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RESUME ETENDU

Traditionnellement, les matériaux métalliques sont tout a fait adaptés a 1’utilisation en nan-
otechnologies. Néanmoins, leur usage et leur versatilité restent, a ce jour, extrémement
limités. Pendant les dernieres décennies, plusieurs composants électroniques composés de
matériaux organiques ont progressivement été incorporés dans les nano-composants grace
au développement de modeles structurels adaptés. Dans ce but, I’habilité des éléments
T—conjugués a s’auto-assembler est une caractéristique majeure contribuant a I’amélioration
des performances de ces composant comme les transistors par exemple.

La formation de réseaux moléculaires étendus sur des surfaces a température ambiante,
constitue une avancée majeure dans ce domaine ouvrant ainsi la porte a des améliorations
conséquentes dans le domaine du photovoltaique et du stockage de 1’information.

La formation de réseaux moléculaires périodiques sur des surfaces nécessite la synthese
de nanostructures hybrides avec une fonctionnalité appropriée, et cela tout en ayant une pré-
cision atomique afin de satisfaire une reproductibilité stable. Ces réseaux sont généralement
basés sur des interactions non-covalentes (de type Van der Waals), interactions hydrogene ou
des interactions métal-ligand. Il devient alors nécessaire d’avoir une géométrie spécifique
pour satisfaire au systeme désiré avec les interactions appropriées permettant la construction
de blocks moléculaires.

Le processus d’auto-assemblage est aujourd’hui une technique répandue pour la formation
de nouveaux composants organiques ou organométalliques. De facon particuliere, 1’ auto-
assemblage sous ultravide montre des résultats probants pour des études par microscopie. La
synthese de molécules sur des surfaces avec des orbitales délocalisées permet quant-a-elle

d’amplifier le transport électronique comme c’est le cas pour les molécules 7T—conjuguées.

La compétition pour la découverte du meilleur composant SMM (pour Single Molecular

Magnet) capable de stocker I’information pour un temps de relaxation relativement long, a
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suscité I'intérét de beaucoup de scientifiques de par le monde. A travers des techniques
d’approche différentes et variées, il a €té possible de produire un nombre, aujourd’hui in-
calculable de complexes magnétiques. La plupart de ces recherches sont orientées vers
I’étude des propriétés électroniques des matériaux organométalliques dont les propriétés
sont dépendantes, non seulement de leur composition atomique, mais également de leurs
structures.

Une des meilleures techniques d’investigation est la microscopie a effet tunnel. Cette ap-
proche offre des possibilités variées comme 1’imagerie au niveau atomique, la spectroscopie
tunnel, I’excitation moléculaire, I’investigation de propriétés magnétiques ainsi que la ma-

nipulation atomique/moléculaire.

La these présentée dans ce document rapporte les résultats obtenus et théories dévelop-
pées sur un travail réalisé par microscopie a effet tunnel de complexes organométalliques et
ce, sur différentes surfaces. La sélection de complexes s’est tournée sur une molécule a base
d’un centre métallique de terbium et de ligands de phthalocyanine (notée TbPc,) comme
rapporté dans la Figure 3.3, le choix de cette structure est motivé par la présence d’un centre
magnétique (terbium) et d’une géométrie offrant un axe d’anisotropie normal aux plans des
ligands.

A travers plusieurs chapitres, il a été démontré que méme si les molécules initiales ont
les mémes propriétés électroniques, magnétiques et géométriques, leur dépot sur une surface
modifie significativement ces propriétés en fonction de la nature de la surface. De ce fait le

choix de la nature atomique et la cristallographie de la surface a été€ cruciale dans cette étude.

Le premier chapitre de cette these donne une introduction générale a I’électronique et
le magnétisme moléculaire ot sont développés les principes théoriques et fondamentaux.
Lorigine de 1’anisotropie dans les SMMs ainsi que leur réponse a un champ magnétique
y sont introduits de maniere généraliste. La théorie du champ cristallin y est également
présentée afin de démontrer I’importance des ligands dans ce type de complexes molécu-
laires ou leur nature et leur symétrie jouent un role déterminant dans les propriétés in-
trinseques comme la distribution des orbitales moléculaires. L’application de cette théorie
aux lanthanides laisse apparaitre une contribution non négligeable de I’effet Zeeman et de
I’interaction hyperfine expliquant ainsi la singularité d’une molécule de TbPc;.

Ce chapitre revient également sur la physique de la résonnance Kondo qui y est présen-
tée au travers de deux approches complémentaires afin de caractériser sa nature. L’ effet

Kondo nait de la diffusion des électrons de conduction par un moment magnétique lo-
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calisé au niveau d’une « impureté ». Cette interaction entre les spins est d’un type anti-
ferromagnétique et se traduit par une résonnance (caractérisée entre autres par sa largeur a
mi-hauteur) apparaissant sur la courbe de conductance au voisinage de 1’énergie de Fermi.
Ainsi un minimum de résistance est observé a une température du systeme supérieure au
z€ro absolu. Cette température, appelée température Kondo (7x) est directement liée a la
largeur a mi-hauteur du pic de résonnance (I').

Afin d’approcher le Probleme Kondo, la théorie du liquide fermionique a été introduite en
lien avec le Modele d’ Anderson qui décrit un systeme similaire. Ainsi, il a été possible de
compléter 1I’approche de Kondo appliquant la théorie de perturbation développée au second
ordre sur la diffusion des électrons par un centre magnétique. Il existe plusieurs techniques
pour détecter et mesurer la résonnance Kondo, néanmoins, la spectroscopie tunnel reste a
ce jour le meilleur moyen pour caractériser ce pic de maniere sensible. La spectroscopie
tunnel permet également de détecter les orbitales singulierement occupées, condition pour

I’obtention d’une telle résonnance.

Le second chapitre de cette these développe une approche théorique étendue de la trans-
mission électronique par effet tunnel menant au courant tunnel réellement mesurable. Les
dérivées de ce développement tel que la spectroscopie tunnel et la topographie y sont égale-

ment présentées de maniere a apporter au lecteur une vision claire des résultats exposés.

Le troisieme chapitre de la these rapporte les résultats obtenus sur une molécule unique
déposée sur différents substrats tel que Cu (111), Cu (100), Ag (111), Au (111) et flots de
cobalt. La molécule isolée apparait en topographie comme une structure a huit lobes (voir
Figure 3.4(a)) qui correspondent a la distribution électronique du ligand supérieur, signifiant
ainsi un découplage important entre cette phthalocyanine et le substrat.

Une analyse topographique de la molécule sur les différentes surfaces démontre que la
molécule de TbPc; se positionne différemment en fonction de la nature et la symétrie du
substrat. Ainsi, il a été vu que au-dessus de I’Au (111), par exemple, la molécule adopte
une position « top » (voir Figure 3.5) alors qu’au-dessus d’un substrat de Cu (111) elle
a été déterminée avec une position « bridge » (voir Figure 3.6(c)). Ce positionnement
s’accompagne d’une orientation spécifique aux directions cristallographiques de la surface.
De méme, la hauteur apparente de la molécule montre une variation en fonction de la nature
du substrat tel que 3.2 A sont mesurés au-dessus de I’or alors que 1.8 A sont mesurés au

dessus d’un 1lot de cobalt.

D’un autre c6té, la conductance relevée au-dessus du centre métallique (terbium) varie
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selon le substrat utilisé. Ainsi, méme si la forme globale du spectre de conductance reste
similaire entre -1 V et +1 V, le fait de modifier la réactivité du substrat (en changeant sa
nature) déplace énergétiquement les orbitales moléculaires par rapport au niveau de Fermi.
Ce déplacement est conduit par 1’ajustement du potentiel chimique a I’interface molécule-
substrat pour atteindre 1’équilibre. De plus, seules les surfaces de Au (111) et Ag (111) ont
permis I’observation des états vides du complexe au-dessus du lanthanide indiquant que ces
états sont fortement modifiés par la nature atomique du substrat.

De méme, la diffusion moléculaire est augmentée de facon importante quand la réactivité de
la surface augmente. A cet effet, le gap séparant la premiere orbitale occupée (HOMO) de
la premiere orbitale non occupée (LUMO) est mesuré respectivement a 800 meV, 950 meyv,
24eVet2.6eVpour’Au(111), Ag(111), Cu(111) et flots de cobalt.

De maniere étonnante, lorsque la molécule est adsorbée sur une surface d’Au (111),

I’investigation de la spectroscopie tunnel au voisinage du niveau de Fermi laisse apparaitre
un pic attribué a la résonnance Kondo tel qu’introduite dans le premier chapitre. Cette ré-
sonnance est ajustée avec une équation Fano suivant les parametres: ¢ =3.93 et I' = 9.56
meV (ou g représente le parametre d’asymétrie de 1’équation de Fano).
Ce pic est localisé au-dessus des huit lobes de la molécule et tend a disparaitre lorsque la
pointe du STM est déplacée ailleurs. D’un autre coté, lorsque la molécule est déposée sur
une premiere couche de TbPc;la découplant ainsi fortement du substrat, aucune résonnance
au voisinage de I’énergie de Fermi n’est mesurée. De ce fait, il devient clair que la nature
du substrat ainsi que la présence des électrons de surfaces sont responsables de I’apparition
de cette diffusion magnétique.

Il devient ainsi évident, apres analyse, que la source de ce pic Kondo (I’'impureté magné-
tique) n’est autre que le spin 1/2 délocalisé sur les deux ligands et naturellement présent sur
une molécule de TbPc;. Ce spin joue le rOle du centre magnétique qui diffuse les électrons
de surface présents sur le substrat d’Au (111). Ceci expliquerait donc I’absence d’une réson-
nance sur une deuxieme couche car les deux spins 1/2 des molécules empilées s’apparient,
annihilant ainsi le magnétisme local qui donne lieu a la résonnance Kondo. Ce pic est défini
par sa largeur a mi-hauteur qui donne acces a une température caractéristique évaluée a 37K.
La Figure 3.14 résume la situation de présence de la résonnance Kondo sur un substrat d’Au
(111).

Le quatrieme chapitre de la these complete les résultats précédents par une investigation

sur des lots de molécules et des domaines plus étendus. Une croissance de film a été réalisée
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en évaporant une plus grande quantité de molécules sur les différents substrats précédem-
ment étudiés afin de les analyser. Différentes configurations sont alors observées en fonction
de la nature de la surface. En effet, au-dessus du Cu (111), les molécules s’assemblent de
maniere parallele formant ainsi une cellule unitaire carrée contenant une seule molécule de
TbPc;y. Par ailleurs, sur un substrat de Ag (111), un angle de 15° est mesuré entre deux
molécules voisines dans un domaine.

Une monocouche obtenue sur un substrat d’Au (111) montre quant-a-elle une nouvelle
structure ou la géométrie de la TbPc; se trouve modifiée. Une topographie STM réalisée
a tres faible courant et basse tension laisse apparaitre la distribution électronique interne du
cycle de la phthalocyanine supérieure tel qu’obtenu par des calculs théoriques. Cette dis-
tribution correspond également a ce qui est attendu pour une molécule de phthalocyanine
unique fortement découplée d’une surface.

A partir de ces images topographiques, il a été possible d’identifier deux types de struc-
tures au-dessus de 1’or : une structure semblable a celle observée jusque-la et ou les ligands
forment un angle de 45° entre eux, appelée structure de Type-A et une autre structure ou
I’angle séparant les deux phthalocyanines est réduit a 30° définie comme une structure de
Type-B. Au-dessus de I’Au (111), ces deux structures s’alternent dans la croissance du do-

maine comme le montre la Figure 4.4.

De la méme maniere que la molécule isolée, I’investigation de la conductance au voisi-
nage du niveau de Fermi laisse apparaitre un pic Kondo avec une température caractéristique
de 22 K, significativement plus basse en comparaison a la molécule isolée. De plus, ce pic
est exclusivement localisé au niveau des intersections intermoléculaires dans un domaine
(région commune a 4 molécules). Afin de comprendre 1I’origine de ce pic et de chercher un
lien entre la résonnance Kondo obtenue dans un domaine et celle obtenue sur une molécule
isolée, une croissance manuelle et graduelle d’un domaine a 4 molécules a été effectuée
(voir Figure 4.7). Grace a une manipulation moléculaire, il a ét€ possible de construire a
travers plusieurs étapes un dimere, un trimere et un tétramere. Une investigation au voisi-
nage de I’énergie de Fermi a été effectuée au-dessus de chaque flot. Ainsi, sur un dimere,
aucune résonnance n’a été observée alors que sur un trimere, un pic Kondo avec une tem-
pérature caractéristique de 34 K a ét€ mesuré au niveau de I’intersection des molécules. Sur
I’ilot de 4 molécules, ce pic est observé avec une température caractéristique plus basse a
31 K.

