polarization. Consequently, the integrated signal amplitudes

are not only temperature-dependent.

In figure 4.23, the FWHM changes by one order of magnitude from 0.4 K (Γ = 58 MHz)

to 4.2 K (Γ= 617 MHz), suggesting a higher decoherence rate at higher temperature. This can

be explained by a higher tunneling current, by nearly a factor of 2, used for the trace at 4.2 K

(It = 27 pA) with respect to the one at 0.4 K (It = 15 pA). This leads to broader ESR linewidths,

independently of the temperature, as tunneling electrons induce a loss of phase information

and contribute in shortening T2.

The broadening of 58 MHz in figure 4.23 can originate from different sources such as the

atom-tracking scheme, that produces a circular motion of the tip with respect to the molecule

to compensate piezo actuator creep and drift. Even for small tracking radii (here r = 10 pm),

a tip-field gradient can be experienced by the adatom and broadens the ESR peak [45]. Other

broadening mechanisms can contribute to the finite linewidth, such as variations in the tip-

adatom distance z, external magnetic field imprecision, scattering of tunneling electrons and
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substrate phonons, thermal noise, etc.

We now discuss the different lineshape profiles in figure 4.23. The asymmetric lineshape

at 4.2 K can be explained by the higher tunneling current with respect to the almost purely

symmetric lineshape measured at 0.4 K. An increase of the homodyne contribution is ex-

pected at a larger It [46]. It is, however, not clear how the temperature influences the asym-

metry of the ESR signal and further investigations on the temperature-dependent lineshape

are required.

In this chapter, we have demonstrated the feasibility to measure ESR signals at different

temperatures with our ESR-STM, after the changes described in section 3.1. This demonstra-

tion opens the way for probing new systems with ESR-STM, such as rare-earth adatoms on

thin decoupling layers.

4.6 Magnetic Field-Sensing Experiment with ESR-STM

The search for narrow linewidths in ESR-STM experiments is motivated by the measure-

ment of small dipolar and exchange fields generated by surrounding adatoms and sensed by

an ESR-active sensor [16, 50, 94, 113]. For the frequency sweeps in figure 4.23, the linewidth

ranges from 37 MHz (Bxy = 540 mT) to 65 MHz (Bxy = 600 mT) for a temperature of 0.4 K

which is equivalent to a magnetic field of 1.3 mT and 2.3 mT respectively using the g -factor

obtained experimentally. A field of 2.3 mT corresponds to the static dipolar field of a top-

Oxygen site Dy atom sensed by a TiH molecule at a distance of d ≈ 1.59 nm. We derive this

distance using a magnetic moment of mDy = 10 µB for Dytop [50] and using the magnetic

dipole approximation BDytop ≈ µ0mDy

4πd 3 , with BDytop = 2.3 mT and where µ0 is the vacuum per-

meability. Based on this calculation, we propose an experiment at 0.4 K that benefits from

narrow ESR linewidths and that measures the magnetic moment of Dytop.

First, a frequency sweep ESR is measured on an isolated TiH molecule at a resonance

frequency f0 and in an external magnetic field Bext. We then manipulate a Dytop adatom

and place it next to the molecule at a distance d . This can be achieved by lateral or vertical

atomic manipulation schemes of the tip and adatom along the surface [152] and is typically

performed in similar ESR-STM experiments [50]. We measure another frequency sweep ESR

on TiH with the nearby Dy adatom and with the same experimental parameters as before.

We expect the resonance to shift to a new resonance frequency f ′
0(d). We repeat this step for

many TiH-Dy distances and determine the magnetic moment mDy by fitting the resonance

frequencies to the distance-dependent function ffit:

ffit(d) = gµB

h
· (B0 +

µ0mDy

4πd 3

)
with B0 =

(
Bext +Btip

)
(4.6)

where the magnetic field of Dytop is described by a static dipolar field. mDy can be extracted

from the fit in equation 4.6, assuming that B0 is independent of d as in reference [50]. One

can also add to equation 4.6 the short-range exchange interaction field, for a more complete
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description of BDy, if necessary:

Bexc(d) = Ae−d/λexc (4.7)

where A is the exchange field parameter and λexc the exchange decay length [45]. This

experiment can be extended to any other adatom with a stable magnetic moment. For ex-

ample, we tried to measure the possible magnetic stray field of an Oxygen-bridge site Dy

atom placed next to a TiH molecule. However, and as described in section 5.4, we were not

able to build an ESR-active tip in these conditions and therefore could not conduct such an

experiment.

4.7 Outlook

Despite the successful measurement of ESR signals demonstrated on TiH molecules,

some questions remain open, especially regarding the reproducibility of these signals. In

figure 4.16 and in the frequency sweeps presented in section 4.4.2, we show that different

TiH molecules, adsorbed on the same MgO site, do not have the same ESR lineshape. We

discuss, in this section, three possible origins of this result and propose further experiments

to better understand what influences the lineshape of ESR signals.

First, the different lineshapes in figure 4.16 could be explained by different mechanical

noise levels in the tip-adatom distance, leading to a variable broadening of the ESR peaks,

from one molecule to another. This would imply that a significantly higher noise level is

found for molecule D, as we do not measure any signal on it. To verify this hypothesis experi-

mentally, we would need to perform multiple tip-field sweeps on a given TiH molecule to see

if we observe any change caused by mechanical noise variations.

Second, a more realistic explanation for the lineshape variation would come from dif-

ferent magnetic properties of molecules A to D. If the molecules are adsorbed on the same

site (top-Oxygen), they could be made of different Ti isotopes, with different nuclear spins

and hyperfine interactions. We show in table 4.4 the five stable isotopes of Ti, with different

mass numbers M , nuclear spins I and natural abundances.

MTi I Abundance [%]
46Ti 0 8.0
47Ti 5/2 7.3
48Ti 0 73.8
49Ti 7/2 5.5
50Ti 0 5.4

Table 4.4: List of stable isotopes of Ti [153, 154]

From table 4.4, the probability that at least one of the four molecules has a non-zero

nuclear spin is close to 52%. This implies that we probably investigated molecules with
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different hyperfine structures, leading to different ESR lineshapes in figure 4.16. However,

resolving the hyperfine splitting of an adatom has only been done at temperatures below

1.5 K [114, 120, 155, 156], with a characteristic frequency spacing on the order of 50 MHz be-

tween adjacent peaks, for 47Ti and 49Ti at VRF ≤ 50 mV and TSTM = 0.6 K [156]. In our case,

at TSTM = 4.2 K, a higher decoherence rate from scattering electrons and phonons might

broaden the ESR peaks, preventing the resolution of individual nuclear spin states for 47Ti

and 49Ti. This hypothesis partially explains how the ESR lineshape can be broadened dif-

ferently by an additional hyperfine contribution, depending on the isotope of Ti. However,

and as for the first hypothesis, it does not explain why we do not measure an ESR signal on

molecule D, in figure 4.16.

Finally, variations in ESR signals can be attributed to different interactions between the

molecules and the substrate. Specifically, if the CF remains uniform for all top-Oxygen TiH

molecules, we suspect the nuclear spins from the substrate to interact inhomogeneously with

the adsorbed molecules, causing different ESR lineshapes. For MgO, the main contribution

of nuclear spins comes from the Magnesium atoms, whose stable isotopes are 24Mg, 25Mg,
26Mg and where 25Mg is the only isotope with a non-zero nuclear spin I = 5/2, abundant by

10% [154]. Stable isotopes of Oxygen with I ̸= 0, however, are negligible with an abundance

below 0.04% [157]. If this hypothesis explains the lack of reproducibility of these signals,

other substrates with a low amount of nuclear spins should generate less variations in the

ESR lineshape. As an outlook, we could measure ESR-STM signals on rare earth atoms ad-

sorbed on graphene. The choice of this substrate is justified by the low density of nuclear

spins, as stable Carbon atoms with I ̸= 0 are abundant by only 1% [154]. Also, rare earth

adatoms are attractive for ESR-STM, given the existing studies of Dy and Ho on graphene,

showing long relaxation times T1 [158, 159]. As described in section 2.4.3, systems showing

long T1 are susceptible to reveal a long T2.
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5 Magnetism of Single Dy Atoms on MgO with SP-STM

Rare-earth adatoms on decoupling layers can retain a stable magnetic moment in ab-

sence of an external magnetic field. The shielded nature of 4f electrons presents magnetic

stability advantages compared to other elements such as 3d transition metals. By provid-

ing a symmetry-protected magnetic ground state, some rare-earth atoms could be used to

store information in single atom magnets. The first study of single lanthanide adatoms that

showed magnetic remanence was on Ho on MgO, that revealed a long lifetime up to 1500 s

at T = 10 K [158]. A coercive field of at least 8 T was demonstrated with a first excited state

lifetime of at least 1000 s at T = 35 K [94].

Regarding single Dy atoms adsorbed on MgO, we introduce in this chapter the electronic

and magnetic properties of this system characterized in references [50, 97]. We show that

these works focus mainly on the top-Oxygen adsorption site Dytop in the 4f9 configuration,

revealing the largest MAE barrier observed for any magnetic adsorbed single atom [97]. How-

ever, the Oxygen-bridge site Dybr has not been studied with STM. By presenting the energy

level scheme of Dybr, obtained from multiplet calculations, we show that this system has

a predicted in-plane easy axis of the magnetization. Therefore, these calculations motivate

the investigation of Dybr with SP-STM. To do so, we first characterize our SP tip by recording

two-state noise on Dytop and compare our results with reference [50]. Then, we show how the

tip’s magnetization can be oriented along the sample plane to address the magnetism of Dybr

adatoms. We finally present the attempts in measuring two-state noise on Dybr at different

tunneling voltages and tunneling currents.