Ce qu’il ressort de ces manipulations c’est que la température Kondo décroit en fonction de

la taille de I'flot comme résumé dans le tableau 1.

Il a été démontré dans le 1¢" chapitre que la température caractéristique de la réson-
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Table 1 Résumé de la présence et de 1’absence de la résonnance Kondo sur les différents
systemes (du monomere au film). La température caractéristique Tx ainsi que la largeur a
mi-hauteur I" y sont également présentées.

Monomere Dimere Trimere Tetramere Film
Présence Oui Oui Oui Oui
Kondo (Lobes) Non (intersection) (intersection) (Intersection)
Tx 37K / 34 K 31 K 22 K
r 9.56 meV / 9 meV 8 meV 6 meV

nance Kondo est dépendante de la densité électronique des électrons de conduction et de
I’interaction d’échange entre le centre magnétique et ces électrons. Dans le cas présent, un
réseau de spin est formé au niveau des ligands supérieurs de molécules formant le réseau.
Ces é€lectrons constituent ainsi les particules diffusées par un spin électronique localisé sur
le méme réseau. La construction manuelle des ilots moléculaires mene a une possible adap-
tation des propriétés électroniques et magnétiques intrinseques a la molécule menant a une
présence de résonnance Kondo pour un nombre pair d’électrons excédentaires. Plus I'ilot
moléculaire est grand, et plus la densité des électrons de conduction s’affaiblit réduisant

ainsi la température Kondo.

Le cinquieme chapitre de cette thése introduit un nouveau complexe a base de deux
centres magnétiques ou un atome de cérium a été déposé au-dessus de la molécule précé-
dente (TbPcy). Au-dessus du substrat de cuivre, deux études ont été menées, une sur la
molécule isolée (voir Figure 5.3(a)) et I’autre sur une molécule a deux centres magnétiques
dans un domaine (Figure 5.3(c)). Sur I’or, il a été impossible d’obtenir une molécule isolée
de CeTbPc, di a la faible réactivité de la surface qui empéche I’obtention de monomeres
sans manipulation. Ainsi, au-dessus de Au (111) seuls les domaines ont été étudiés comme
présenté dans la Figure 5.5.

D’importantes modifications sont observées a travers 1’investigation des configurations élec-
troniques et structurelles de ce nouveau complexe. Plus particulierement, au-dessus de 1’ or,
la variation dans les niveaux énergétiques des orbitales HOMO et LUMO est induite par la
configuration géométrique du voisinage.

Lorsqu’une CeTbPc, est adsorbée sur un substrat d’Au (111), le niveau de la LUMO est
transféré vers les énergies supérieures comparé au cas du Cu (111) et Ag (111). Ceci in-
dique que le nouveau complexe a moins d’électrons excédentaires quand il est adsorbé sur
un substrat a faible réactivité. Une possible explication serait que la premiere orbitale vide

soit fournie par la molécule de TbPc; qui accueille I’atome de cérium.
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Apres I’adsorption du Ce, 1’électron excédentaire présent dans une molécule de TbPc;a de
fortes probabilités d’interagir, voire d’étre transféré vers le cérium, en accord avec les précé-
dentes mesures de conductance.

Sur Au (111), une spectroscopie a haute résolution enregistrée sur I’atome de cérium au-
dessus d’une molécule de type A révele une résonnance Kondo avec une température carac-
téristique de 7; = 30 K (voir Figure 5.8), cette résonnance trouve son origine d’un couplage
entre le magnétisme local du cérium et les électrons de la monocouche de TbPc; formée
sur le substrat. Contrairement aux cas précédents de présence de résonnance Kondo, ce pic
n’est plus exclusivement localisé sur une région mais est délocalisé sur le ligand supérieur
de la molécule. Ainsi, une résonnance similaire (méme largeur et amplitude) est observée
sur les huit lobes observables par topographie d’une molécule CeTbPc, de Type-A.
L’impureté magnétique de cette interaction trouve son origine soit de 1’électron non apparié
provenant du ligand supérieur de la molécule, soit de I’électron f de la derniere couche
remplie du cérium. Néanmoins, il semble plus probable que la seconde supposition soit la
plus adaptée dans le cas présent considérant le fait que la température Kondo soit différente
en comparaison au cas d’un domaine. L’information du spin pourrait dans ce cas €tre trans-

férée au voisinage laissant apparaitre une résonnance Kondo sur les huit lobes.

De maniere surprenante, cette résonnance disparait lorsque le cérium est déposé sur une
molécule de Type-B. La raison d’un tel comportement reste a clarifier, toutefois, cet effet
pourrait €tre causé par le fait que la distribution électronique de la molécule de Type-B a
des zones de chevauchement avec les molécules voisines de Type-A (ce qui n’est pas le cas
dans I’autre sens voir Figure 5.8). De plus, une spectroscopie tunnel effectuée au-dessus du
cérium dans les deux cas montre un pic HOMO observable uniquement sur une molécule

de Type-A confirmant cette théorie.

Le sixieme chapitre de cette these présente un travail supplémentaire réalisé dans I’ optique
de comprendre la formation de molécules de FePc a partir d’une simple molécule de TCNB
(1,2,4,5-Tetracyanobenzene) sur une surface de Au (111). Les premieres expériences menées
se sont focalisées sur la formation de monomeres de Fe-4(TCNB) a travers un dépdt initial
de TCNB suivi de I’évaporation d’atomes de Fe avec un ratio de 4:1. La spectroscopie dI/dV
du film ainsi formé montre deux spectres distincts quand elle est enregistrée sur le Fe et sur
la TCNB, les deux éléments montrent une réponse STS similaire a leur cas respectifs isolés
sur le méme substrat. Ceci indique qu’il n’y a pas, ou tres peu, de changement au niveau
électronique du Fe et de la TCNB.
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Apres un 1éger recuit (activation thermique), la topographie montre que 1’atome de Fer créé
une coordination avec ses 4 molécules de TCNB voisines pour former un monomere comme
le montre la Figure 6.5. La spectroscopie tunnel sur ce nouveau complexe montre, contraire-
ment au cas précédent, une localisation des €tats d > au-dessus de I’atome de fer. Les calculs
DFT confirment ces résultats ot un transfert de charge de —0.28|e~ | donné par le métal aux
molécules de TCNB a été obtenu.

Lorsque le ratio du dép6t de fer est doublé et qu’il est suivi d’une activation thermique a
450K, un réseau uniforme de Fe-(TCNB); est obtenu comme montré dans la Figure 6.9.
L’investigation STS sur ce nouveau systeme ressemble particulierement au spectre observé
sur une molécule de FePc au-dessus du méme substrat. Ceci indique qu’un environnement
électronique similaire est présent dans les deux cas. Néanmoins, le pic Kondo attendu sur
la FePc n’apparait pas sur la nouvelle structure de Fe-(TCNB); a cause d’un remplissage
de I'orbitale d . différent. En effet, les calculs DFT montrent que cette orbitale se trouve
au-dessus de 1’énergie de Fermi dans le réseau contrairement au cas de la FePc ou elle est

singulierement occupée permettant ainsi la diffusion des électrons de conduction.

Un recuit supplémentaire a 550K du réseau de Fe-(TCNB), fait apparaitre une formation
de molécules d’Octacyano-FePc (voir Figure 6.11(b)) qui représente ainsi une étape de pré-
polymérisation. L’énergie de liaison intermoléculaire est réduite, et les complexes montrent
une monocouche de ce qui semble tre des monomeres isolés.

La spectroscopie STS enregistrée dans ce cas au-dessus du Fe révele une résonnance Kondo
sur les Octaphthalo-FePc similaire a celle obtenue sur une FePc, indiquant la présence d’un
moment magnétique et d’un état de spin similaire dans les deux structures. De ce fait, il a été
possible via les expérimentations effectuées ici et de révéler la formation des molécules de
FePc par un auto-assemblage d’atomes de fer et de molécules de TCNB sur une surface de
Au (111). Cette procédure offre une méthode prometteuse pour I’interprétation des données

spectroscopiques de molécules auto-assemblées similaires.



INTRODUCTION

In the last decades, electronic devices based on organic materials were progressively in-
tegrated into nanotechnologies thanks to the successful development with specific struc-
tural configuration of new materials. In this topic, the ability of m-conjugated elements to
auto-assemble contribute to increase the performance of transistors. Formation of extended
molecular networks on surfaces which work at room temperature constitutes a major break-
through in the nanotechnology domain. Thus improving some properties such as energy

conversion in solar cells or information storage.

Extended periodical molecular networks on surfaces necessitate the synthesis of hybrid
nanostructure that depict appropriate functions with an atomic precision in order to satisfy a
stable and easily reproducible systems. These networks are generally based on non-covalent
bonding such as Van der Waals, hydrogen bond or metal-ligand coordination. Specific ge-
ometries and bond forces are necessary to allow the hierarchy of molecular bulks.
Auto-assembling on surface process is nowadays the most investigated procedure to the cre-
ation of novel organic or organo-metallic nanostructures. Particularly the auto-assembling
obtained under ultra-high vacuum which depict very satisfying results when studied with
microscopy techniques. On-surface synthesis of molecules with delocalized orbitals may
allow the enhancement of the electronic transport such as for pi-conjugated molecules.

The present Thesis is dedicated on the investigations on such derivative molecules based on
metal-coordinated atom to an organic ligand. The document is separated in seven chapter

as follows:

Chapter one gives a general introduction to the molecular magnetism. First principles
and theoretical investigations are developed. The origin of anisotropy in single molecular
magnets as well as their response to a magnetic field. The ligand field theory is also intro-

duced because of its major role in the molecular magnetism in the studied structures. The
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Kondo physics, which is a main quantum behavior observed in this research is introduced
in this chapter and explained with a strong theoretical background. Its related liquid Fermi
theory and Anderson model are presented. The Fano resonance leading to a description of

the Kondo resonance at low temperatures is also introduced.

Chapter two introduces the scanning tunneling microscopy which is the main technique
used in the experimental investigations. First, a theoretical background on the tunneling ef-
fect and its application to microscopy are given with explicit equations, the related spectro-
scopic investigations are also presented. Then, the experimental device is briefly presented,
the ultra-high vacuum and various techniques used by the scanning tunneling microscope

are briefly presented.

Chapter three concerns the main molecule a terbium double-decker (TbPc,) used in
the experiments, a general overview of the intrinsic characteristics and already communi-
cated results are presented first. The structural and electronic properties of the complex are
described and discussed in a second time. As the molecule was deposited on various sub-
strates, the crystal effect on electronic and magnetic properties are investigated. At last, a
Kondo resonance, which to our knowledge, has been poorly communicated in literature is
presented and widely discussed, its origin is demonstrated by means of comparison of both,

communicated and obtained results.

Chapter four is dedicated to the molecular domain construction. Similar to single
molecule, various substrates were used for the molecular growth. Crystal nature is found
to influence both, the molecular electronic properties and structural conformation. Inter-
estingly, the lowest reactive substrate induces an internal geometrical modification thus,
altering the electronic properties of initially similar structures these results are deeply dis-
cussed in this chapter. Similarly to isolated molecule, a Kondo resonance is observed on
specific locations of the terbium double-decker monolayer. In order to understand its origin
and link it to the Kondo observed in the previous chapter, a step-by-step four-molecule is-
land construction is presented where the magnetic behavior is followed at each step. Further
investigations related to the monolayer formation of molecule such as a second layer adsorp-

tion or the molecular density variation on different surfaces are presented and discussed.

Chapter five introduces a new complex where a cerium atom is deposited on top of
a terbium double decker molecule. The geometry and electronic properties are widely in-
vestigated on Au (111), Ag (111) and Cu (111) substrates. A Kondo resonance which is
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believed to be intrinsic to the new complex is observed on various locations of the struc-
ture. In order to understand the magnetism of this complex, theoretical calculations were
performed accounting the substrate nature. The results analysis gives a good indications
about the electronic properties and the molecular orbital distribution. An anti-ferromagnetic
coupling between the two lanthanides is observed and discussed.

Specific manipulations on these molecules were performed where a removal of the added
lanthanide is made possible when adsorbed on Cu (111). On Au (111) the manipulation
process led to hide the lanthanide under the TbPc, monolayer, this is found reversible under

specific conditions discussed in the dedicated section.

Chapter six is dedicated to a supplementary work which led to the publication of two
papers in international scientific reviews. The work focused on the genesis of FePc molecule
starting from a co-deposition of iron atoms and 1,2,4,5-Tetracyanobenzene molecules on
metallic surface. The different steps of this formation are presented and discussed. In
particular, theoretical investigations were performed which led to understand the genesis
process that led the transformation of two isolated entities to form a unique molecule with
coordination bonding.






ONE

SHORT THEORETICAL OVERVIEW

Traditionally metallic materials are suitable for the nano scale magnetism study. However
their usage and versatility remain extremely limited. It is in the main research topics to
find the best candidates that lead to the formation of extended self-assembled networks free
of contamination and able to work at room temperature window. Therefore, a bottom-up
approach is necessary to investigate on various elements whose usage is possible at larger
scales. Hybrid single molecular magnets (SMMs) satisfy these conditions as they couple
the magnetic properties of the metal with the low relaxation process thus, enhancing the

molecular spin-orbit coupling.[1-3]

1.1 Single molecular magnets

Although pure organic SMM based only on s— and p—electrons have been reported[4—7],
typical SMMs consist of a magnetic center formed by one or more metallic atoms which
are surrounded by organo-based ligands. The magnetic elements might be either transition
metals (such as Fe, Mn, Co...) or lanthanides (like Nd, Tb, Dy...).[8—11] By changing the
geometry and nature of the ligand, the magnetic behavior of the SMM can be tuned and
which shows controlled response to an external excitation such as a magnetic field. Fur-
thermore, the network formation of these molecules on surfaces can be controlled in order
to observe a desired 2D or 3D arrangement. By creating interacting SMM monolayers, it
would be possible to investigate the inter-molecular interactions (exchange energy, magnetic

coupling...etc).

Usually, molecular magnetism is sensitive to thermal excitation but below a certain tem-
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perature, it can be possible to find its magnetism invariant. In this case, the system is said
blocked below a blockade temperature Tp. These materials have a large high-spin ground
state as well as a large easy-axis magnetic anisotropy, it creates an energy barrier A which
is dominant when 7' < Tp.[12]

Since the first discovered SMM in 1980 [13], the investigations made in order to explain
the magnetic behavior of this system are still intriguing. One of the most prominent result
in these investigations is the study by Sessoli et al. where an exponential variation of the
magnetic relaxation with respect to the temperature was found below 7p.[14] It is found to
follow the equation below:

M(t)=My.(1—e7), (1.1)
where M(t) is the magnetic variation with respect to the time, My represents the initial mag-
netization and 7, the system relaxation time. T depend on the anisotropy constant described

by Néel-Arrhenius equation as below:[15, 16]
A
T = Ty.e*sT | (1.2)

where 7 represents a pre-exponential factor providing a quantitative measure of the time
relaxation from the thermal phonon bath of the system, and A (the energy barrier) depend
on the system composition and geometry, it holds for the magnetization reversal below Tp.
The energy barrier is calculated from the energy difference between the lowest lying level
and the highest lying level as presented in Figure 1.1(a). The energy barrier has the follow-
ing form:
A=D.S?, (1.3)

D is the axial anisotropy following the easy axis along S..[1]

Therefore, it is understood that the higher the energy barrier, the stronger the magneti-
zation of the SMM. Designing the best molecule must then consider the largest high-spin

ground state and the largest easy-axis magnetic anisotropy for the complex.

To this end, two possibilities emerge:
* Increasing the spin: by use of a larger amount of magnetic centers.

* Increasing the axial anisotropy: by selecting the suitable metals or finding a specific

molecular geometry leading to enhance the easy axis anisotropy.
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Fig. 1.1 a) [Mn-OAc] potential energy versus the projected magnetic spin on the sub-
states of § = 10. Image was reproduced from [17] by permission from John Wiley &
Sons Ltd. b)Temperature dependent hysteresis loops of single [Mnj;-tBuAc] crystals at
constant field sweep rate of 2 mT/s. A series of steps are visible, they denote a resonant
quantum tunnelling between energy levels. Below 0.6 K, the hysteresis becomes temper-
ature independent. From [18]. Mn-OAc = Mn,012(CH3CO;)6(H20)4. Mnj;-tBuAc =
Mn,012(0,CCH2C(CH3)3)16(CH30H)4

In both processes, care should be taken to keep the gap between the SMM’s ground state
and its first excited state as large as possible. Although recent reports show that these two
parameters are correlated [19, 20], increasing the cluster/SMM anisotropy seem to be the
most promising and easiest to investigate method.

Therefore, atoms containing a large spin-orbit coupling are preferred (lanthanides and tran-
sition metals have this kind of ability). An atom with a ground state S finds its orbitals
degenerated through the spin-orbit coupling. Therefore the S components split in zero-field
leading to a preferable orientation with a proportional amplitude of the total magnetization

with respect to the anisotropic axis.

Magnetic switching between |mg) = —S and |mg) = +S is usually thermal dependent.
However,as explained earlier, below 7p this reversal does not depend on the temperature.
At these low temperatures, SMMs can relax through a supplementary process which is the
quantum tunneling where the two states can be switched as presented in Figure 1.1(a). The
quantum tunneling is made possible because of the existence of dipolar forces, hyperfine
fields or a transverse anisotropy.

In the latter case, the presence of anisotropy does not allow the quantum tunneling to happen
except if there is a perturbation field leading to a shift from one to another.

Therefore, magnetic behavior of the SMM can be expressed by its time dependent Hamilto-
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nian: .
E
2

where D and £ are the axial and rhombic anisotropy tensors respectively, usually these

H=D.S>+_ (S +5%)+V, (1.4)

tensors are diagonalized and the principle axis of the molecule would correspond to their
eigenvalues. S, and S+ are the spin operators of the system with units such as 7 = 1 and
St =S, £iS,. V(t) represent a coupling with the magnetization moment of any external
contribution to the Hamiltonian of the system. In the presence of an external magnetic field,
V will describe the Zeeman effect generated by the magnetic field as V = u.S.B(t), where
B(t) represent the time dependent magnetic field and pt, the magnetic moment.[21, 22]

In order to obtain a non-zero magnetization of an SMM, the ground state of the molecule
should correspond to the highest magnetization state of the molecule, and this can be possi-
ble only if D is negative.[1] D.Sg represent the barrier height A. The presence of the second
term in the right side of equation 1.4 allows the transition between the sub-states with a spin
S in the sequence | —S),| —S+2),| —S+4),....|S—2),|S). A magnetization reversal in a
SMM would correspond to the climbing of 25+ 1 energy levels as indicated in Figure 1.1(a).

If the anisotropy was neglected with the absence of a magnetic field B, the ground state
system would be doubly degenerated. The magnetic moments will correspond to the two
states where mg = 4§ and mg = —S§ as they are projected on the quantization axis. A small
coupling will remain between | +S) and | —S) which is generated by the rhombic anisotropy
E. For a very large axial anisotropy % > 1 the two orientations will be separated by the en-
ergy barrier A which would then be responsible for the slow magnetic relaxation. Keep in
mind, however, that at low temperature (below 7p) a soft relaxation remain due to the quan-
tum tunneling through the barrier.

However, the particularity of SMMs is the presence of an anisotropy essentially due to the
ligands. Therefore it leads to an internal state mixing where the parameters D and £ govern

the quantum tunneling properties of the SMM.

In the presence of an external magnetic field, the energy levels will be shifted with re-
spect to each other lead to an alignment of levels at certain resonance fields. Therefore the
spin can flip its orientation by direct quantum tunneling between the two states.

The quantum tunneling effect can be directly observed when varying the external field, while
collecting the magnetization amplitude and direction of the SMM below Tp as presented in
Figure 1.1(b). Where a hysteresis loop is observed for a Mnj;-tBuAc molecule. Inter-
estingly, step-like features are observed on the molecular magnetic response, these steps
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correspond to the resonant quantum tunneling between two states for certain magnetic field
values. A decrease in temperature lead to the broadening of the hysteresis loop because
of the lack in the thermal magnetization reversal, favouring the quantum tunneling which

appears in this case with a well-defined and larger steps.

1.2 Ligand field theory

On coordination with other elements, the magnetic ion finds its orbitals modified due to the
presence of an electric field. This effect is known as the Stark effect.[23, 24] In order to
explain the magnetism of a SMM in an organo-metallic based complex, one needs to under-

stand the role and the effect of the surrounding ligands on the unpaired spin carrier.

The ligand-field is a formalism distinguishing between the different interactions and
couplings that contribute to the global cohesion of the elements in a given complex.[25, 26]
It results in analytical identification of energies and molecular states. The ligand-field is
strongly affected by the geometry as well as symmetry of the complex. Thus, the corre-
sponding Hamiltonian H; rcan be formally written in the function of the electrostatic poten-

tial V' in the near space of the complex as:

Hip(r) =) V(r—Ri), (1.5)

i
where R; represents the position of the ion i of the complex. The electrostatic potential can
be rather complicated when the system geometry is uncommon. Considering the cases of
molecular magnets where the studied complex has a known symmetry, the Hamiltonian can

be written using the Stevens formalism with the Abragam and Bleany notations as:[27-29]

+1 +1
Hr= Y Y Bror= Y a Y Ar(%.00, (1.6)

=246 m=—1 =246 m=—I1

where / and m are the operator orders, the first one must be an even integer because of
the symmetry inversion of the crystal field potential and the second varies between —/ and
+1. Here, as 46 are the Stevens equivalent operators for o, 8 and y respectively. BJ" and
Aj" are called ligand field parameters to be determined experimentally. O} represents the
Stevens main operators which are combination of the components of the J operator. O}" is
proportional to the sub-space spherical harmonics of the field potential as following:[30]

(Jm;|Of'|Im';) o< (Jm|Y["(0,0)|Jm’) (1.7)
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where Y/"(6,¢) represent the spherical harmonics obtained from the electrostatic potential
V such as:
Z Z a'r'y"(0,9). (1.8)
=0m=—1
The proportionality between O}" and Y;" is made possible through the Wigner-Eckart
theorem[31, 32] which allows to write the spherical harmonics in a linear combination of
the Stevens operators.
The complex symmetry allows to reduce the number of terms of 1.6 to a more simplified

form. As an example, a C4 symmetry leads to write Hyr as:
Hij = aA(?) 08+ B (AYr) 08 +44(r*)0F) + v (AQ0) 06 +4405)0F) . (1.9)

while a D4y symmetry keeps only the terms with factor m = 0.

Application to lanthanide based complexes

For sake of simplicity and link to the main subject in this Thesis, a lanthanide Ln(III) is
considered as the central ion in the magnetic complex and the system must be described by
its global Hamiltonian which will be separated in four parts:

H = Hr + Hpn + Hzeeman +thp (1~10)

The first term of the right hand side of 1.10 represents the Hamiltonian of the free lan-
thanide ion, the second term is the Ligand Field Hamiltonian of the complex as described
above. The third term refers to the Zeeman effect which is a result of the ligand field on the

orbitals of the lanthanide while the last term contains the hyperfine interaction.

The Hamiltonian of the free lanthanide is well described by both its internal kinetic
energy, electron-electron repulsion and the spin-orbit coupling as follows:

=2
HLn:Z<2P_m——>+Z +Z§ls,, (1.11)

i<j ’rl_r]‘

where f’, refers to the linear momentum of electron i, m the electron mass, Z the atomic
number (number of electrons of the lanthanide), r; ; is the position of i ( jth) electron. f, S
are the orbital and spin angular momentum operators of electron i and § refer to the strength

of the spin-orbit coupling.
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Fig. 1.2 Energy levels of the lowest-lying multiplets of a free Er(IlI). Each column depicts
the effect of the specified term in 1.10. From [33]

Under the magnetic field created by the ligand-field, a Zeeman effect splits the |m;)
doublets and is described as:

H7zeeman :gj-.UB-No-J-H, (L.12)

where g; is the Landé factor defined as: g; = (3/2) + (S

—

S+1)—L(L+1))/(2J(J+1)).

The ground state multiplets of Er(Il) is presented in Figure 1.2 where every effect in the
terms of the Hamiltonian in 1.10 is depicted. Presence of f—electrons which are screened

by the "internal" electrons leads to a high localization of these electrons.[33, 34]

The hyperfine term Hy,y,, is found to be mandatory on rare earth metals as it strongly cou-
ples the angular momentum J of the lanthanide to its nuclear momentum I. This interaction

is of dipolar form and must be expressed as:
Hyyp = ApypJ.1, (1.13)

with

1
JU= LA S (ol 4T L), (1.14)
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where J and I describe the total angular momentum and the nuclear momentum of the
lanthanide respectively. Ay, represents the hyperfine constant. The term J I, thus splits the
electronic states from the ground state doublet to nuclear spin states.

The hyperfine interaction may induce a off-diagonal terms of the total momentum and thus
promote the quantum tunneling magnet of an SMM. If the magnetic element is a Kramer
ion (has an odd number of electrons) a double-degeneracy of the electronic states occurs
for half-integer spins because of Kramers theorem which would exclude any magnetization
at uoH = 0T. However for some complexes such as LnPc, the hyperfine interaction is, in

contrary, promoting the magnetization.[33, 35, 36]

1.3 The Kondo effect

In order to introduce the Kondo effect, some basics of the quantum physics related to the
Kondo effect will be briefly presented. The liquid Fermi theory which is a theory developed
to understand the behavior of liquid 3He will be first presented, followed by Jun Kondo’s
approach to explain the electron scattering by a magnetic impurity at the Fermi energy and
its related Anderson model which completes this approach. Finally the Fano resonance
which is a theoretical approach to a scattering resonance which is applied to a Kondo effect

will be briefly presented.