5.1 Electronic and Magnetic Properties of Single Dy Atoms on MgO

Single Dy atoms on MgO have been addressed with XAS, XMCD and STM in references

[50, 97]. From STM images, apparent heights of 230 pm and 310 pm have been attributed to

Dytop and Dybr respectively, at TSTM = 2 K, Vt = 100 mV and It = 20 pA [50]. Our STM image

shown in figure 5.1 also reveals a higher apparent height for Dybr (∆z ≈ 270 pm) with respect

to Dytop (∆z ≈ 170 pm). ∆z values are, however, lower than the ones of reference [50] due to

the different tunneling parameters and to different tip terminations. Nonetheless, the differ-

ence of ∼ 100 pm between Dytop and Dybr allows us to identify the Dy adsorption site on the

MgO surface by an apparent height measurement. Figure 5.1 also shows a higher number of

Dybr atoms with respect to Dytop which is consistent with the relative coverage of Dy calcu-

lated in reference [97]: for 2 ML-thick MgO, Dybr are more abundant (79%) than Dytop (21%).

For 3 and 4 ML-thick MgO, Dytop becomes more favorable with a relative abundance of 75%.
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Figure 5.1: STM image of Dy adatoms adsorbed on 2 ML-thick MgO. The scanning tunneling
parameters are Vt = 50 mV, It = 10 pA.

The electronic configuration of the 4f shell goes from 4f9 to 4f10 with increasing MgO

thickness as shown in figure 5.2. Note that the MgO thicknesses reported in figure 5.2 and in

reference [97] are 1 ML lower than our definition (cf. section 3.3).

Figure 5.2: Relative abundance of the electronic configurations of Dy on MgO. Data are ob-
tained by fitting the experimental XAS spectra with simulated spectra obtained from multi-
plet calculations using the MultiX code [97, 160].

A total of 4 species can thus be found on the MgO surface: Dytop(4f9), Dybr(4f9), Dytop(4f10)

and Dybr(4f10). In our case, we investigate Dy adatoms on up to 3 ML MgO with STM. Con-

Clément Marie Soulard 86



Chapter 5 - Magnetism of Single Dy Atoms on MgO with SP-STM

sequently, the Dy adatoms that we address are mostly in the 4f9 configuration. In a two-state

noise trace, we would expect a higher switching rate for Dytop(4f10) as the MAE is significantly

reduced compared to Dytop(4f9) [50]. The switching rate that we measure on Dytop, shown in

section 5.2, is consistent with the one predicted from multiplet calculations for the 4f9 con-

figuration. Therefore, we addressed the adatom Dytop(4f9) and we consider exclusively this

electronic configuration from now on and for both sites Dytop and Dybr.

The magnetic properties of Dy adatoms are now discussed. Multiplet calculations, us-

ing a point charge electrostatic model (PCEM) for estimating the CF, reveal an out-of-plane

easy axis magnetic anisotropy for Dytop in the 4f96s2 configuration [50]. The quantum num-

bers obtained from these calculations are Sz = 5/2, Lz = 5, and a ground state doublet of

< Jz >= ±15/2. The g-factor calculated from these quantum numbers is g ≈ 1.33, yielding a

magnetic moment of 9.9µB in the ground state. The corresponding energy level scheme from

reference [50] is shown in figure 5.3, revealing a MAE barrier of ∼ 235 meV for the modified

PCEM, that will be explained below.

Figure 5.3: Energy level scheme of Dytop in the 4f9 configuration calculated from the Quanty
multiplet calculation code [161]. A PCEM model is used to estimate the CF contribution [50].

Given the C4v CF environment, the ground state doublet is protected from QTM, lead-

ing to a long magnetic ground state lifetime. When addressing this system with SP-STM, the

magnetic moment is found stable in the ground state over days at low tunneling voltages,

with TSTM = 1 K and Bext = 0 T [50]. When applying tunneling voltages above 146 meV, rever-
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sals of the magnetization are measured as a two-state noise and correspond to the two orien-

tations of the magnetic moment < Jz >=±15/2. To match the switching rates obtained from

multiplet calculations and the ones measured experimentally in reference [50], the PCEM

model is re-scaled (black markers in figure 5.3) by increasing the transverse term E 4
4 in the

CF Hamiltonian [50]. A higher transverse term can be explained by the hybridization of the

6s electrons with the Mg orbitals, creating a 4-fold deformation, not included in the Quanty

multiplet calculation model. Finally, ESR signals have been measured with a magnetic bi-

stable tip on an Fe atom, sensing the magnetic dipolar field of a Dytop atom placed at various

distances from the Fe sensor [50]. Two ESR signals are observed in a given tip-field sweep and

correspond to the two resonance conditions generated by the two orientations of the tip’s

magnetic moment along the external magnetic field. The spacing between the two peaks is a

direct measurement of the magnetic dipolar field generated by Dytop that fits well the mag-

netic dipole approximation with the Fe-Dytop distance. A value of mDytop = 10.1± 0.3 µB is

found and is in good agreement with the multiplet calculations [50].

The magnetic properties of Dybr have not been deeply investigated in both references

[50, 97]. The main reason lies in the lower CF symmetry C2v , predicting a weaker magnetic

stability for Dybr. Indeed, multiplet calculations from reference [97] show a non-magnetic

ground state along the ẑ axis. In the x̂-direction, however, the same calculations predict a

ground state doublet with < Jx >=±15/2 and a high MAE. Both projections along ẑ and x̂ are

shown in figure 5.4. The axis x̂ is defined along the O-Dybr-O direction of a given Oxygen-

bridge adatom. The x̂ axis of Oxygen-bridge site 1 is therefore orthogonal to the x̂ axis of

Oxygen bridge site 2, as illustrated in figure 3.18. The positive ẑ axis is defined along the

tip-sample distance and points from the sample toward the STM tip.

             

 

   

   

   

   

        

 
 
 
  

  
 
 
  

  
  

 
 
 

             

 

   

   

   

   

        

 
 
 
  

  
 
 
  

  
  

 
 
 

Figure 5.4: Energy level schemes of Dybr in the 4f9 configuration, projected along ẑ (left)
and x̂ (right). Both graphs are computed with the MultiX multiplet calculation code, using
the same parameters as in reference [97]. The positions and charges of the nearest ions are
provided by DFT calculations [97, 162].

The ground state wave function compositions are also obtained from the multiplet cal-
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culations and are expressed in the |Jx〉 basis in equation 5.1.

|±ΨDybr〉 :+0.797 |±15/2〉
−0.533 |±11/2〉
+0.229 |±7/2〉
−0.081 |±3/2〉
+0.029 |∓1/2〉
−0.011 |∓5/2〉
+0.007 |∓9/2〉
−0.006 |∓13/2〉

(5.1)

As shown in figure 5.4 (right) and in equation 5.1, the predicted magnetic ground state

doublet along x̂ motivates the study of Dybr with SP-STM, similarly to what has been done on

Dytop along ẑ [50]. The method employed here, consists of measuring the energy-dependent

switching rate from two-state noise experiments on Dytop that can be compared to the rates

reported in reference [50]. The same SP tip is then placed over a Dybr adatom (site 1 or 2) to

check if magnetization switching can also be observed along the x̂ easy axis for a wide range

of parameters Vt and It . To conduct two-state noise experiments along two orthogonal easy

axis of the magnetization (ẑ and x̂), a control of the tip’s magnetic moment’s orientation is

necessary and is presented in section 5.3.

5.2 Two-state Noise on Top-Oxygen Site Dy

Figure 5.5 shows a two-state noise measured on Dytop as time-dependent changes in

the apparent height ∆z at a constant tunneling current, with the two possible out-of-plane

magnetic orientations in red and blue.
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Figure 5.5: Two-state noise on Dytop, measured at TSTM = 4.2 K, Vt = 240 mV and It = 30 pA,
with Bz = 600 mT. A Gaussian filter is applied with σ= 5 and a sampling rate of 200 Hz.
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A contrast of∆z = 6 pm is observed between the two magnetic orientations. From one SP

tip to another, ∆z varies from 4 to 8 pm for the same tunneling conductance. This difference

can be explained by the different spin polarizations of the tips and the different projections of

the tip’s and adatom’s magnetic moments. To characterize the two-state noise recorded with

a given SP tip, and to verify if a single-electron process governs the magnetization switching,

we perform a current-dependent measurement of the switching rate. We show the corre-

sponding rates for 2 SP tips in figure 5.6. Error bars are defined as the rates corresponding to

the square root of the total number of switching counts.
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Figure 5.6: Switching rate of Dytop as a function of tunneling current, shown in a log-log plot.
Data are acquired at TSTM = 4.2 K, in an external magnetic field of Bz = 600 mT. Tunneling
biases of Vt = 240 mV and Vt = 250 mV are used for SP Tip 1 and 2 respectively.

The switching rate is defined as the number of transitions from one magnetic orientation

to another over a given measurement time. In figure 5.6, the dashed lines represent the fits

using the model described in section 2.3.7, with the following function:

Γ= a ·
( I

I0

)N
(5.2)

where Γ is the switching rate, a the switching coefficient and N the fitting exponent, in-

dicated for each fit in the legend box of figure 5.6. We report in table 5.1 the parameters

obtained from the fits, using I0 = 1 pA.