1.3.1 Liquid Fermi theory

The understanding of electric characteristics of a metal is simplified when considering the
electrons as a non-interacting bodies (free electron model). Sommerfeld development led
to the formulation of the free-electron model where the particles are treated as quantum
particles governed by the Schrodinger equation.[37] In a metal the ground state of the system
is filled with N-particles (fermions) up to the Fermi energy which is defined as the energy
of the highest occupied state in the metal. In another words, it is the maximal kinetic energy
of the occupied state of the metal. At this level, are defined k}: the Fermi wave vector and
Pr: its corresponding Fermi vector such as:

é:hk}zwpzp—’%:#—k’z’, (1.15)

2m 2m

€r defines the Fermi-energy where all states below its related P are occupied.

In a 3D expansion, the particle density in a Fermi volume Vy which is defined as the space
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containing all particles with energy lower than & takes the following form:

N P
Vi 3m2n

(1.16)

Since the problem deals with fermions, the average occupation of the states with respect
to the temperature is given by the Fermi-Dirac distribution [38, 39]

1

n(e) = il

T (17

where B = 1/(kp.T) and kg is the Boltzmann constant, u represents the chemical potential
of the system.

Therefore, the density of states g(€) is of the form:

oo /
= [(aemerse = ge)=D =] (2’”)32.@ (118)

de  2m2 \ p2

However, the approach above has serious limitations when a more realistic model is
considered. In fact, the particles in such a system interact between each others creating
the well-known and unsolved many-body problem.[40] Hopefully, Landau dressed a simple
phenomenological Fermi liquid theory to the problem when the system is considered at low
temperatures and low excitation energies.[41, 42] Indeed, during the collision process, a
momentum transfer occurs between the particles. By considering the ideal gas where all
states with | P| (| P| are filled and adding a supplementary single state at |P| > |Pr|, the total
system becomes excited with the following energy:

gp—erp—z—erE(ﬁ—ﬁp), (1.19)
2m m
This approximation is valid if |P| — | Pr| < |Pr| (|P| close to |Pr|). At weaker interactions,

1.19 remains almost valid in a way that the excitation energy is proportional to |P| — | Pr|.

In his Fermi-liquid theory, Landau posed three conditions:
» The particle’s excitation spectrum remains similar as for the free-electron gas theory.

* A new particles have to be assumed and defined as quasi-particles

1
E—EF

» These quasi-particles have a long life-time at low energy (7 o< ), which is valid at

low temperatures and energies close to €
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Therefore it becomes necessary in order to satisfy 1.19 to define an effective mass m*
for the quasi-particles such as:

P
Ep— & = m—i(P—PF). (1.20)

As discussed earlier, the interactions are represented by hidden variable(s) in m*. For-
mally, in Landau’s formalism, the effective mass has the following form when it is re-

normalized:! i
m

FS
E:H?l, (1.21)

where F;’ is symmetric Landau parameter.[44]

The Fermi-liquid theory is applied to calculate several measurable properties of a Fermi-
like liquid system such as specific heat of the metal C, the magnetic susceptibilityy or the
metal resistivity R: [45]

2
T 2 2 > 8(&r)
C=—. kzT + O(T = Upl

R=Ry+A.T?, (1.22)

where O(T?) indicates a negligible Taylor development at the second order. pip and y are the
Bohr magneton and the particle’s magnetic moment respectively. Fjj' is an anti-symmetric
Landau parameter. Ry is the residual resistivity of the system and A a factor satisfying the
relation A o< % =92

Since all these parameters are proportional to the density of states g(&r), a relations
containing such parameters hold such as the Sommerfeld-Wilson ratio I': [46]

mkgox 1
3wty 1H+F

(1.23)

The Fermi-liquid theory is the basic model to describe the non-superfluid Fermi liquid.
It can however be generalized to systems other than 3He for which it was originally made.
Moreover it holds for both normal- and super-conducting materials even for extreme cases

such as heavy fermions systems.
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Fig. 1.3 a) Resistance versus temperature for both "classic" metals (blue) and those depict-
ing a minimum resistance at a non-zero temperature (red). b) and c¢) Magnetic impurity
surrounded by conduction electrons above and below the minimum resistance temperature.
d-f) Initial, virtual and final state at the tunneling process where a Kondo resonance ap-
pears. g) Density of states with respect of the tunneling electron energy. The peak showing
Ty appears at the Fermi level. From [47](modified)

1.3.2 Kondo approach

In regular cases, a metal’s resistivity decreases with respect to the temperature. Indeed,
the electrical resistivity of a metal is dominated by the electron-phonon scattering at room
temperature. By lowering the thermal energy, the phonons will be "freezed" and the particles
will have lower kinetic energy. Thus, electrons will have a longer diffusion path which
results in an increase of the conductivity.

However, in the early 1930’s for the first time, Messner et al. followed later by Haas et
al. performed a conductance measurements on doped metals with transition atoms where a
surprising increase of the resistance is observed at low temperatures, a resistance minima at
non-zero temperature was observed as highlighted in Figure 1.3(a).[48, 49] For more than
30 years, scientists had no explanation for such a behavior of these materials. In 1964, Jun
Kondo proposed the first quantitative approach to this observation where he conducted a
development at the second order of the perturbation theory applied to the Hamiltonian of
the system.[50]

His findings led to the observation of the existence of a resistance minima at a non-zero

IThe reader is referred to [43] for the analytical details.
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temperature so-called Kondo temperature and noted Tk.
The presence of a magnetic impurity in the material led Kondo to assume that the dopant
acts as a diffusion center of the conduction electrons, which are responsible for the presence

of the material’s conductance. He developed a Hamiltonian of the system as:[43]

H = H_onduction + Hexchange (1.24)

The Hamiltonian as proposed by Kondo describes the scattering of the conduction elec-
trons of the metal by the magnetic impurity. As a result, the general transport properties of

the material expresses the material conductivity as :
p = po+A.T>+BJ.log(T/C), (1.25)

where A, B, and C are constants proper to the system.

The conductance expression in 1.25 combines both high and low temperature conduc-
tance behavior. At high temperatures, the term containing 7> dominates the global con-
ductivity thanks to the phonon scattering while the logarithmic term dominates the low

temperature behavior of the system, see Figure 1.3(b-c).

This approach is no more valid below a certain temperature which is the same as Tx.[43,
50] Therefore, 1.25 is only in good agreement with experiment when a strong coupling is
present and lead to 7 > Tk, it can also be extended to the neighbourhood of Tx. However
it does not explain the conductivity behavior when 7" — 0 at anti-ferromagnetic coupling
(J(0) as the resistivity diverges. This non-physical result became then known as the Kondo

problem.

It is in 1975 where Kenneth G. Wilson gave a solution to the problem using the theory
of numerical renormalization group (NRG) for a single spin impurity S = 1/2 including
the Anderson approach (see next subsection). He found that below Tk a spin flip scattering
occurs in the majority of the collision events at the impurity which leads to a complete

screening of the magnetic center by the conduction electrons at 7 — 0.

1.3.3 Anderson model

Few years before the Kondo formalism, in 1961, P. W. Anderson described the maintain of

magnetic properties in transition metal impurities when embedded into a metal.[51] Since
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the Coulomb interaction is weakly screened on a local basis at the atomic scale, the unfilled
orbitals are suppressed at integer fillings, and the total angular momentum is defined by the
orbital filling according to Hund’s rule.

In Anderson’s model, the development was limited to only one degenerate d—level which
is filled by one or two electrons. At the singly occupied level d!, the magnetic moment lies
below the Fermi level € at energy €. In the case where a second electron is added, it must
populate the same orbital as the first electron, and thus obtains an opposite spin because
of the Pauli principle. Adding a second electron will therefore increase the energy by a
Coulomb repulsion U. The doubly occupied orbital d> must therefore lie above & to ensure
an unpaired spin and retain the magnetic moment of the impurity.

Later on, in 1966, a link between the Anderson model of magnetic impurity and the Kondo
approach for the magnetic diffusion was made thanks to J. R. Schrieffer and P. A. Wolff.[52]
They introduced a canonical transformation in the limit of small s — d hybridization to gener-
ate an effective Kondo Hamiltonian for low energies. In this picture, the magnetic impurity
in the Anderson model is equivalent to the scattering process described by Kondo, plus, an
exchange coupling J between the impurity spin and these electrons must be responsible for
the perturbation.

Therefore, the Hamiltonian of this system must be written separated in three as:

H = H_ onduction + Himpurity + Hcoupling s (1~26)
where
H onduction = Zgz'aig'aiéa ) (1.27)
ko

represents the Hamiltonian of conduction electrons of energy € at wave vector kanda spin
describing the non interacting particles in an ideal gas, this term does not take into account

the presence of the impurity. as (az) 1s the operator that generates (destroys) a conduction

electron with a wave vector k and a spin ©.

The second term,
Himpurity = ng-C;'CG + UndTnd¢ > (128)
(o2

represents the unperturbed energy of a d—state of the magnetic impurity. £¢ is the energy of
one-electron located at the d—orbital. C7s (Cy) represent the creation (destruction) operator
for a spin o. This notation accounts for a singly occupied d—orbital level positioned below
the Fermi level (¢r). A second electron of opposite spin would occupy the same level as

the Pauli repulsion principle allows it, however a Coulomb repulsive interaction U is added
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to the system. Therefore, the second electron of opposite spin can only occupy states at
g 4+ U creating a net magnetic moment of the impurity as long as this level remains above
€r. Although local charge fluctuations on the d—level are impossible due to the low tem-
perature regime, a virtual exchange between the d—electrons and the conduction electrons
may occur, leading to a spin-flip process.

This equation remains valid of d— states electrons, however, it can be easily generalized to
a more realistic models describing 3d- and 4 f-electrons where more than one orbital is con-

sidered. The generalized Hamiltonian of such systems can be expressed as following:[53]

impurity

_ o oo’
ngnerallzed _ Z£l~C&~CO' + Z UklmnC/;rGC;-g/Cmo/C"G’ (1.29)
c

kimn
where the variable i represents the considered d— or f—shell and Uy, the direct and ex-

change Coulomb matrix elements.

The last term of the right hand side of 1.26 represents the transition process between the
conduction electrons and the magnetic impurity. It is derived from the simple Heisenberg

expression He o, ping = J.S.s, its formal expression is as follows:

H oupling = %V ;’ [(aZ’TakT — a;i,iaki)Sz + (aZ,TakiS* — altwakTSﬂ] ’ (1.30)
where J represents the amplitude of the exchange interaction which is antiferromagnetic
(J(0) in order to create a diffusion process and N the number of impurity atoms. s is the
spin density operator of the conduction electrons and S denotes the spin operator with the
z—component S, and S+ the raising and lowering operators of S.

H_oupling term describes therefore both the spin-conserving process through the S, expres-
sion and the spin-flip scattering process through Sy. S (S_) will change the spin of the
magnetic impurity from down to up (or vice-versa) while a,t,,rak 1, will flip the spin of the

conduction electron form down to up (or vice-versa).

The exchange coupling J is derived from the Schrieffer-Wolff transformation where it is

expressed by terms of hybridization matrix element Vz as:[53]

1 1 1 1
Jom = —V—»*V-’, —+ — — , 1.31
e kK (ez—(sdth) ey —(e1+U) g —¢&d 8];,—8‘1) (131)

where k and ' represent the wave vectors of the initial and final state respectively.
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For a constant hybridization at the d—shell (which is applicable for a closed system with no
external contribution), V%*VE, = \V%|2 = V2, the conduction band energies & which are close

to the Fermi level can also be neglected. Therefore 1.31 becomes:

2V2.U

J- = =
ed(ed+U)

=J= (1.32)

K

When applying the perturbation theory at the many-body system in the Hamiltonian
of 1.26, the minimum resistance is found at the Kondo temperature Tx. It is found to be
dependent on the exchange coupling J and the density of states of the host metal electrons
g(€) through the following relation:

Ty ~ ZE o~ 1/ (Wlge)) (1.33)

kp
where kp represents the Boltzmann constant. It is interesting to see that the Kondo tem-
perature is increased along with the coupling exchange and/or the density of states of the

conduction electrons.

1.3.4 Fano resonance

Anderson model presented above describes the system of one magnetic atom embedded in
a bulk. The resulting Kondo effect is therefore influenced by the surrounding environment
of the impurity. When the conductance of these impurities is measured by a scanning tun-
neling spectroscopy, different behavior is observed since the environment is modified by the
presence of a second electrode (tip).

In a tunneling regime where electron is transferred from tip (surface) to surface (tip), two
channels for the tunneling electrons are possible?, either the electron is transferred through
the Kondo resonance close to €7 with a probability 77, or the exchange may occur directly
between the tip and the metal substrate without involving the impurity with a probability
T5. In both cases, the spin information is conserved and no spin-flip process occurs. There-
fore, an interference in the incident electronic wave-function between the two systems may
occur.[54, 55]

The Fano resonance theory was originally developed to describe the electron-atom resonant
scattering.[54] One particularity of the Fano resonance is that the resonant channel have a
phase shift that depends on the energy of the incoming electrons which varies between —7
and 7. The non-resonant channel has in contrary, its phase-shift energy independent from

%For the theory of tunneling currents refer to Chapter 2
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the incoming electron energy. Thus, the resonance amplitude of the system is only depen-

dent on the incoming electrons represented by their initial states.

The total Hamiltonian of the system can then be re-rewritten by adding a term

Z Eip (CZ;CG + M[Tl ; Tz])
c

to 1.26. Here, & is the tip state energy. M|T};T»] represents the matrix elements of the
tunneling procedures through the two channels which can be simplified to represent a tran-
sition operator M between the initial and final state, |®;) and |®) respectively. The total
tunneling probability can then be described as |(¥|M|®;)|> where |¥) represents the total

state of the system.

In his approach, Fano considered the problem as a scattered electrons by an unperturbed
continuum bath which is represented by |v). Therefore he found that the ratio between the
total transition probability and the probability of transition to the metal follows a simple

function as:[54]
(PIM|P) > _ (¢+8)
[(vM[D;)[> 1487

where the normalized energy € is calculated form the Kondo resonance energy €x and the

(1.34)

resonant peak width at half maximum I" as :

E—E&g

€2

(1.35)

which therefore gives a quantitative contribution of the electrons tunneling into the Kondo
state, close to €p.

The factor ¢ in 1.34 is called the assymetry parameter which plays a critical role in the

shape of the plotted Fano equation. It is defined as:

o1 AP
AT/2 (o[ M) [

q (1.36)
where |A) represent the discrete states of the system.

Although this factor is hardly predictable theoretically, it can be however determined by
considering it as a variable in a Fano plot from the experimental Kondo resonance investi-

gations.
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o

Fig. 1.4 Simulated Fano equation 1.34 for g-factor=0,1,100. From ref [55]

The role of the g factor lays mainly in the determination of the tunneling channel at the reso-
nant electron transfer. For tunneling electrons through the Kondo resonance, the numerator
of 1.36 is dominant, which implies g > 1 which results in a symmetric Breit-Wigner peak
shape for the resonance.[56] On the other hand, when the denominator of 1.36 is domi-
nant(i.e ¢ < 1) the tunneling occurs through the bulk continuum states, its resonance be-
comes a symmetric dip-like shaped. Intermediate states of ¢ create an asymmetric shape as

presented in Figure 1.4.

1.3.5 m—Kondo resonance

The Kondo effect as explained above is induced by the interaction between a magnetic im-
purity and the conductance electrons of the bulk. However, in 2004, the first purely organic
molecule was reported to show a Kondo resonance when adsorbed on a substrate[57]. Mul-
tiple other organic molecules were reported with a similar property after that.[47, 58—60]
To explain this observation, one needs to go back to the definitions in the above models.
When embedded into a bulk metal, the magnetic impurity and the conduction electrons
form the many-body system where a conduction electron may pair up with the impurity
spin. However, because of the Pauli principle, these two spins are shifted with a coulomb
energy. At low temperatures, this conduction electron may develop a polarization at the
magnetic impurity, thus quenching the magnetic moment, this process serves as a screening
of the impurity unpaired spin leading to a scattering of the conduction electrons (Kondo
resonance).
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In the case of purely organic molecules, the atoms are not supposed to carry a magnetic

moment. However, when exposed to a free electron bath, this molecule is able to be charged
by means of electron transfer from the electron sea. After adsorption of such a molecule on
a metal substrate for example, the organic molecule is found to possess a spin 1/2 ground
state due to the localization of the unpaired electron in the lowest unoccupied orbital. A
Kondo resonance in organic molecules is therefore only possible if a charge reorganization
at the molecule occurs.
One interesting result of such a resonance is that the w—orbitals of the molecule are ex-
tended. Therefore, the presence of a Kondo resonance may be also delocalized on the
molecule. This has to be contrasted with the magnetic impurity resonance where the Kondo
is perfectly localized at the magnetic impurity.

Therefore, growing a film would lead to a spatially extended Kondo resonance on the
molecular layer. Some works highlighted this behavior, for example Fernandez-Torrente et
al. have shown a Kondo resonance on a full monolayer of TCNQ molecules adsorbed on
a Au (111) substrate. A charging of the molecule to TCNQ™ is mainly possible because
of a high decoupling of the molecular film from the underlying substrate.[59] In contrast,
R. Frisenda et al. reported a slightly different Kondo resonance on a PTM-radical where
they observed an insensitive resonance toward the modification of the host-environment. It
indicates a fully intrinsic Kondo resonance at the radical without a need of charge transfer
from the substrate. This is made possible because of the presence of an unpaired electron at
the radical center.[60]

1.4 Summary

In this chapter, a brief theoretical overview to the single molecular magnetism was intro-
duced. The possibility for single molecular magnet to proceed a spin flip below the block-
ade temperature 7p through quantum tunneling was explained.

In a second part, the ligand-field theory was introduced in order to understand the ef-
fect of ligands in molecular complexes. It was found that both the ligand nature and the
molecular symmetry play a prominent role in the orbital modification of the magnetic ion.
Its application to lanthanide ions highlighted a non negligible contributions of the Zeeman

effect and the hyperfine interaction.

Finally, the Kondo effect was presented by two complementary approaches to charac-
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terize the nature of the zero bias peak (ZBP). A Kondo effect describes the screening of
conduction electrons by a localized magnetic moment at an impurity site. The interaction
between the free electrons and the impurity magnetic moment is of anti-ferromagnetic type,
which leads to a resonant peak of differential conductance at the Fermi level. As a result, a
minimum resistance is observed at a non-zero temperature noted Tx.

To approach the Kondo problem, the liquid Fermi theory was recalled, the Anderson model
was used to complete Kondo’s approach to the electron screening and finally the Fano res-
onance was introduced in order to fit the experimental observations of this Kondo peak.
Another type of Kondo resonance was also briefly mentioned, there exists a possibility for a
purely organic molecule to depict a magnetic resonance, leading to the detection of a Kondo
peak.

Although the Kondo resonance can be measured by various techniques, the scanning
tunneling spectroscopy remains to-date the best tool sensitive enough to detect the singly
occupied orbitals below the Fermi-energy as well as the nearest empty state. For the experi-
mental work of this thesis, a scanning tunneling microscope was used to investigate various

molecules. Its principle and characteristics are presented in the next chapter.
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TWO

SCANNING TUNNELING MICROSCOPE

The development and control of the smallest electronic device replacing macroscopic com-
ponents such as transistors, diodes, etc... is one of the major challenges in nanotechnology
today. Moore’s law predicts that we should reach the nanoscale for transistors within the
next decade.[1] Even though multiple molecular transistors were already developed [2—4]
it is not possible yet to extrapolate these finding to larger scales. The race to find the best
molecule with such properties is therefore still open, many types of nanoobjects are daily
investigated and reported to the scientific community.

Advanced techniques are necessary in order to perform precise measurements leading to
the comprehension and characterization of new molecules, these techniques should com-
bine stability and high measurement precision. In 1981, the first tunnelling microscope was
invented by Nobel prize winners Gerd Karl Binnig and Heinrich Rohrer at IBM laborato-
ries [5]. Since then, it was developed to include facilities such as cooling system, external
magnetic field or photon excitation to be used in various domains ranging from physics to
biology.

In this chapter the principles of tunnelling microscopy and spectroscopy as well as the
experimental setup used to perform the measurements are presented. Besides, various op-
tions of the microscope such as topography, dI/dV spectroscopy, scanning modes, contact,

tip forming, manipulation will be described in the following discussion.
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2.1 Tunnelling microscopy

The tunnelling effect is a well known quantum effect that describes the partial transmission
through a potential barrier of a quantum particle. In a classical approach a particle with a
certain kinetic energy is described by a collision process with a potential barrier, it will be
reflected to the opposite direction following the elastic/inelastic collision law. However, due
to the wave-particle duality in quantum mechanics, the wave function of the particle is used
to describe its properties instead of a physical particle (sphere). By resolving Schrodinger’s
equation it is found that there is a non negligible probability to cross the potential barrier

and tunnel to the other side of the barrier.

Consider a particle travelling towards the direction of the potential well. Its state is
assumed fully defined and represented by a plane wave function to simplify the calcula-
tion (this assumption is not abusive considering the large distances taken into account).
This simple problem is represented in a basic scheme in Figure 2.1, three states are studied
representing the tunneling process between two electrodes with and without an adsorbed
molecule.

n* 9?
 2me 012
tonian of the system, V the potential at region /1 (Figure 2.1(b)) with a value V # 0 inside

Each region’s Hamiltonian is written as: H = +V, where H represents the Hamil-
the barrier and null elsewhere. / and m, represent the reduced Planck constant and the elec-
tron mass respectively.
Assuming that ¥P(r,7) represents the eigenfunction of one electron, it becomes possible
to study its evolution from one electrode to another through the vacuum barrier when a
bias voltage V is applied. Resolving Schrodinger’s equation in every region of the system
H|¥;(x,t)) = E;i|¥i(x,1)) where i denotes the region number show that there is a transmitted
part of the wave to the right side of the barrier. Therefore, the particle g has funnelled from
region / to region /11. In scanning tunneling microscopy this property is used to scan con-
ductive objects without touching them by tunneling electrons between a tip and a substrate
through the vacuum barrier.

The principle of scanning tunneling microscopy (STM) is to approach two electrodes
close enough to each others (few angstroms) to get electrons transferred respecting the Pauli
exclusion principle. This means that electrons can only be transferred from one electrode’s

occupied state (sample or tip) to an unoccupied state of the other electrode (tip or sample).

Two different metals have two different Fermi levels. Thus, when they are brought close
to each other, electrons from the highest energy electrode will be transferred to the lowest

one in order to align both Fermi levels of the metals at the junction area. Thus, to avoid
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Fig. 2.1 Schematics of a barrier potential with (a) no potential applied (b) applied potential
eV between metallic sample and tip (c) applied potential eV between metallic tip and a
molecule deposited on substrate.

equilibrium and obtain a continuous flow of tunneling electrons, a bias is applied between
tip and sample. This way energy levels (including Fermi level) are shifted from of one side
to a lower (or higher) level than the other. Electrons in this case are free to tunnel from
the occupied states of the higher energy electrode to the empty states of the lower energy
electrode.
In case of molecules, electrons are no longer in a conduction band but bounded into molec-
ular discrete states or orbitals, see Figure 2.1(c).

According to Fermi’s Golden rule, the density of the tunneling current flow for each
electrode through the barrier is expressed as [6] :

tip to sample: J; s = %/HT,SHzpt(E—eV)ps(E)ﬁ(E —eV)[1— fy(E)|dE, (2.1)

. 2re
sample to tip: Jy; = T |’7}t||2pt(E —eV)ps(E)fs(E)[1 — fi(E—eV)]dE,  (22)
where f;;(E) denotes the Fermi-Dirac distribution at energy E [7, 8] and p;; represents
the density of states of either sample or tip. 7., is the matrix element of the perturbation
potential between sample and tip.
The net density current is therefore:
2me

I =g = Jsor |= == [ITIPpi(E = eV)py(E)fs(E) = fi(E—eV)dE.  (2.3)
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Fig. 2.2 Scheme of tip and sample when tunneling occurs. Red dashed line represents the
separation surface X and rq the reference position of the apex representing the tip.

For low temperatures (close to T=0) Fermi-Dirac distribution is a step function which
is equal to 1 within the region [Er,Er + V] and null outside (] — oo, EF[U|EF + €V, +0|).
Equation 2.3 is then simplified to:

27re Er+eV

% T (> (E —eV)ps(E)dE. (2.4)
Ey

Jr—o=

The matrix element 7 is the crucial factor in this equation, it is more precisely a trans-
mission matrix which involves the wave function correlation between the two electrodes
through the vacuum barrier.