SP Tip 1 SP Tip 2
Vt = 240 mV Vt = 250 mV

a [Hz] (7.38±0.94) (1.54±0.28)
N [-] (0.82±0.02) (0.92±0.04)

Table 5.1: Fitting parameters from figure 5.6.

The parameter a reported in table 5.1 changes by a factor of 5 from SP Tip 1 to SP Tip 2.

We think that this coefficient can vary depending on the magnetic interactions between the
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tip and the adatom and, therefore, strongly depends on the SP tip. Table 5.1 reports fitting

exponents closed to 1, confirming that a single-electron process governs the magnetization

switching. This allows a direct comparison with the data and point charge model from refer-

ence [50] that finds N ≈ 1.08 for Vt = 230 mV, Bz = 5 T and TSTM = 1.8 K.

To identify the energy onsets of the system, we measure the switching rate as a function

of tunneling voltage. The energy onsets correspond to the opening of magnetization reversal

paths induced by scattering electrons. We show this measurement in figure 5.7. Our data are

compared to the modified PCEM model from reference [50], shown as a red line in figure 5.7.

We define the rate ΓPCEM from this model as:

ΓPCEM(V ) =
7∑

i=1
H(V −Vi ) · ci · (V −Vi )

Vi
with ci = c0 · (I /e) ·P (i ) (5.3)

Seven onsets are found from multiplet calculations and are incorporated in equation 5.3

via the Heaviside function H(V −Vi ), where |e|Vi is the energy onset associated to a co-

efficient ci , a transition probability P ( j ) and an SP tip-dependent pre-factor c0. We find

c0 = 0.026, obtained by fitting our data to the switching rate of equation 5.3. In compari-

son, reference [50] finds c0 = 0.045. The coefficient c0 can be seen as the fraction of tunneling

electrons that interact with the adatom’s magnetic states and that participate in the spin-

excitation process [50]. Its value is tip-dependent, which explains the difference found with

reference [50].
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Figure 5.7: Switching rate of Dytop as a function of tunneling voltage, shown in a semi-log
plot and acquired at TSTM = 4.2 K, Bz = 600 mT. Data are scaled to It = 1.5 nA, using equation
5.2 with N = 1. The red curve corresponds to equation 5.3, where c0 = 0.026 is an optimized
parameter fitting our data.

The probabilities P (i ) and energies |e|Vi , used for plotting the red curve in figure 5.7, are
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reported in table 5.2 and are adapted from reference [50].

|e|Vi [meV] P(i) ci [Hz]

146 5.62 ·10−9 1.4

194 6.61 ·10−8 15.9

218 1.64 ·10−7 39.6

220 1.01 ·10−7 24.2

226 1.40 ·10−7 33.7

245 3.73 ·10−7 89.7

248 1.14 ·10−6 275.3

Table 5.2: Values of energy thresholds |e|Vi , transition probabilities P (i ) and switching rates
ci obtained from multiplet calculations [50]. The rates ci are calculated for c0 = 0.026.

The data shown in figure 5.7 are not measured at the same tunneling current: It is ad-

justed for a given Vt such that the resulting two-state noise trace can be resolved with our

sampling rate and within the I/V converter bandwidth. All switching rates are then scaled

to the same tunneling current of It = 1.5 nA, using equation 5.2 and an exponent of N = 1.

In principle, one should use an experimental exponent N , obtained by fitting the current-

dependent switching rate for a given SP tip, using equation 5.2. Unfortunately, this has not

been done for the tip that measured the voltage-dependent rates in figure 5.7, due to a change

of the tip apex. We thus have to assume an ideal one-electron process with N = 1, as in ref-

erence [50]. Our data shown in figure 5.7 are in good agreement with the modified PCEM

model, especially for tunneling voltages above 240 mV. Two onsets can be identified at around

220 meV and 250 meV. They are matching the onsets found with the modified PCEM model

at 218 meV, 245 meV and 248 meV. However, we measure lower switching rates from 200 mV

to 230 mV compared to the ones predicted by the PCEM model. A similar deviation is found

in reference [50] at these voltages and suggests that the model overestimates the electron

scattering probabilities in this energy interval. Finally, we did not observe any magnetization

switching at 140 mV and below, confirming the first threshold value found at 146 meV.

5.3 Investigation of Oxygen-bridge Site Dy Magnetic Properties

To attempt the measurement of a two-state noise on Dybr, it is necessary to orient the

tip’s magnetic moment mtip along the x̂ axis, i.e. along the predicted easy axis of the magne-

tization. To do so, we measure the change of magnetic contrast ∆z from the two-state noise

on Dytop for different orientations of the magnetic field. The amplitude of the field is kept to

a constant value of |B⃗ext| = 600 mT. In figure 5.8, the magnetic field is set along ẑ (top graph)

and a contrast of ∆z ≈ 4 pm is recorded. When the field is flipped and oriented in the x̂ ŷ-

plane (middle graph), magnetization switchings are still probed along the ẑ easy axis with

a reduced contrast ∆z ≈ 2 pm. The field is then oriented back along ẑ (bottom graph) and a

contrast of 4 pm is retrieved, indicating that the atomic structure of the tip apex remained sta-

ble during the changes of magnetic field directions. We conclude from the reduced contrast
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shown in the middle graph that the tip’s magnetic moment is projected along the sample’s

surface x̂ ŷ when applying a fully in-plane external magnetic field. From our STM images, we

cannot say which Dybr atom is on which of the two non-equivalent bridge sites, having their

easy axes along two orthogonal directions. We thus investigate many Dybr atoms in order to

maximize the chance of having sufficient projection between the tip’s and adatom’s magnetic

moments.
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Figure 5.8: Two-state noise on Dytop, performed at TSTM = 4.2 K, Vt = 280 mV, It = 5 pA, and
Bext · n̂ = 600 mT, for different external magnetic field orientations n̂. Top: n̂ ≡ ẑ, middle:
n̂ ≡ x̂ ŷ , bottom: n̂ ≡ ẑ. Gaussian filters with σ= 5 are applied to the data for a sampling rate
of 200 Hz.
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The STM image in figure 5.9 shows Dy and Fe atoms deposited on MgO. The z color scale

helps to distinguish the different adsorbed species on the surface, as defined in figure 3.20.
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Figure 5.9: STM image showing Fe and Dy adatoms adsorbed on 2 ML-thick MgO. The tun-
neling parameters are Vt = 100 mV and It = 10 pA. The image is taken at TSTM=4.2 K.

On this MgO patch, an SP tip is prepared and reveals two-state on Dytop for an out-of

plane external magnetic field Bext,z = 600 mT. The tip is then polarized along the sample’s

surface, by rotating the field in the x̂ ŷ direction, and reveals a reduced magnetic contrast

on Dytop, as shown in figure 5.8. We place the in-plane SP tip over six different Dybr adatoms

shown in figure 5.9. No magnetization switchings that exceed our noise level are observed for

a tunneling bias ranging from 40 mV to 440 mV. Table 5.3 shows the values taken by the tun-

neling parameters during this experiment. These measurements were reproduced with dif-

ferent SP tips, confirming the absence of a two-state noise on many Oxygen-bridge adatoms.

Vt [mV] It [pA]
40 5, 50, 500
80 5, 50

120 5
160 5
200 5
240 5
280 5
320 5
360 5
400 5
440 5, 50, 250, 500

Table 5.3: Parameters used on Dybr adatoms with an in-plane SP tip revealing two-state noise
on Dytop at Bxy = 600 mT.

Figure 5.10 shows different feature-less apparent height traces measured on one of the

Dybr adatoms of figure 5.9.
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Figure 5.10: z traces measured on Dybr with an in-plane SP tip for different pairs of tunneling
parameters, in a field of Bext,xy = 600 mT, at TSTM = 4.2 K. Logarithmic fits are done and sub-
stracted to each trace, removing the creep induced by the piezoelectric actuators. Gaussian
filters are applied with σ= 5 for a sampling rate of 200 Hz.

5.4 Conclusion

In this chapter, we measured the magnetization switching rate from a two-state noise

experiment on Dytop as a function of the tunneling voltage and current. The data are in

good agreement with the ones reported in reference [50], confirming a first energy onset at

140 meV, and a linear behavior of the switching rate with the tunneling current. Moreover, we

developped a method to characterize the orientation of the tip’s magnetic moment, deduced

from the apparent height change ∆z in a two-state noise experiment on Dytop for a given

orientation of the external vector magnetic field. Based on the calculations presented in ref-

erence [97], Dybr is predicted to have a magnetic ground state doublet along x̂, correspond-

ing to the O-Dybr-O direction. Despite the low coordination environment, the high MAE of

400 meV motivated the attempts of probing the in-plane magnetization of this single-atom.

However, we did not observe a two-state noise signal on Dybr for a wide range of tunneling

parameters and SP tips with in-plane magnetic moment projections. We provide below dif-

ferent explanations of this result.

First, the projection of the tip’s magnetic moment along the presumed adatom’s easy

axis is not large enough to probe reversals of the magnetization, above our noise level. We

minimized the probability of having a low projection by measuring many Dybr atoms with

different in-plane SP tips.

Second, the reduced contrast of 2 pm shown in figure 5.8 (middle graph) is exclusively

caused by a change of the tunneling properties when applying an in-plane external magnetic

field. Consequently, we do not gain in-plane magnetic contrast as the orientation of the tip’s
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magnetic moment does not necessarily change with respect to the out-of-plane moment of

Dytop.