The presence of the tip near the surface states induces a sample wave function distortion
falsifying any isolated study of the electrodes. Using a modified Bardeen’s formula where

the tip potential is neglected in the surface region and vice-versa, the matrix element is eval-

uated as a surface integral on the separation area as X between the two electrodes, ||T|| is
expressed as [9]:
hz * *
s =— /(‘Pt V¥, — ¥, V¥/).ds, (2.5)
me E

where X is the surface separating the tip from sample regions (roughly in the middle),
dS is the surface element and ‘¥, are the corrected wave functions of the sample and tip re-

spectively. Besides, tip’s wave function satisfies the Schrodinger’s equation in the vacuum:

(V2 — k2, (r) =0, (2.6)

where k2 = 2’;—5[] is the decay constant determined by the total potential U. It has to be
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noticed that U is shape dependent which technically implies that the tip shape is of impor-
tance in an analytical investigation of the tunneling properties.

One must know both electrodes wave functions in order to solve equation 2.4. However,
since tip’s shape is impossible to determine, a tip model has to be assumed.

The wave functions have an exponential decay expression which lead to safely consider
only the outermost tip atom’s localized orbitals. In the present model, the tip apex is con-
sidered as the closest atom to the substrate centred at ry. The Green function related to the
Schrodinger’s equation of an s-orbital tip wave function under a homogeneous pot well at

| r —rg | is of the following form:

: 4TA
\Pf—orbttal _ p G(I”— r0)7
G e—K‘|r—ro\ (2.7
th: — =
wi (r—ro) P ——

where A is a constant determined from the tip wave function expansion as components
of the spherical harmonics Ylm [10, 11], rg is the position of the center of the outermost atom

of the tip apex and r the distance between the tip and the separation surface X.

Therefore the matrix element applied to the s wave-function is of the following form:

2TAR?

s—orbital __
T}s‘ -
Km,

/ (G(r —ro) V¥ — ¥, VG(r —r9)).dS. (2.8)
z
By using Green theorem this equation can be rewritten into a volume-like integral over

€, which represent the occupied space of the s wave-function of the tip (namely the tip
side of X).

: 2mAR®

T-orbital _ _ / (G(r = ro) VAW, — W, V2G(r — ro)ld, 2.9)
Kme JQ,

where €;,, is the volume of the wave function surrounding the tip and d7 the volume ele-

ment. Since both Schrodinger equation (V2 — k?)¥, = 0 and its equivalent Green function

(V2 —k2)G(r —rg) = —8(r — ro) have to be satisfied, equation2.9 is simplified to:

2TAR?

s—orbital __
’I;s -
Kni,

Py orbital (). (2.10)
This equation is the solution of the matrix element 7;; applied to only s wave-function of the
tip.

Tersoff and Hamann [12, 13]obtained similar result using another definition of s-wave or-
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Table 2.1 Tunneling matrix element operators: list of tip states taken into account and its
corresponding operator applied to the s-state matrix element at rp in order to obtain the
matrix element of the desired state.

Tlp orbital ‘ \I;,;forbital (leiforbital(ro))

s 1
J
Px gx
Py ?
Pz 9z
82
dxz 0x0z
(92
dx)’ dxdy
d a
vz dydz
92 22
dx2,y2 Frei
2> 2
dzziérz (9_12 1/3 K

bital. They did not represent it as an s-wave component of an atom-like orbital but as
a macroscopic spherical potential well. However, this result in only valid for s-states
tips. Since materials used experimentally as tips contain other orbitals than s such as
Px; Py, Pz, dxz, dxy, dyz,d 2 and d,2_p, all of them need to be considered in the analytical de-
velopment. Moreover, z-components are more likely leading to an important enhancement
of the corrugation amplitude compared to x and y components.

One might be tempted to state that the whole procedure shoud be repeated for every orbital,
but thanks to Chen et al. this tedious process is not necessary, they demonstrated that ma-
trix elements of other components than s-orbitals can be deduced by taking the derivative
with respect to the desired component on the equation 2.10. This procedure is known as
the derivative rule [14] and gives a direct dependence of the matrix element to the s-wave
function.

In a general case, equation 2.10 is transformed to:

2AR?

x—orbital __
Tls -
Kni,

\P;c—orbztal (rO), (21 D
where x defines s, p or d orbital of the tip apex. It is important to note that there is no
longer an explicit contribution of the tip wave function in the developed form of the matrix
elements. These WX~ "4l wave function are listed in Table 2.1 with respect to the desired

tip state as obtained by Chen et al.
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Table 2.2 Table of common worfunctions used in scanning tunneling microscopy as tips.
[20]

Element | ®(eV)

Ag 4.5
Au 5.4
Cu 4.9
Ir 54
W 4.8

Therefore solving Schrodinger’s equation leads to access to the wavefunction of the
tunneling electrons:
_hZ 82
——¥Y,+U¥Y, =EY,. 2.12
2me 822 s+ s s ( )

Considering W to be a planar wave of the form ¥, = B.¢/®() where d(z) is the space decay
operator and B a constant defined by the boundary conditions, equation 2.12 becomes:
2®  [(9D\® 2m,
— — | =— | ——(U—E)=0. 2.13
2 (8z> " (- B) @.13)
The WKB approximation states that the potential vary very slowly within the tip-sample
distance (z-axis), therefore ‘?;T? — 0 simplifying equation 2.13 to the following [15-19]

0D _ [2m,
8_Z:j:l F(U—E),

2m,
hz

(2.14)

— & =+ig (U—E)+B,

where B represent an integration constant.

In case of trapezoidal potential barrier (which is commonly used for a tip potential rep-
resentation) U is expressed as U = w + % where V' is the applied potential and ¢, are
the work functions of substrate and tip respectively. Common metals work function used
for STM are listed in table 2.2.

When inserted into the plane wave equation W(z) it gives:

Py(z) =P .e_Z\/%(W+%_E> (2.15)

Y
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and since:

2 2 me ( Ps e
7 = 2AR gs-onbival _ 2C o\ (P g oE) (2.16)

Km, Kme

current density equation 2.4 for an s-wave tip will be expressed as:

"2

pi(E —eV)ps(E)dE, (2.17)

AT’ hC /EF+6V 72Z\/2ﬂ(¢s§¢1+%71€)
JT:() = e

Kme E f

where C is a simplified constant.
The use of the derivative rule led to express the current density for the d>-wave which is
the common orbital for experimental tips such as tungsten. An increase of the corrugation

amplitude allows to get up to atomic resolution.

2.2 Scanning tunneling spectroscopy (STS)

dJ/dV spectroscopy

The current density in equation 2.4 is not only dependent on the tunneling probability ex-
pressed by the tunneling matrix elements but also on the the density of states (DOS) of both,
tip and sample. The derivative of J with respect to applied voltage V, dJ/dV gives a direct

access to the local density of states p of both electrodes. The resulting equation is therefore:

dJ 2me d Ep+eV )
Yy d [ L i p,(E_em(E).dE]

_ 2me /EF“VdII_THZ

~h Efp dv
Eptev dp:(E —eV

[ P2 (£ e
F

v
Er+eV d } E
+/E ||T||2.p,(E—eV).M.dE] .
F

p:(E—eV).ps(E).dE
(2.18)

dv

First and second terms of equation 2.18 are to be neglected in basic WKB approximation.
Indeed, the transmission matrix is assumed to vary very slowly within the experimental tun-
neling range (few eV), also, a negligible tip density variation is expected around the Fermi

energy.[13, 21] Therefore, the LDOS equation links the current to only sample (substrate or
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molecule) density of states and becomes:

dJ 2we [(EFteV o dps(E)
—(z7,V) >~ — T||".p:/(E—¢eV).
_2me

=~ THTHZPt(EF)Ps(EF +eV).

dE

(2.19)

Thus accessing the substrate density of states is straightforward using equation 2.19. Usu-
ally, the variation is in the range of +2¢V below and above the Fermi energy. This bias
voltage can also be increased up to 3 eV however the molecular orbitals will be, in this case,
highly affected by the high voltage. Furthermore the tip can get direct access to surface
electrons because of the metal close work function compared to the applied bias which may
falsify the investigations.

Experimentally this procedure is used to access molecular orbital’s energy position, by ap-
plying the right bias the tunneling occurs through the molecular orbitals (MOs), these or-
bitals can either be filled, in which case they are designated as occupied orbitals where
the closest to Fermi level is referred to as the highest occupied molecular orbital (HOMO).
Orbitals which are not filled with electrons are accessible with a positive bias voltage, the
closest to Fermi level is known as LUMO for lowest unoccupied molecular orbital. All
following orbitals use the common notation HOMO-n and LUMO+n where n refer to the
orbital position (1,2..).

Surface states

Scanning tunneling spectroscopy (STS) gives also access to the metallic substrate 2D elec-
tron gas. In contrary to a bulk periodicity, the electronic structure near the surface is modi-
fied by the symmetry breaking.

At the vicinity of the vacuum-metal interface propagated electrons in the metal become re-
flected at the surface and the wave-functions are generated at the interface. These waves
decay exponentially in both, vacuum and bulk directions.[22] These waves constitute the so
called surface states where electrons are "trapped"” in a two dimensional plane formed by

the surface.

Because of different dangling bonds, surface states cannot be treated as Bloch-states,
electrons should therefore be treated as a 2D-electron gas where Shockley surfaces states lie
in the projected band gap following the y — L direction.[23] Furthermore interface electrons
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will have different effective mass compared to free electrons.[22, 24]
Energy upon which the surface states occurs is dependent on the phase shift of the wave at

the interface region where Bohr-like quantization condition is satisfied [22, 25]
D(E) = Pr(E) + Pp(E) = 2n7,

where E is the Shockley surface states energy and @y g represent the phase shift of reflected

and bulk waves respectively.

STS of noble metals have been extensively studied by angle resolved photoelectron spec-
troscopy (ARPES) and STM. [24, 26-29] Au (111) and Ag (111) ARPES measurements are
presented in Figure 2.3 (a) and (b) respectively. Their corresponding STS measurements are
presented in 2.3(c) where the surface-state energy position is indicated with vertical lines.
The differential conductance shows, as expected, the Shockley surface states at —450meV
and —70meV for Au (111) and Ag (111) respectively.

2.3 Instrument and experimental approach

Research work presented in this thesis investigates single nano-objects such as molecules
or atoms adsorbed on various substrates. To this end, a scanning tunneling microscope is
used in a perfectly clean environment to perform contamination free and reproducible mea-
surements. This condition is satisfied by using an ultra-high vacuum and low temperature.
A low temperature condition is also used to stabilize the nano-objects sensitive to thermal
diffusion. [In-situ preparation of various components is mandatory to keep the system as

clean as possible.

2.3.1 STM instrument

The microscope is a home designed Createc® instrument composed of four chambers:
Preparation chamber, STM chamber, Load Lock and evaporation chamber as presented in
Figure 2.4(a). The preparation chamber equipped with a sputtering gun and an annealing
wire in order to prepare in-situ the tip and the sample, it is kept at a base pressure of 10710
mbar. The STM chamber is dedicated to the sensitive measurements where the microscope
head is kept at low temperature by means of two LN, and LHe cryostats, this chamber is
kept at 107! mbar. The load-lock chamber is dedicated to the sample and tip introduc-
tion from atmospheric area to avoid any vacuum breaking in the main chambers. At last,

evaporation chamber is used only to perform a contamination free molecular evaporation on
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Fig. 2.3 Shockley surface states and parabolic dispersion obtained by ARPES on Au (111)
(top) and Ag (111) (middle) near I, obtained from ref. [27]. Low noise differential conduc-
tance obtained by STM is presented in bottom, it was recorded on Au (111) (orange) and
Ag (111) (green).
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Fig. 2.4 Perspective view of the scanning tunnelling microscope including dampers and the
various related chambers. The enlarged image shows the STM head containing the three
magnetic coils and the measurement tools (tip and sample).

substrates, this supplementary chamber is kept at 10~!° mbar when not in use and has its

own pumping system during the evaporation process.

Three magnetic coils are also connected to the STM-head in order to produce two mag-
netic vector fields, one along Z-direction (up to 0.7 Tesla) and two others along X-direction
(up to 1 Tesla) as presented in Figure 2.4(b). The coils are wounded by a wire composed of

54 superconducting (SC) NbTi fibres in a copper medium with a Cu:SC ratio of 1.3:1.

In order to ensure a noise free system, the apparatus is fully supported by four New-
port® active vibration isolation dampers that can adsorb a full range of vibrations with 98%

of noise removal below 10 Hz.
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2.3.2 Ultra high vacuum

Ultra high vacuum (UHV) is mandatory to keep the inner environment of the apparatus as
clean as possible in order to perform clean and reproducible measurements. For that, four
step vacuum approaches are required to reach the working environment of p o< 10~ mbar:
* Primary pump: A dry pump is highly recommended for a clean vacuum. Primary
pumps reaches easily 1073 mbar.
» Turbo pump: Reduces pressure to 10~ mbar.
« Tonic pump: Together with titanium sublimation, decreases the pressure to 10! mbar
« Cryogenic pump: LN, (at 77K) and LHe (at 4K), allows a pressure of 102 mbar
Once the working vacuum level reached, preparation and sensitive scanning processes

become possible with very low risk of contamination.

2.3.3 Tip and sample preparation
Tip preparation

Multiple techniques to prepare an STM tip are available. However,
for this research, only chemical etching procedure was used. Tips
used for this research are made from a tungsten (W) wire of 0.25
mm diameter thick and prepared by chemical etching in a solution
of NaOH at (10%). Once introduced into the preparation chamber
a smooth Ne™ bombardment followed by an electron bombard-

ment of 10mA for less than 5 minutes are performed in order to
Fig. 2.5 Tungsten tip
prepared by chemical

etching in 10% NaOH
ual indentation and bias pulses on a pristine crystal. This process ¢,y zion.

clean the tip from any contamination caused by the etching pro-

cess. Tip is therefore introduced into STM head to perform man-

is repeated until stable and contamination-free apex is obtained. A
spectroscopy acquisition reproducibility together with a good scan resolution (atomic reso-

lution) are indicators of a good apex.

Substrate preparation

Crystals used for upcoming investigations are Cu (100), Cu (111), Au (111) and Ag (111).
The only required preparation for crystals is multi cycles of Ne™ bombardment and in situ
annealing process. Extended contamination free terraces under STM investigation were

indication of success.
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Once prepared, the crystal is re-transferred into the evaporation chamber where molecular

and/or atomic deposition is performed at suitable conditions.

2.3.4 Deposition techniques
Molecular deposition

Before the evaporation, desired molecules were first degassed in-vacuo at 30 K below sub-
limation temperature for at least 24 h to avoid any impurity that may appear during the
evaporation. Once the evaporation chamber vacuum stabilized, molecules were evaporated
from an alumina crucible wound by a tantalum wire heated up by means of Joule effect
and controlled by a thermocouple. The duration of deposition time was obviously chosen
depending on the desired quantity on the substrate.

The molecules were either provided by collaborators at the Karlsruher Institute Fiir Tech-

nology' or commercially provided from Alfa Aesar ensuring a high purity.

Atom evaporation

Three techniques are used for the atomic deposition, the first one was performed using a
standard evaporator for Fe or Co atom deposition on substrates. The second technique was
done using a crucible which was gradually heated up to the evaporation temperature. Once
obtained, the sample was revealed to the crucible’s cross-section. Last technique uses a
tungsten/tantalum wire wounded by a wire of the desired specie of evaporation atom. This
filament was then fed by a current in order to heat the wounding metal under Joule effect.
Standard evaporators were also used to grow cobalt-islands on pristine Cu (111) crystal.
Large nano-islands of 15 nm width are obtained with a low contamination rate when the

vacuum conditions are satisfied.

2.4 Experimental approach

In scanning tunneling microscopy, a highly stable setup is necessary to acquire high res-
olution data. Under good conditions, it offers a good topography images, highly resolved
point spectroscopy, and low noise conductance mapping. Furthermore, by manipulating the
tip position and tunneling parameters, an STM is able to excite atoms or molecules, inject

electrons and perform manipulation to create any desired geometry.

'Pr. Ruben Mario and Dr. Klyatskaya Svetlana; Institute of Nanotechnology, Karlsruhe Institute of Tech-
nology (KIT), D-76344 Eggenstein-Leopoldshaffen, Germany.
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Topography

When tip-sample distance is short enough to allow tunneling of electrons, a scan of the sur-
face becomes possible when varying the xy-position of the tip. By applying a bias voltage,
electrons are transferred and a current is recorded, it is then converted into a height informa-
tion which can be used to create a 3D reconstruction of the scanned area. Experimentally,
typical currents are in the range of 1pA to 10uA for a distance of 3A to 10A.

Topography images gives information about the molecular shape and dimensions, however
since this technique uses the current intensity, direct analysis of dimension is not accurate,
therefore one speaks about apparent dimensions instead. In fact, two scanning modes can

be used to acquire a 3D reconstructed area:

Constant current mode

This mode keeps the tunneling current at a constant value during the all the scanning pro-
cess, the real distance z separating tip from substrate varies to ensure the constant current.
For this purpose, a feedback loop (FB-loop) is necessary to control the vertical displacement
of the tip. The FB-loop applies a certain bias voltage to the piezoelectric crystal holding the
tip. Therefore, any detected variation of the tunneling current will induce a variation of the
tip vertical position.

Constant current mode is a safe scanning mode as it prevent from any tip-sample contact
which may seriously alter the sample properties or the tip purity. However, this mode gener-
ates vibrations due to the perpetual Z—direction adjustments by the FB making it therefore

inappropriate for very sensitive measurements.

Constant height mode

This mode ensures a more stable imaging compared to previous one as it keeps the verti-
cal tip position at a constant value independently from any external variation. This mode
offers a very sensitive and noise-free results as the feed back loop is turned off. However,
its major weakness is the important risk of tip-sample contact in case of non-flat area. This
risk increases when the adsorbed molecules have an important vertical extension such as
terbium double-decker molecules (TbPc;). Furthermore, any thermal drift induces a verti-
cal displacement of the tip, increasing therefore the risk of physical contact.

Figure 2.6 shows both, constant current and constant height mode topography imaging

of a terbium double-decker molecule capped with a cerium atom”. Both modes are used in

2this molecules is investigated more in detail in Chapter 5
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Fig. 2.6 Topography images of a terbium double decker capped with a cerium atom at (a)
constant current mode and (b) constant height mode.

the present thesis report in order to ensure safe and sensitive measurements.

Point spectroscopy

As mentioned in section 2.2, by ramping the bias voltage between the tip and a desired
point, informations concerning its molecular orbitals may be investigated. It will informa-
tion about various molecular properties such as energy gap, chemical composition, bounding
type or exchange energy. During a dI/dV spectroscopy acquisition, the FB-loop needs to be
opened (no variation of the tip-sample distance).

During the acquisition of a dI/dV spectroscopy, the signal can be drown out by a noise
at large band gaps. This noise is made to appear at a certain reference frequency of small
amplitude falsifying the results. In order to annihilate this non-desired contribution, a so-
called Lock-in detection device is used. Contrary to analytical derivation of I(V), the lock-in
amplifies signal and gives a precise and well resolved conductance value by applying a si-

nusoidal variation of the bias voltage during the tunnelling spectroscopy.

A Lock-In amplifier operates generally at a mean reference frequency of the signal to
measure (usually few hundreds of hertz). The signal is amplified and applied to a phase-
sensitive detector operating also at that same frequency. The output signal includes then the
value representing the amplitude of the signal of interest as well as noise and interference
created by AC components.

By applying a controlled low-pass filter, that undesirable signal is eliminated and the dI/dV
signal becomes noise-free. In the present work both, an internal and external lock-in ampli-

fiers were used.

Scanning tunnelling spectroscopy is sensitive to two main variables: thermal variation

and lock-in modulation voltage, they both induce a broadening of the spectral resolution:
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AET and AE); respectively. [30, 31]

Thermal broadening originates from the temperature dependency on the Fermi-Dirac dis-
tribution and can be expressed as: AEr = 3.5kgT. Since all measurements presented here
were done under liquid helium temperature (4.5 K) AET is of the order of 1.4meV.

On the other hand, modulation voltage broadening is introduced by the Lock-in itself as
AEy = 2.44V,,,s with V¢ is the root mean square of the modulation voltage. Its value can
be manually set as desired to ensure a high resolution and low noise. V,,, in this work was
chosen between 1mV and 20mV.

Therefore the lowest total energy broadening in experiments is

AE = \/AE% +AE}, =2.45mV .

Ensuring a very stable STS involves noise checking by measuring the fraction of the
average signal-value over noise-amplitude 1% ratio which should remain very low (less than
10%). Care should be taken while adjusting the Lock-in parameters as they differ when the

environment (tip or molecule) changes.

Conductance mapping

Beside the locally acquired spectroscopy on a desired point of space, it is possible to col-
lect conductance data all over an area, this technique is known as conductance mapping (or
dI/dV map). In contrary to the dI/dV spectroscopy the data is no longer recorded over a
wide range of bias voltage but a single value of conductance is recorded at each pixel of the
image with a voltage V) as j—(, lv=v,. This signal is later converted into an image through
a corresponding software. This method provides information on the spacial distribution of
molecular density of states. This technique can be used either by a constant current mode

or the constant height mode to achieve a better resolution.

Figure 2.7 shows a copper phthalocyanine (CuPc) molecule adsorbed on Ag (100) sub-
strate, topography image depicts the usual four-folded leaf-like behaviour of a metal ph-
thalocynaine. When dI/dV mapping is recorded at HOMO (—280meV') and LUMO (4-480meV’)
positions the image depicts a different spatial distribution corresponding to its orbital distri-

bution.
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Fig. 2.7 Topography and dI/dV mapping recorded on CuPc molecule adsorbed on Ag
(100) substrate. Conductance mapping are recorded at HOMO and LUMO positions i.e.
—280meV and +480meV respectively. From ref. [32]

Hints for good spectroscopy

Better STS comes with better tips!

In order to avoid miscellaneous problems due to a contaminated tip or a non-stable molecule,
it is highly recommended to take care during the tip preparation process for STS measure-
ments. A spectroscopy tip 1s not always the same as a topography tip. One has to treat the
tip by indentation or pulsing as much as necessary in order to get reproducible spectroscopy
over a bare metallic substrate. Checking STS over the substrate within —2V to +2V should
be featureless except for the presence of surface states.

Tip treatment processes are various: forced indentation, tip-crystal contact, high voltage
pulse ( 10 V) or scanning with high tunneling parameters. Scanning a clean substrate at a
high bias voltage (7 — 10V) and high speed seem to be very efficient, specially if the bias
polarity is changed during the scan process.

2.5 Summary

In this chapter, the theoretical approach to the quantum tunneling and its application in scan-
ning tunneling microscopy were briefly introduced. Both, the topography and spectroscopy
approaches of the STM were introduced in the vicinity of the tunneling process.

A short section details the apparatus used for the present work, where it describes the cham-
bers and tools used for a complete stable work conditions. Various techniques used for the

sample preparation as well as the tip conditioning were also presented.
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ISOLATED TBPC, MOLECULES ON SURFACES

The race towards the best molecular magnets with the ability to store information for rel-
atively long relaxation times has reached a point where many promising candidates are
studied in a wide range of different domains using a wide variety of techniques.[1-3]
Most research focus on metal-organic molecules where electronic properties are structure
dependent.[2—4] These promising compounds are mostly based on metal ions with anisotropic
electronic properties, either transition metals or lanthanides are investigated because of
their large magnetic remanence [5, 6] and promising structural varieties in bulks and self-
assembled layers formation. In single molecule magnets (SMMs), anisotropy arises from
the metal ions as a preferred orientation without any external influence such as magnetic
field or thermal excitation which usually induces a global magnetization of the formed bulk
or layer.[7]

As far as single molecules are concerned, a wide range of spin detection techniques have
been developed using scanning tunneling microscopy (STM) and spin polarized STM (SP-
STM) including scanning tunneling spectroscopy (STS) [8—11], inelastic electron tunnel-
ing spectroscopy (IETS) [12, 13] or through Kondo resonance detection [14—17]. Indeed,
Kondo resonance of a magnetic molecule results from the diffusion of surrounding spins by
the magnetic “impurity” and is reported in STS by a peak of width I" positioned at the Fermi

level (zero bias).

3.1 A brief overview

In 2003, Ishikawa et al. reported on a novel compound based on two phthalocyanines sand-

wiching a terbium atom behaving as a SMM with only one metal ion. This achievement
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highlighted the use of lanthanide based organo-metallic complexes in the field of single
molecule magnets.[18] These complexes show much larger anisotropy barriers and promi-
nent hysteresis than previously reported polynuclear complexes based on transition metals
[18-27]. A whole new branch of SMM field has then emerged.

Further investigations led to development of SMMs based on only one transition metal
such as Fe II [28-31], Fe III [32] and Co II [33, 34] atoms that show a large anisotropy
under specific conditions. Indeed, a magnetic exhibition on these complexes appears only if
an external static magnetic field is applied. Furthermore, only the first row transition metals
lead to a large anisotropy signature. [28, 29] Gomez-Coca and co-workers succeeded in
predicting the magnetic anisotropy of these first-row transition metal based mono-nuclear
complexes using the extended-Hiikel approach to correlate first excited energy to magnetic
anisotropy [35].