Third, Dybr has a stable magnetic moment along x̂ but tunneling biases higher than

440 mV are required to induce a reversal of the magnetization. As reported in table 5.3, we

did not exceed 440 mV as higher bias values led to a change of the adatom’s adsorption site

or to a change of the tip apex.

Fourth, Dybr does not have a net magnetic moment along the x̂ axis. The energy dia-

gram calculated and shown in figure 5.4 might not be accurate as small changes in the point

charge model lead to large differences in the calculated eigenvalues.

Fifth, the magnetic ground state of the adatom is too unstable, at time scales beyond the

current amplifier bandwidth. Therefore no real-time readout of the magnetization reversal

can be measured.

Attempts in measuring the magnetic moment of Dybr were made by trying to detect ESR

signals on a nearby TiH molecule, as described by the proposed experiment in section 4.7.

Unfortunately, no ESR-compatible tips were achieved and no signals have been measured in

these conditions. This is partially explained by the long process of preparing an SP tip capa-

ble of giving ESR contrast, especially with the limited operational time of our STM at 0.4 K.

After our present hold-time of 14 h, the insert of the cryostat has to be refilled with liquid

helium. This operation requires to retract the tip far away from the sample surface and gen-

erally changes its atomic termination when a new approach is made. As a consequence, one

has to built an ESR tip and perform all necessary measurements over one hold time, which is

very hard, respectively, unrealistic.
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6 Magnetism of Single Tb Atoms on MgO with SP-STM

Some rare-earth single atoms adsorbed on MgO/Ag(100) remain unexplored with SP-

STM. Their magnetic stability advantage motivates the research in finding new rare-earth

systems that show long magnetic lifetimes on surfaces. The magnetic properties of single Tb

atoms on MgO/Ag(100) have been investigated with XAS and XMCD and the results are sum-

marized in a manuscript in preparation [163]. This system reveals a long magnetic ground

state lifetime, above 800 s at T = 6 K. A dynamic CF multiplet model also predicts a long in-

trinsic lifetime at low temperatures. Finally, Tb on MgO shows a high temperature stability

with an hysteresis observed in the magnetization curve up to 30 K. These findings motivate

the study of this system with SP-STM at TSTM = 0.4 K. In this chapter, we introduce first the

results from reference [163]. We then present and discuss two-state noise and IETS measure-

ments on adsorption sites Tbtop and Tbbr, respectively.

6.1 Electronic and Magnetic Properties of Single Tb Atoms on MgO

In the gas phase, the electronic configuration of Tb is 4 f 96s2. When adsorbed on 6 ML

MgO, XAS and XMCD experiments, performed at the M4,5 adsorption edges, reveal a config-

uration of 4 f 8 with J = 6. The XMCD peak at 1240 eV exhibits a twofold increase in intensity

under normal incidence compared to a grazing incidence of 60◦, suggesting an out-of-plane

easy axis of the magnetization. These measurements do not differentiate the adsorption sites

of Tb. According to the statistical analysis in reference [163], 83 % of the Tb adatoms reside

on top-Oxygen sites (Tbtop) for 2 ML MgO and the 17 % left are adsorbed on Oxygen-bridge

sites (Tbbr). The presence of different adsorbed atoms prevents a direct measurement of the

individual ground state compositions of Tbtop and Tbbr, from XAS spectra. For this reason,

quantum chemical calculations are performed on a Tb-MgO cluster to determine the crystal

field parameters and deduce the ground state composition for each adsorbed species.
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Figure 6.1: Energy level scheme at Bz = 1.5 T for Tbtop in the 4f8 configuration [163].

Clément Marie Soulard 97



Chapter 6 - Magnetism of Single Tb Atoms on MgO with SP-STM

Figure 6.1 shows the resulting energy level scheme of Tbtop on MgO, plotted in the |Jz〉
basis. The positive ẑ axis is defined along the tip-sample distance and points from the sample

toward the STM tip. The first excited quasi-doublet is found around 30 meV and the MAE is

close to 170 meV, 28% lower than the one of Dytop. The calculations are in good agreements

with the experimental XAS spectra and predict a nearly pure < Jz >≈ ±6 ground state for

Tbtop. In contrast, the magnetic ground state of Tbbr is strongly mixed in the |Jz〉-basis and is

expected to have a zero net magnetic moment.

6.2 Two-state Noise on Top-Oxygen Site Tb

To confirm the presence of a stable magnetic moment along an out-of-plane easy axis of

the magnetization, we study Tbtop with SP-STM in an out-of-plane external magnetic field.

The two magnetic orientations of Tbtop are successfully probed with a SP tip in a two-state

noise experiment at TSTM = 0.4 K and Bz = 1.5 T. A contrast of ∆z = 5 pm is observed at a

current setpoint of 20 pA and a junction bias of 190 mV.
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Figure 6.2: Two-state noise on Tbtop, performed at TSTM = 0.4 K, Vt = 190 mV and It = 20 pA,
in an external magnetic field of Bz = 1.5 T. A Gaussian filter is applied with σ = 6.5 for a
sampling rate of 200 Hz.

We assume that the tip’s magnetic moment is pointing upwards, aligned with the external

magnetic field applied out-of-plane. The blue points in figure 6.2 correspond to the higher

conductance state and, therefore, to the magnetic ground state < Jz >≈−6. The ground state

is found stable for more than 500 s at Bz = 1.5 T and TSTM = 0.4 K for tunneling parame-

ters of Vt = 70 mV and It = 400 pA. Under these conditions, the excited state, that is fully

anti-parallel to the external field, shows a similar stability. Therefore, the lower limit of the

magnetic lifetime is 500 s.

Similarly to Dytop, we verify if the magnetization switching is governed by a single-electron

process by measuring the switching rate as a function of tunneling current. We show this
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measurement for three different tips in figure 6.3. The data are fitted with the function de-

fined in equation 5.2. The exponents N , from the fits, are provided in the figure for each data

and show values close to 1, confirming that magnetization reversal pathways are induced

by single-electron processes. The error bars in figure 6.3 are the rates corresponding to the

square root of the total number of switching counts. Traces "SP Tip 1" and "2" are measured

at a fixed tunneling voltage of Vt = 170 meV but differ up to a factor of 3 in the switching rate

at 150 pA. This difference can be explained by the different tip-adatom interactions, induced,

for example, by different tip magnetic stray fields. Additionally, spin-pumping can also affect

the probability of the magnetization reversal, from one data set to another. The data "SP Tip

3" in figure 6.3 is measured at a lower voltage Vt = 120 mV and shows, consequently, a lower

switching rate.
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Figure 6.3: Switching rate of Tbtop as a function of tunneling current, and shown in a log-log
plot. The data are measured at TSTM = 0.4 K, in an external magnetic field of Bz = 1.5 T.

To identify the energy onsets for different magnetization reversal paths, and to gain fur-

ther insights into the low-energy levels of Tbtop along ẑ, we measure the switching rate as a

function of tunneling voltage. We show the results for three different tips in figure 6.4. The

data in this figure are scaled to a tunneling current of I0 = 1.5 nA, according to the following

equation:

Γ1.5 nA(Vt ) = Γ(Vt , I1) · ( I0

I1

)N (6.1)

whereΓ1.5 nA(Vt ) is the switching rate shown in figure 6.4, Γ(Vt , I1) the switching rate mea-

sured initially with a tunneling current I1 and N obtained from equation 5.2. The trace "SP

Tip 4" of figure 6.4 is scaled with an exponent of 1, assuming an ideal single-electron process,

since no current-dependent measurement has been realized with this tip. The two other

traces are scaled using the fitting exponents provided in figure 6.3. The error bars in figure

6.4 are the rates corresponding to the square root of the total number of switching counts.
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Figure 6.4: Switching rate of Tbtop as a function of the tunneling voltage, shown in a semi-log
plot. The data are acquired at TSTM = 0.4 K and Bz = 1.5 T. SP tip 2 and SP tip 3 are the same
tips used for the measurements shown in figure 5.6.

The switching rates in figure 6.4 are consistent for different tips at voltages below 120 mV.

At 50 mV, a current of 2.5 nA is applied and 3 magnetization switchings are recorded over 15

minutes. A reliable measurement of the switching rate, below 50 mV, implies recording traces

for hours at a high tunneling current. In addition to the risk of changing the atomic tip ter-

mination, such a high current can lead to strong spin-pumping effects and low tip-adatom

distances can modify the CF parameters and the magnetic system itself. For these reasons,

we did not conduct two-state noise experiments below 50 mV and we were not able to com-

pare our results with the quantum chemical calculations below 50 meV. Above 120 mV, the

switching rates differ for the different tips by up to one order of magnitude at 150 mV. As for

the current-dependent measurements, this difference can originate from spin-pumping ef-

fects and different tip-adatom interactions, such as Heisenberg exchange and dipolar field

interactions.

To quantify the role of each SP tip in figure 6.4, we plot the evolution of the correspond-

ing ground state population with the tunneling voltage in figure 6.5. At this external magnetic

field, the magnetic populations are expected to be close to 50% in a two-state noise experi-

ment and in absence of spin-pumping effects from the SP tip. In figure 6.5, the ground state

population is converging towards 50% for "SP Tip 2" and "3" at high biases since the switch-

ing rate increases with the tunneling voltage. The time spent in the ground and excited state

before a reversal of the magnetization is thus likely to be the same at high energies. Below

100 mV, strong deviations from 50% are observed for the three tips and can be explained by

the low number of magnetization switchings. One would need to measure longer at these low

tunneling voltages to estimate accurately the ground state population. Between 120 mV and

170 mV, differences in ground state populations are observed, especially for "SP Tip 3" with

respect to the others. From this graph, we conclude that the three tips have different spin-
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pumping contributions and magnetic fields sensed by the adatom, seen as different ground

state populations, that could explain the different switching rates shown in figure 6.4 between

120 mV and 170 mV.
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Figure 6.5: Evolution of the ground state population corresponding to the data and SP tips
shown in figure 6.4.

Despite different tip-adatom interactions, we show below that the three tips reveal similar

energy onsets around 70 meV, 120 meV and 160 meV. To extract these energies, we use the

same function as in equation 5.3 to fit the traces of figure 6.4:

Γ1.5 nA =
3∑

i=1
H(V −Vi ) · ci · (V −Vi )

Vi
(6.2)

where H(V −Vi ) is the Heaviside function and |e|Vi the energy onset associated to a co-

efficient ci . Figures 6.6 to 6.8 show each data set with the individual onset contributions

extracted from the fit. In figure 6.8, only the two onsets at high energy are fitted, given the

narrower bias range. Table 6.1 summarizes the energy onsets obtained from the fits.

SP Tip 2 SP Tip 3 SP Tip 4 Average

|e|V1 [meV] (69.57±0.02) (74.13±0.04) - (71.85±3.22)

|e|V2 [meV] (119.40±0.75) (120.12±0.11) (130.25±0.03) (123.26±4.29)

|e|V3 [meV] (162.43±0.05) (168.36±0.05) (160.0±0.01) (163.60±3.04)

Table 6.1: Energy onsets found for the data sets presented in figure 6.4, using equation 6.2.
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Figure 6.6: Energy onsets fitted to the "SP Tip 2" trace using equation 6.2.
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Figure 6.7: Energy onsets fitted to the "SP Tip 3" trace using equation 6.2.
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Figure 6.8: Energy onsets fitted to the "SP Tip 4" trace using equation 6.2.
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6.2.1 Discussion

The onsets found in the energy-dependent measurements of the switching rate can be

attributed to the opening of reversal paths of the 4f magnetization, according to the scheme

shown in figure 6.1. The magnetization’s reversal of the 4f electrons cannot directly be ob-

served as spin contrast in SP-STM. As discussed in section 2.3.7, we therefore assume an

exchange coupling between the 6s5d electrons, accessible with SP-STM, and the confined 4f

electrons. In the case of lanthanides, this exchange coupling has to be larger than the split-

ting of the magnetic states caused by the CF field. Based on this assumption, we attribute the

onsets to the following 4f transitions, from state |±6〉 to state |∓6〉, assuming that the system

can be approximately described by pure states in the |Jz〉 basis:
Onset 1 (∼ 72 meV): |±6〉→ |±4〉→ . . . →|∓6〉 (

∆m J =∓2
)

Onset 2 (∼ 123 meV): |±6〉→ |±2〉→ . . . →|∓6〉 (
∆m J = 0

)
Onset 3 (∼ 164meV): |±6〉→ |±1〉→ . . . →|∓6〉 (

∆m J =∓1
) (6.3)

We use the selection rules for single-electron inelastic scattering ∆m J = 0,±1 as we showed

in figure 6.3 that a single-electron process governs the magnetization switching for SP Tips

2 and 3. In figures 6.9 to 6.11, we illustrate the possible excitations from the ground state

|Jz =−6〉, corresponding to the magnetization reversal paths introduced in equation 6.3. We

use, in these figures, the energy level scheme predicted by quantum chemical calculations in

an out-of-plane magnetic field of 1.5 T. States drawn with the same color are mixed by the

predicted C4v CF.

Figure 6.9: Excitation path for Onset 1 (72 meV), according to equation 6.3, corresponding
to the transition |−6〉 → |−4〉 with a predicted energy difference of ∆E = 62 meV. Once the
system is in the excited state, the adatom’s spin can tunnel through the anisotropy barrier
and relax to Jz = 6 due to sufficient state mixing caused by the C4v CF.
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Figure 6.10: Excitation path for Onset 2 (123 meV), according to equation 6.3, corresponding
to the transition |−6〉 → |−2〉 with a predicted energy difference of ∆E = 128 meV. Once the
system is in the excited state, the adatom’s spin can tunnel through the anisotropy barrier
and relax to Jz = 6 due to sufficient state mixing caused by the C4v CF.

Figure 6.11: Excitation path for Onset 3 (164 meV), according to equation 6.3, corresponding
to the transition |−6〉 → |−1〉 with a predicted energy difference of ∆E = 158 meV. Once the
system is in the excited state, the adatom’s spin can tunnel through the anisotropy barrier
and relax to Jz = 6 due to sufficient state mixing caused by the C4v CF.

As shown in figure 6.9, the energy found for Onset 1 corresponds most closely to the tran-

sition |−6〉 → |−4〉 in the energy level scheme, with ∆m J = +2. This requires the inelastic

scattering of a phonon, which should not appear in the bias-dependent switching rate. We

provide different explanations to this apparent contradiction. First, there can be a coupling
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mechanism between tunneling electrons and phonons, explaining the observed onset indi-

rectly caused by phonon scattering. This hypothesis is unlikely as the predicted vibrational

modes of Tbtop on MgO are one order of magnitude lower in energy [163]. Second, the onset

value we identify at 72 meV is inaccurate, given the low switching statistics at low biases. We

could imagine that the system possesses a lower onset energy, accessible at higher tunneling

currents and closer to 30 meV. In this case, this energy would be consistent with a predicted

magnetization reversal path |−6〉 → |−5〉 → |+6〉 (∆E ∼ 30 meV) and could be explained by

inelastic electron scattering. Third, the energy level scheme predicted by quantum chemi-

cal calculations is imprecise, rendering the comparison to our experimental onsets obsolete.

Nevertheless, on figures 6.10 and 6.11, the experimental onsets match relatively well the pre-

dicted energy splittings, corresponding to excitations allowed by inelastic electron scattering.

As the states |−6〉 and |−2〉 are mixed by the C4v CF, no spin exchange is required between

tunneling electrons and the adatom’s spin for the transition |−6〉 → |−4〉. This explains the

difference ∆m J = 0 in figure 6.10, and ∆m J =+1 in figure 6.11.

6.2.2 Outlook

To verify the validity of the magnetization reversal paths, introduced in equation 6.3,

we could measure the switching rates from the ground and first excited states separately,

across a given rate onset, as a function of the out-of-plane magnetic field. We could then

identify E0 and E1, defined as the energy onsets from the ground state and from the first

excited state respectively, splitted by the Zeeman interaction such that E0 ̸= E1 for Bz ̸= 0.

This allows the determination of the slope d
(
E0 −E1

)
/dBz that gives information about the

magnetic transition induced. Such measurement has already been done on Ho adatoms on

MgO in reference [94]. We show, here, how it could be conducted using the onset measured

at 164 meV (Onset 3), identified as the transition |±6〉→ |±1〉→ . . . → |∓6〉, written in the |Jz〉
basis.

Figure 6.12 (A) shows the predicted excitations associated to Onset 3, separating the ex-

citations from the ground state |Jz =−6〉 (green arrows) with the ones from the first excited

state |Jz =+6〉 (blue arrows). In figure 6.12 (B), we show how the energies E0 and E1 change

with the applied out-of-plane magnetic field, assuming that the system can be approximately

described by pure states in the |Jz〉 basis. The difference E0 −E1 can be written as:

E0 −E1 = gµB Bz∆m J (6.4)

where ∆m J = (12− 2) = 10 if one assumes that the excitation |±6〉 → |±1〉 correctly de-

scribes the rate Onset 3. As XAS experiments reveal J = 6, L = 3 and S = 3 for Tbtop in ref-

erence [163], the g-factor in equation 6.4 can be replaced by 1.5. This leads to the following

expected slope:

d(E0 −E1)/dBz = 15µB ≈ 0.87 meV/T (6.5)

Figure 6.13 shows the expected behavior of (E0−E1) as a function of Bz for Onset 3 consid-

ering the expected difference ∆m J = 10 (red). At 8 T (the maximum out-of-plane magnetic
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Figure 6.12: Predicted excitations from the ground and first excited states for Onset 3
(164 meV) according to equation 6.3. In (A), we use the energy level scheme at Bz = 1.5 T
from quantum chemical calculations to illustrate the different energies E0 and E1. In (B), we
show the Zeeman splitting of the magnetic states to show how the difference E0 −E1 grows
linearly with the out-of-plane magnetic field.

field we can apply with our coil), an energy difference of ∼ 7 meV is expected and would

confirm that a transition ∆m J = 10 is associated to Onset 3. As a comparison, an energy

of 5.6 meV at 8 T would correspond to a transition ∆m J = 8 (blue line in figure 6.13) and

would contradict the predictions from the level scheme. As a conclusion, measuring the

state-resolve switching rate across a given onset, as a function of Bz , allows to gain insights

into the real energy level scheme of Tbtop. Also, measuring the slope d
(
E0−E1

)
/dBz provides

a comparison with the calculated energy level scheme from quantum chemical calculations,

presented in reference [163]. This experiment would have to be done with the same SP tip

to prevent variations in the experimental onsets caused by different tip magnetic stray fields,

interacting with the adatom.

6.3 STS on Oxygen-Bridge Site Tb

Similarly to Dybr, we do not observe two-state noise on the Oxygen-bridge Tb. However,

STS measured with an SP tip in a perpendicular external magnetic field shows steps at around

±23 mV. Figure 6.14 shows STS spectra measured with the same SP tip on Tbbr, Fe and MgO.

The conductance of Tbbr is asymmetric with a higher step amplitude at negative tip bias.

Assuming that these steps correspond to spin excitations and that the tip magnetic moment

is aligned with the external magnetic field, the asymmetry can be explained by the combi-

nation of elastic and inelastic scattering events as illustrated in figure 2.15. Under these as-

sumptions, a larger step at negative bias corresponds to the inelastic electron scattering with

∆m = −1. STS spectra of Tbbr are shown in figure 6.15 for different tips and reproduce the

asymmetry and the presence of the steps, at ±23 mV. Surprisingly, spectra with non-SP tips

did not show these conductance steps. It is possible that an SP tip enhances the signal-to-

noise ratio of the steps through spin-pumping as a non-SP is still capable of probing them

but not above our noise level. On each trace of figure 6.15, the conductance experiences a
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Figure 6.13: Idealistic behavior of (E0 −E1) as a function of Bz with ∆m J = 10 (red line) com-
pared to ∆m J = 8 (blue line).
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Figure 6.14: STS spectra measured with the same SP tip on Tbbr, Fe and MgO. Traces are
measured at TSTM = 0.4 K and Bz = 1.5 T. Offsets are applied for clarity.

decay after the step, suggesting transitions mediated by spin-pumping [92].
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Figure 6.15: STS spectra acquired on Tbbr with different SP tips at TSTM = 0.4 K and Bz = 1.5 T.

dI/dV traces are normalized to the tunneling conductance and shown in figure 6.16. Top

and bottom graphs of figure 6.16 show the full range and a zoom in the negative-bias step

of STS traces, respectively. The decaying behavior of the signal becomes clear above 50 pA

and saturates to a maximum amplitude above 500 pA. A possible explanation of the decay

is the excitation to higher spin states of Tbbr leading to changes in the tip-adatom conduc-

tance, as described in reference [92]. Based on this assumption, and at low currents, only

the first excited state is accessed and leads to a single step, visible at 10 pA and 20 pA in fig-

ure 6.16. At high currents, a decay of the signal above 23 meV corresponds to the access of

higher conductance-dependent spin states, each separated by ∆m J =±1 according to selec-

tion rules. This explanation suggests the presence of higher spin states for Tbbr and can be

verified by determining the electronic configuration of this adatom. Although XAS data deter-

mine 8 electrons in the 4f shell, the complete electronic configuration, including the valence

electrons, of Tb on MgO is not known. Accessing the electronic configuration of rare-earth

adatoms is essential to address and control the magnetic states of the 4f electrons, readily

available with STM through their magnetically coupled valence electrons [164]. The step at

23 meV in figure 6.16 can be compared to the energy level splitting of a Tb ion in the gas

phase, using the NIST spectroscopic database. When the adatom’s and ion’s electronic con-

figurations are similar, the first energy level splitting of the ion is typically in good agreement

with the IETS step energy of the adatom. An example of how this database can be used is

given in table 6.2, where rare-earth adatoms on gr/Cu with 4f n(6s5d)1 are compared to their

corresponding ion with a similar configuration 4f n6s1 (positively charged).
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Figure 6.16: STS spectra on Tbbr with an SP tip, normalized to the tunneling conductance.
Traces are acquired at TSTM = 0.4 K, in a magnetic field of Bz = 1.5 T.

System
Energy from IETS [87] Energy from database [165]

for the adatom on gr/Cu [meV] for the positively charged atom [meV]
Dy 97 103
Ho 74 79
Er 54 55

Tm 32 29

Table 6.2: Comparison of the energies found with IETS in reference [87] and the ones found
with the NIST database for positively charged ions [165].
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The left column of table 6.2 reports the exchange energies between 4f n and (6s5d)1 elec-

trons measured with IETS in reference [87]. The right column shows the energy difference

between S6s =+1/2 and S6s =−1/2 for the positively charged atom using the NIST database.

Table 6.2 shows that similar energies are found for a similar electronic configuration between

the ion and the adatom. Using this method, we can estimate the most probable electronic

configuration of Tbbr by comparing the step energy of 23 meV found in IETS with the energy

level splittings of different ionic states. Table 6.3 shows the low-energy levels of different Tb

ions in the gas phase, taken from the NIST database. Only the most relevant configurations

are shown for our comparison, with a maximum spacing of 38 meV between levels. The en-

ergies are given relative to the lowest energy state, for each configuration. Both 4f8 and 4f9

configurations are considered in table 6.3 since XAS results, predicting 4f8, apply mostly to

Tbtop, with a relative abundance of 83% on the surface [163]. Table 6.3 shows only the first

levels for each configuration as higher levels are well above 50 meV. In the gas phase, there are

no high spin states that are consecutively separated by ∆m J = 1 and available from 23 meV

to 50 meV. The decay, found with STS, is therefore not explained based on the existence of

higher spin states and using this table. For Tb (4f 9 → 4f 8) and Tb++, the first accessible ener-

gies are probably too high to match our experimental value of 23 meV. For Tb (4f 8) and Tb+,

the first transitions at 22 meV and 23 meV are in good agreement with the energy we find

in IETS. These transitions correspond to a change of ∆m J = −1 which is consistent with the

asymmetry of our IETS spectra, according to figure 2.15.

Ionic State Electronic Configuration mJ ∆E [meV]

Tb (4f 9 → 4f 8)
4f 96s2 −15/2 0

4f 85d16s2 −13/2 35

Tb (4f 8) 4f 85d16s2

−13/2 0

−15/2 22

−11/2 28

Tb+ 4f 85d16s1

−7 0

−8 23

−6 25

Tb++ 4f 85d1

−13/2 0

−11/2 31

−15/2 38

Table 6.3: Low-energy levels for different electronic configurations of Tb in the gas phase
[165]. The negative value of the quantum number m J arises from the projection to the quan-
tization axis ẑ, where the external magnetic field is applied with our STM.

From the experimental IETS results and the gas phase comparison, the best candidates

for the complete electronic configuration of Tbbr are Tb (4f8) with 4f 85d16s2 and Tb+ with

4f 85d16s1.
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6.4 Conclusion

XAS and XMCD data on Tb atoms adsorbed on MgO reveal a stable and out-of-plane

magnetic moment for the top-Oxygen adatoms. We confirm with SP-STM the magnetic bi-

stability of the system, that takes two possible magnetization orientations in two-state noise

experiments for different SP tips. Current-dependent measurements of the switching rate

are realized and confirm the single-electron nature of the magnetization switching process.

Voltage-dependent measurements revealed three energy onsets, found at 72 meV, 123 meV

and 164 meV. These energies can be attributed to magnetization’s reversal pathways, ob-

tained from quantum chemical calculations.

STS spectra on Oxygen-bridge Tb revealed, with an SP tip, inelastic steps at ±23 meV. We

think that these steps correspond to the change of total angular momentum of Tbbr induced

by inelastic electron scattering. A comparison with energy levels in the gas phase allows to

speculate on the electronic configuration of this adatom. We find a good agreement in the

level spacings for the 4f 85d16s2 and 4f 85d16s1 configurations. However, this comparison

provides only an estimation as an adatom is typically described by different interactions, hy-

bridization effects and charge transfer with the substrate compared to an atom in the gas

phase.
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7 Quantum Stochastic Resonance Applied to Single Fe
Atoms on MgO

ESR-STM is not the only technique that requires an RF bias modulation in the tunnel-

ing junction. Recently, QSR has been applied to magnetic bi-stable Fe atoms adsorbed on

Cu2N/Cu(100) [89]. It shows that the RF modulation can efficiently couple to the magneti-

zation dynamics of the system. In this chapter, we apply QSR to the magnetism of single Fe

adatoms on MgO/Ag(100). The main goal is to gain a better understanding of this technique

and to explore its potential applications in the context of single atom magnetism at low tem-

perature. The study of Fe on MgO is motivated by the system’s short relaxation time, on the

order of 1 ms [49]. This characteristic enables the probing and control of the spin dynamics

beyond the I/V converter bandwidth, referred to as high-frequency QSR.

In this chapter, we first introduce the magnetic properties of single Fe atoms on MgO.

We then present the current- and magnetic field-dependent measurements of the ground

state population in RF frequency sweeps. We compare the time τ∗, defined in equation 2.28

and obtained from these measurements, to the relaxation time of the system T1 reported in

reference [49] and shown in figure 2.17.

7.1 Magnetic Properties of Single Fe Atoms on MgO

The magnetic properties of single Fe atoms adsorbed on the top-Oxygen site of MgO have

already been investigated with XAS and STM [38, 57]. Multiplet calculations of XMCD spectra

reveal a 3d 6 electronic configuration and a total magnetic moment of 5.2 µB in reference [38]

and 5.4 µB in reference [57]. Both results are consistent with the moments measured with

ESR-STM in references [113] and [115], reporting values of (5.44±0.03)µB and (5.35±0.14)µB

respectively. The energy level scheme, written in the |Sz〉 basis, is shown in figure 7.1.
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Figure 7.1: Low-energy level scheme of Fe on MgO, for an external magnetic field of Bz = 2.5 T.
The scheme is obtained using a full point charge model and multiplet calculations [36].

Clément Marie Soulard 113



Chapter 7 - Quantum Stochastic Resonance Applied to Single Fe Atoms on MgO

The scheme is obtained from multiplet calculations, based on a full point charge model

and on DFT calculations to estimate the CF field contribution [36]. Figure 7.1 shows an

out-of-plane easy axis of the magnetization, with a MAE barrier of 20 meV. A ZFS splitting

of 14 meV is found and is consistent with the steps observed at ±14 mV in STS spectra,

presented in figure 4.1. The Zeeman splitting is included in the energy level scheme, with

Bz = 2.5 T. We use an effective g-factor of g eff = 2.57±0.06, deduced from STS spectra mea-

sured in different externally applied magnetic fields [38]. Given the C4v CF symmetry, the

ground and first excited states are mixed with |Sz =±2〉 (cf. equation 2.22). A short lifetime

of the first excited state is reported and can be controlled up to ∼ 3 ms on 2 ML MgO and at

low tunneling conductance, as shown in figure 2.17 [49]. We present in figure 7.2 two-state

noise measured on Fe at TSTM = 0.4 K. The magnetic contrast of ∆z ≈ 1.15 pm is much

lower than the one found for Dytop and Tbtop. Compared to reference [49], the switching

rate is lower at these tunneling parameters. The ground and first excited states in figure 7.2

are more stables, with lifetimes on the order of seconds. This difference can be attributed

to strong spin-pumping effects from this SP tip, favoring the higher-apparent height state at

It = 400 pA.

       

    

 

   

 

   

          

             

    

 

   

 

   

        

 
  
  

 
 

Figure 7.2: Two-state noise on a single Fe atom adsorbed on MgO, measured at TSTM = 0.4 K
with an external magnetic field of Bx y = 250 mT, Bz = 1.0 T. The tunneling parameters are
Vt = 14 mV and It = 400 pA. A Savitzky-Golay filter is applied to the data with a window of
181 points for a sampling rate of 200 Hz. A histogram of ∆z is provided and shows uneven
magnetic state populations.

Unfortunately, we were not able to record two-state noise with milliseconds timescale

and within the I/V converter bandwidth, despite the use of a high sampling rate. We conclude

that the low contrast of∆z ≈ 1 pm cannot be probed with an SP tip at these timescales, above

our noise level. We assume that this low magnetic contrast can be resolved beyond the I/V

converter bandwidth, using a lock-in amplifier and an RF modulation, as described in section

2.3.8. This assumption motivates the conduction of high-frequency QSR experiments on Fe.

7.2 High-frequency QSR Applied to Single Fe Atoms on MgO

We introduce our results in figure 7.3 where lock-in signals are reported for an SP and a

non-SP tip, placed over an Fe atom adsorbed on 2 ML-thick MgO. We apply a zero-to-peak
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RF amplitude of 10 mV in the tunneling junction for both sweeps and the TF, presented in

figure 3.11, is used to compensate the frequency-dependent losses of the RF cabling. The

lock-in amplifier is synchronized with the RF chopping scheme shown in figure 2.24. Conse-

quently, the demodulated current recorded with the SP tip in figure 7.3 is proportional to the

integrated conductance difference betweeen the ground and first excited state of the system.

As introduced in figure 2.21, this signal also provides a measurement of the relative magnetic

state occupation. A Lorentzian function fits well the SP tip trace and a decrease of the signal

corresponds to a decrease of the magnetic ground state population.
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Figure 7.3: Lock-in signals over an RF frequency sweep on Fe adsorbed on 2 ML MgO, mea-
sured at TSTM = 0.4 K and Bz = 2.5 T. An RF modulation amplitude of 10 mV is applied, with
the following tunneling parameters: Vt =−10 mV, It = 400 pA.

In figure 7.3, we extract the HWHM from the Lorentzian and find (169.65±1.23) kHz. The

corresponding time, defined in equation 2.28, is τ∗ = (5.89± 0.04) µs. In comparison, the

non-SP tip of figure 7.3 does not show magnetic contrast and results in a feature-less demod-

ulated current, as expected.

To estimate if τ∗/2 could provide a measurement of the relaxation time T1 of the non-

driven system, we conduct current- and magnetic field-dependent measurements of τ∗/2

and compare its behavior with T1, taken from reference [49].

7.2.1 Current-dependent Measurements

Figures 7.4 to 7.6 show the current-dependent measurements of the change in magnetic

state population of Fe at Bz = 1.5 T and TSTM = 0.4 K. Each graph corresponds to a different

SP tip and each data point is normalized by the tunneling current, adjusted between 0 and 1.

A Savitzky-Golay filter is applied to the traces of figure 7.6 with a window of 24 points and a

polynomial order of 7 for a sampling rate of 200 Hz. These operations do not affect the value
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of the HWHM, the only fitting parameter of the Lorentzian function.
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Figure 7.4: SP Tip 1. Relative change in the magnetic state population of Fe on 3 ML MgO.
A tunneling voltage of Vt = −10 mV is used in addition to an RF modulation amplitude of
VRF = 10 mV.
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Figure 7.5: SP Tip 2. Relative change in the magnetic state population of Fe on 3 ML MgO.
A tunneling voltage of Vt = −10 mV is used in addition to an RF modulation amplitude of
VRF = 10 mV.

Compared to figure 7.3, the Lorentzian amplitudes are inverted, fitting a demodulated

current increasing with increasing RF frequency, and is explained by opposite tip’s and adatom’s

magnetic ground states. This can be explained by a strong antiferromagnetic exchange cou-

pling between the tip and the adatom, favoring an anti-parallel configuration.
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Figure 7.6: SP Tip 3. Relative change in the magnetic state population of Fe on 2 ML MgO.
A tunneling voltage of Vt = −10 mV is used in addition to an RF modulation amplitude of
VRF = 10 mV.

We report the time τ∗/2 in figure 7.7, where τ∗ is the drive period extracted from the

Lorentzian fits at the HWHM. Tip 1 and 2 show consistent values, measured on 3 ML MgO.

The data acquired on 2 ML MgO differ by a factor of 3 in current for the same time. This can

be explained by a higher conductance on thinner MgO films measured at a fixed tip-adatom

distance.

50 100 200 350 650

1

2

4

10

20
Tip 1, 3 ML MgO
Tip 2, 3 ML MgO
Tip 3, 2 ML MgO

Tunneling Current [pA]

𝜏 *  /
2 

[μ
s]

Figure 7.7: Log-log plot of the time τ∗/2 found for all traces shown from figures 7.4 to 7.6. The
data are measured in a magnetic field of Bz = 1.5 T at TSTM = 0.4 K.
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In figure 7.8, we show the relaxation time T1, measured with pump-probe spectroscopy

at T = 1.2 K and Bz = 5 T, taken from reference [49]. During the delay time, separating the

pump and probe pulses, no bias is applied, leading to a lower contribution of tunneling elec-

tron scattering compared to the case Vt ̸= 0. Given the different experimental parameters, a

Figure 7.8: T1 measured with pump-probe spectroscopy (data points). The solid lines rep-
resent the rate equation model 1/T1 = re + rne, described in section 2.3.6. The rate rne is a
fitting parameter, taken as a constant and independent of the MgO thickness. The measure-
ment conditions are Bz = 5 T and TSTM = 1.2 K [49].

quantitative comparison of our time with T1 of figure 7.8 is not possible. We can, however,

compare the variation of both times to estimate if τ∗/2 is limited by the same scattering pro-

cesses as T1. We show in the same plot our time τ∗/2 and T1 from reference [49] in figure

7.9, where the x̂ axis has been extended as well as the solid lines to higher tunneling current.

Our data appear at the bottom right corner of figure 7.9 and show a similar asymptotic be-

havior than T1, suggesting that our time is also limited by the tip-tip electron scattering at

high tunneling currents. The value of τ∗/2 is, however, lower than the rate equation fit at

the same tunneling current, by a factor of 3 and 20 for 3 and 2 ML MgO respectively. Fur-

ther experiments are therefore required to see if both times show similar values at the same

experimental conditions.
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Figure 7.9: T1 from reference [49] plotted with our time τ∗/2 from figure 7.7.

7.2.2 Magnetic field-dependent Measurements

We present in figure 7.10 the relaxation time as a function of out-of-plane magnetic field,

measured with pump-probe spectroscopy at T = 1.2 K and taken from reference [49]. A rel-

atively large tip-adatom distance is used for this measurement, defined by a tunneling con-

ductance below 150 pS. Consequently, the dominant process shortening T1, here, is the scat-

tering from substrate electrons and phonons. Using the spin Hamiltonian in equation 2.21

with E4 = 1.4 neV, a linear increase of T1 is expected with increasing Bz (dashed line). The

data points are in good agreement with the model up to a field of 2 T. Beyond this value, the

relaxation time deviates from the prediction and saturates around ∼ 3 ms. This plateau is not

completely understood and could originate from additional non-electronic processes such

as the spontaneous emission of a phonon [49]. In comparison, we show in figure 7.11 the

magnetic field-dependent measurement of the relative change in the magnetic state popu-

lation of Fe. The measurements are performed at TSTM = 0.4 K on an Fe atom sitting on a 3

ML-thick MgO layer. A much shorter tip-adatom distance is used compared to the conditions

in figure 7.10, as a tunneling current of 200 pA is applied. The corresponding times τ∗/2 are

plotted in figure 7.12.
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Figure 7.10: T1 measured on Fe adsorbed on 2 ML MgO as a function of out-of-plane mag-
netic field. The data points are obtained at a large tip-adatom distance defined by a tunneling
conductance below 1.5 ·10−10 S and at TSTM = 1.2 K. The dashed line indicates the predicted
T1 from the spin Hamiltonian model [49].
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Figure 7.11: Relative change in the magnetic state population of Fe on 3 ML MgO as a function
of out-of-plane magnetic field. The tunneling parameters are Vt = −10 mV, It = 200 pA and
an RF modulation amplitude of 10 mV is used.

In figure 7.12, the time τ∗/2 increases linearly up to 2.5 T, after which it plateaus around

3 µs. This behavior is identical to the one of figure 7.10. Despite the different tip-adatom dis-

tances used, τ∗/2 follows the same trend as T1, which corroborates the current-dependent

measurements. Further experiments are required to compare T1 from a pump-probe exper-

iment with τ∗/2 at identical experimental conditions.
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Figure 7.12: Time τ∗/2 found for all traces shown in figure 7.11. The data are measured at
TSTM = 0.4 K.

7.3 Conclusion and Outlook

Based on the work presented in reference [89], we apply the high-frequency QSR tech-

nique to single Fe adatoms on MgO, at switching rates beyond the current amplifier band-

width. We observe magnetic contrast on Fe atoms in RF frequency sweeps, when applying a

constant RF modulation amplitude. We attribute this contrast to the relative change of the

magnetic state population, as introduced in section 2.3.8. The traces acquired with an SP

tip are well fitted by a Lorentzian lineshape. We report the values of τ∗/2, found from the

fits at the Lorentzian HWHM, as a function of MgO thickness, tunneling current, and out-

of-plane magnetic field. The variations of τ∗/2 are identical to the one of T1 from reference

[49], suggesting that τ∗/2 is limited by the same scattering processes as the relaxation time

of the system. We conclude, conservatively, that τ∗/2 ∝ T1. Unfortunately, we were not able

to compare the value of both times at the same experimental conditions. To do so, we could

think of measuring T1 with pump-probe spectroscopy, applying a 10 mV bias during the de-

lay time, and compare it with τ∗/2 measured at Vt = 10 mV, VRF = 10 mV and at the same

tip-adatom distance, magnetic field and temperature. We expect the two times to be similar,

as described in section 2.3.8. However, it remains questionable whether the application of

an RF bias modulation in the QSR technique could generate additional relaxation rates com-

pared to a pump-probe measurement. We list, here, different processes, proper to the QSR

technique, that could shorten the adatom’s spin lifetime: 1) the time-varying tunneling cur-

rent induced by the RF bias modulation, 2) spin-photon interaction, 3) small variations of the

CF caused by the piezoelectric response of the adatom to the time-varying electric field. To

overcome these driven mechanisms, one could extrapolate the time τ∗/2 to zero tunneling

current and see whether it can provide a measurement of the intrinsic relaxation time of the

system.
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Beyond the comparison between τ∗/2 and T1, high-frequency QSR can be extended to

other magnetic systems, showing fast spin dynamics. For example, TiH molecules on MgO

should reveal a magnetic contrast at high RF frequencies. This technique can also be applied

to Dybr and could reveal whether there is an unstable magnetic moment in the ground state,

along the x̂ axis, or whether the Dybr magnetic moment is so stable that we simply couldn’t

excite it with the tunnel voltages used in section 5.3.
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8 Conclusion and Outlook

In this thesis, the magnetism of single surface adsorbed atoms and molecules has been

addressed with a 0.4 K ESR-STM. The upgrades brought to the RF cabling leads to an im-

proved RF transmission down to the tunneling junction, up to 40 GHz. This allows the con-

ducting of frequency sweeps in ESR and QSR experiments, while applying a constant RF junc-

tion amplitude.

To characterize our instrument after the technical upgrades implemented on the sys-

tem, and to test the ability of conducting ESR experiments on new single surface adsorbed

atoms, we have addressed the system TiH/MgO/Ag(100) with ESR-STM, as a benchmarked

system for our microscope. We have successfully measured ESR signals on TiHB and TiHO

at 0.4 K and 4.2 K respectively. The g -factor and molecule’s magnetic moment have been

determined from frequency sweep experiments and are consistent with the values found in

literature. We could, however, improve the precision and accuracy of such measurements

by quantifying the influence of the magnetic tip on the resonance condition. A tip-sample

distance-dependent measurement of the ESR signal would enable a better understanding

of a given ESR tip contribution, described by the sum of an exchange and dipolar magnetic

fields. Additionally, we have resolved narrow ESR linewidths below 40 MHz at 0.4 K. This al-

lows the conducting of other ESR-STM experiments such as the sensing of small magnetic

fields on an ESR-active sensor. In this case, we could determine the magnetic moment of

a nearby top-Oxygen Tb adatom, and compare the result with XAS experiments and quan-

tum chemical calculations. Overall, our results on TiH molecules show that our instrument

is capable of probing ESR signals up to 4.2 K above our noise level and motivate the inves-

tigation of new ESR-active systems that could reveal long coherence times. Besides looking

for new ESR-active elements, another option is to investigate different substrates than MgO.

Graphene is prospective since many rare-earth adatoms have open valence shell electronic

configurations on it [87, 166]. The open valence shell gives rise to spin-contrast in a spin-

polarized tunneling junction which is the prerequisites to measure ESR contrast. In addition,

many rare-earth atoms are stable single atom magnets on graphene. As a result, it is very

promising to perform ESR-STM on rare-earth adatoms on graphene.

Dy and Tb adatoms on MgO have been studied with SP-STM. For both top-Oxygen ad-

sorption sites, the objective was to investigate the stability of their magnetic moments along

an out-of-plane easy axis of the magnetization, predicted by multiplet (Dytop) and quantum

chemical (Tbtop) calculations and demonstrated in XAS experiments. To achieve this goal,

two-state noise experiments have been realized at 0.4 K (Tbtop) and 4.2 K (Dytop) to study

the reversal of the magnetization for each system, and the magnetization switching rate has

been measured as a function of tunneling current and voltage. As tunneling electrons can

induce QTM at a certain energy, onsets in the voltage-dependent switching rate provide in-

formation about the low-energy level scheme of each system, and can be identified to the

possible reversal paths, predicted by calculations. For Dytop, our results are in good agree-
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ment with the experimental data and PCEM model of reference [50], where we find a first

energy threshold at 140 meV. We report the first two-state noise study on Tbtop adatoms and

we find three energy onsets at 72 meV, 123 meV and 164 meV. The low-energy level scheme

obtained from quantum chemical calculations is compatible with these onsets as they can be

identified to magnetization reversal paths predicted at comparable energies. We have thus

gained insights into the magnetic stability of the system and report a magnetic ground state

lifetime of at least 500 s, in an external magnetic field of Bz = 1.5 T and for a junction bias of

70 mV. We have not observed any magnetization switching at 50 mV, over a time of 15 min-

utes. As an outlook, we could extend this measurement time significantly, on the order of

hours, to measure the intrinsic magnetic lifetime of Tbtop in these conditions. This would

provide a more complete description of the system and allow a comparison with the mag-

netic stability of Dy or Ho on MgO.

The Oxygen-bridge adsorption sites Dy and Tb have also been investigated. Multiplet

calculations predict an in-plane easy axis of the magnetization for Dybr which motivates the

study of this adatom with SP-STM. The objective was to record two-state noise with a tip

spin-polarized along the sample’s surface. However, we have not achieved this goal with an

in-plane SP tip, for voltages up to 440 mV, and we propose different explanations in section

5.4. One of them is that the magnetic moment is too unstable along the in-plane easy axis to

detect the magnetization switching within the real-time limit of our instrument. Nonethe-

less, we have shown that the tip’s magnetic moment can be projected along the sample’s sur-

face, by applying an in-plane external magnetic field. This method can be used in the future

to address single surface adsorbed atoms with a stable in-plane magnetic moment with SP-

STM. For Tbbr, reference [163] does not indicate if an in-plane easy axis of the magnetization

is predicted from calculations. However, we have measured at 0.4 K spin excitation features

in SP-IETS at ±23 mV that allow to speculate on the complete electronic configuration of

this adatom, including the number of valence electrons. Knowing the complete electronic

structure of any rare-earth adatom is essential for controlling the magnetic states of the 4f

electrons, accessible with STM via their magnetically coupled valence electrons [164]. To es-

timate the electronic structure of Tbbr, we have compared our SP-IETS data with the NIST

spectroscopic database for atoms in the gas phase. From this comparison, we identify two

possible configurations that are consistent with the step asymmetry measured with SP-IETS:

4f 85d16s2 and 4f 85d16s1. However, this method constitutes only an estimation of the elec-

tronic configuration, as an adatom is subject to different interactions, hybridization effects

or charge transfer with the substrate compared to an ion in the gas phase.

Finally, we have investigated the fast spin dynamics of Fe adatoms on MgO/Ag(100) with

the QSR technique, beyond the I/V converter bandwidth. The main objective was to gain a

better understanding of this recent technique and characterize a system that has not been

addressed with it. We find, as reported in reference [89], that the relative magnetic ground

state occupation follows a Lorentzian lineshape in frequency sweeps, as the RF modulation

drives efficiently the magnetic moment’s dynamics. To characterize the spin dynamics of the
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system, we have defined the time τ∗ related to the drive period at which the ground and first

excited state populations are identical. We find in current- and magnetic field-dependent

measurements that τ∗/2 scales linearly with the relaxation time T1, obtained in reference

[49]. Therefore, we have successfully gained insights into this technique, that could be used

to quantify the influence of external parameters on the system’s magnetic lifetime. It could

also be promising to estimate the influence of a nearby magnetic adatom on the time τ∗,

measured for a given system.
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