The later approach as well as more simplified models are generally accurate for transi-

tion metals to explain the anisotropy origin. Nevertheless it will lead to a huge misinterpre-
tation when applied to lanthanides because of the presence of f-electrons in their valence
shell. Large magnetic moments and strong anisotropies in lanthanides originate from a
strong spin-orbit coupling. Rinehart and Long suggested that contrary to transition metals,
the total momentum in Ln atoms is not only originating from electronic spins but also from
a degeneracy of f-orbitals leading to an unquenched orbital moments m;. [36]
The spin-orbit coupling in f-orbitals of Ln based organo-metallic complexes remains stronger
than the ligand field contribution to the interaction. However, Rinehart and Long showed
that the ligand field interacts with the spin orbit J ground state, and generates a mag-
netic anisotropy barrier between opposite spins. In other words, by carefully choosing the
molecule geometry and electronic configuration of the ligands, we may change its magnetic
anisotropy. They reported that some lanthanides have a prolate (axially elongated) f-electron
charge cloud namely Pm(III), Sm(III), Er(IIT), Tm(IIl) and Yb(III) while some others have
oblate distribution (equatorially elongated) namely Ce(III), Pr(I1I), Nd(III), Tb(III), Dy(III)
and Ho(IIl) as presented in Figure 3.1(a).!

To maximize the anisotropy signal, a careful selection of ligand-metal system is needed
to access electronic density distribution in a direction parallel to the shape elongation (par-
allel to z-direction for prolate elements and parallel to xy-plane for oblate elements).
Ishikawa et al. [37, 38] dressed a table listing ground state multiplet J splitting for different

'Gd(111) and Lu(III) have an isotropic distribution and thus show a spherical shape. Eu(IIl) however shows
no quadrupole moment because its total moment J=0.
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Fig. 3.1 a) Quadrupole approximations of the 4f-shell electron distribution for the Ln(III)
atoms. Ce(III), Pr(Ill), Nd(III), Tb(IlI), Dy(IlI) and Ho(III) show an oblate distribution
while Pm(III), Sm(III), Er(IIT), Tm(III) and Yb(III) show a prolate distribution. Eu is not
depicted due to its J=0 ground state. Gd (III) and Lu (III) show a perfect spherical distri-
bution. From ref. [36]. b) Substates energy diagram of the ground multiplets for various
lanthanide based [LnPcy]~. The largest gap between ground state and first excited state is
found for Tb atom with 440 cm~! followed by Dy with 260 cm~!. [37, 38]

lanthanides complexed in an LnPc, molecule (see Figure 3.1(b)). A detailed analysis of
these states reveals that the m; = £6 of the Tb(III) is separated by 440 cm~! from the first
excited state of m; = £=5. In this configuration, terbium shows the highest anisotropy among
all the lanthanides. The second largest gap is found for Dy(IIT) with 260 cm~! separating
the ground state 413 /2 from the first excited state +15/2. These two elements are the only
ones showing a slow magnetization relaxation, while other elements have either smaller J,
compared to Tb and Dy or smaller gap to the first excited state making them very sensi-
tive to external perturbations.[39-44] Accordingly, TbPc; appears to be the most interesting

complex to study.

In the case of terbium lanthanide, the atom carries a nuclear spin of 1=3/2 leading to four
nuclear sub-states |m;)= 4+3/2, +1/2. This spin should be considered in the total Hamil-
tonian describing any system carrying a Tb>*, this contribution is a quadrupole interaction
which is expressed as:

Houaa = Py(I2 +1/3(1(1+ 1)), (3.1)

where F, is the quadrupole constant experimentally measured and found equal to 14.4 mK
in a TbPc;.[45] This term has to be included along with 1.14 into the total Hamiltonian of
a molecular system 1.10.
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Fig. 3.2 Model of an amine deprotonated phthalocyanine molecule. Four isoindole frag-
ments are coordinated to each other by four nitrogen atoms. Its chemical formula is
C3;NgH 6. Color code: Blue= Nitrogen; Black= Carbon; White= Hydrogen.

In this chapter measurements performed on TbPc; molecules on various surfaces (Cu
(111), Cu (100), Ag (111), Au (111) and Cobalt islands grown on copper substrate) will be
presented. These investigations led us to analyze several orientations of the molecules on the
various substrates thus gathering information on the molecule-substrate interactions. STS
measurements have been performed to show the electronic properties of the complex and
the effect of the substrate on them. Spatial distribution of the molecular orbitals will also be
reported through dI/dV mapping. Finally, molecular island formation by means of atomic
manipulation will be demonstrated step-by-step to introduce the next chapter dedicated to
molecular domains.

3.2 Addressing terbium double-decker molecules on sur-

faces

Phthalocyanines H,Pc are the precursors of the most studied organo-metallic complexes in
molecular spintronic. HPc is a simple planar macrocycle molecule carrying two hydrogens
in its center; it consists in four isoindole rings coordinated to each other through four ni-
trogen atoms forming a stable aromatic molecule as shown in Figure 3.2. By substituting
the two protons, the new Pc~2 behaves as a donor and thus accepts to carry a metal ion
in its center. Usually a transition metals like Cu™?, Nit2, Zn™2, Mn*2, Co*? or Fe*? are
inserted in order to create a coordinated MPc (M= transition metal), leading to a Dy, sym-
metry order. CuPc was the first molecule investigated under STM in 1987 by Gimzewski
et al. [46]. It is known that these transition metals are more stable in an oxidation state of
+II which thus can strongly bind to a dehydrogenated phthalocyanine. The case where the
central atom is replaced by a lanthanide metal leads to another type of coordination where

the simple aspect of donor-acceptor is no longer sufficient to describe the coordination.
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Fig. 3.3 a) TbPc molecule with an out of plane terbium atom. b) Side view of a terbium
double-decker molecule (TbPc; ), the terbium atom which is positively charged by +3 cre-
ates a covalent bounding with the two deprotonated donor phthalocyanines, they are both
charged negatively by -2. c) Top view of a TbPcy molecule. L; and L, denote respectively
one of the symmetry axis of the upper and lower phthalocyanine. Different colors were used
for the two ligands to have a better visualization. The chemical structure is TbCgsN1gH3,.
Color code: Purple = Terbium; black/gray = Carbon; blue/green = Nitrogen; white/brown =
Hydrogen.

When coordinated to a deprotonated phthalocyanine, the new lanthanide single-decker com-
plex becomes positively charged (LnPc™). Distance between two opposite pyrrole nitrogens
is of 292 pm. As the atomic radius of lanthanides is more important than that of transition
metals (225 pm for Tb compared to 152 pm for cobalt which corresponds to a increase of

48%), coordination of the metal is in an out of plane fashion as represented in Figure 3.3.

The LnPc™ structure has been observed with several lanthanide ions, either after direct
evaporation of synthesized mono-phthalocyaninato lanthanide molecules or by “accident”
after a fragmentation of a double-decker complex during evaporation because of high sub-
limation energy. TbPc™ and DyPc™ for example have been reported on Au (111) or Pb
(111) substrate [40, 47, 48] while LuPct was seen on Ag (111).[49] In the first case, it has
been reported that TbPct or DyPc™ structures adopt a face down position where the ion is
directly in contact with the substrate, while in the second case, it is the ligand (Pc) that is
in contact with the substrate leading to a tunneling current increase above the ion in STM
topography.

The LnPc™ structure is not stable as the lanthanide is not sufficiently coordinated. Further-
more the positively charged system acts as an acceptor, therefore adding a second depro-
tonated phthalocyanine (Pc=2) is possible and leads to a more stable complex (see Figure
3.3(b) and 3.3(c)). This new structure noted [LnPc;]~ is commonly named double-decker
in reference to double deck planes used during the first world war. The TbPc, molecule
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consists in a central ion (Tb) coordinated to two phthalocyanines (Pc) on each side of the
elongation axis of the anisotropy of the terbium, the ion is therefore sandwiched between
two ligands as shown in Figure 3.3(b). In this structure, the Ln(III) is coordinated to eight
pyrrole nitrogens (four N from each ligand).

Lanthanide double decker complexes have been reported to exist in several oxidation
states with different stability orders [LnPc;]" (where n = 322,41, 0, +1, +2).[38, 50-55]
However, among all these oxidation states, n = 0 and -1 states have been reported to be the
most stable for the majority of lanthanides.[51] In the case of terbium in [(Pc)Tb//(Pc)]",

both experimental and theoretical reports are in favor of n= -1 as the most stable state.[38]

The neutral terbium electronic structure is [Xe]4 f° 6s>. When the atom is coordinated
to two -2 donor ligands, it loses three electrons in order to get a filled f-shell. When the
lanthanide is at its most stable oxidation state of +3 (Ln(IIl)), its electronic structure be-
comes [Xe]4 8. Therefore one of the four electrons of the ligands is distributed to the ion’s
f-shell, while two others are filling the s-shell. This leaves one excess electron since both
phthalocyanines have four supplementary electrons and only three of them are shared with
the ion. This supplementary electron is distributed among both ligands as represented in
Figure 3.3(b). In terms of orbitals geometrical distribution, lanthanides find their ionic ra-
dius decreasing when their atomic number increases. Furthermore the 4f-orbital is located
close to the nucleus which makes them hardly accessible in electronic transport experiments.
However, recently, S. Fahrendorf et al. reported a successful STS measurement where they
were able to identify and follow the 4f-orbital (close to the Fermi energy) of the NdPc,
molecule on Cu (100) substrate. Furthermore, Nd atoms are lower in atomic number com-
pared to other commonly used lanthanides in double-deckers. The spatial extension of their
4f-orbital is slightly higher than for other Ln atoms. These properties lead to easier access
to the 4f-orbital.[56]

As mentioned earlier, the large spin-orbit coupling together with an appropriate choice
of ligands for the terbium leads to a large anisotropy between the fundamental state and
the first excited state. According to Figure 3.1(b) the largest gap (50 meV) is found for the
Tb+3. Since presented experimental measurements were done at 4.7 K, only the fundamen-
tal state for the ion (IJI=ILI+ISI=6) is considered for discussion and interpretation according
to Hund’s rule for more than half shell filled. [57-59]

2See reference [50] for the [(Pc)Ln///(Pc)]~3 oxidation state where it was reported to be very stable during
the cyclic voltammetry compared with the [(Pc)Ln(acac),] > complex
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Fig. 3.4 a) Constant current topography image of TbPc; adsorbed on a Ag (111) substrate.
Four pairs of lobes (making an eight-lobed shape) are visible where each pair belongs to
one phenyl (as seen on the inset model of a pyrrole). b) side view of a molecule adsorbed
on a (111) plane crystal, the dashed line represent the profile through two opposite lobes.c)
Height analysis of the double-decker on various substrates, the difference of height is due
to different interaction of the upper ligand with the substrate. Tunneling parameters: I= 14
pA and V=-500 mV.

The steric repulsion between the two ligands in TbPc, complex, leads to a skew angle
as represented in Figure 3.3(c), the measured angle is found to be around 45° in the bulk as
well as in a the gas phase both, experimentally and theoretically [38, 51, 60-63], whereas
Katoh et al. measured an angle of 41.4° on TbPc;-bulk using X-ray diffraction analysis.[63]
However, upon adsorption on a bare surface the orientation of the bottom ligand remains
hard to know since the contrast of the upper ligand dominates the STM contrast of the
TbPcy molecule. Combining present results with previous measurements will help to get

more insight into these complexes.

When deposited on substrates, terbium double decker molecules appear as eight lobed
structures in the constant current STM topography images of Figure 3.4(a). Each pair of
lobes belongs to a single phenyl ring as shown in the phthalocyanine model in the inset.
While similar features have been previously reported on occupied state STM images of iso-
lated CuPc and FePc molecules [64-66], decoupling of the upper ligand from the substrate
leads to the apparition of eight-lobe features independently from tunneling parameters in
the double deckers.
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3.3 Height analysis

On different substrates, the molecule shows different heights. First because of the coupling
generated by the substrate where the molecule tends to approach the surface as the reactivity
increases. Second due to drastic change in the charge transfer between the bottom ligand
and the surface resulting in a higher real-space extension of the electronic distribution of the
upper ligand (which is contributing to the electron tunneling) when the molecule is close
to the substrate. Simple MPc molecules such as CuPc or CoPc have a height between 0.1
nm and 0.15 nm [66]. Under similar tunneling conditions (see caption of Figure 3.4) the
TbPcy molecules show heights of 3.2 A,25A,2 A and 1.8 A for Au (111), Ag (111), Cu
(111) and Co-island respectively. These differences are represented with different colors in
Figure 3.4(b). Notice that the geometrical evaluation leads to a molecular height of about 4
A in the vertical direction. The distance between the bottom-ligand and the substrate plays
a major role in the evaluation of the apparent height as between 1.9 A and 3 A for Cu and

Au respectively are obtained from DFT calculations.

Interestingly, a conductivity drop at the center of the cycle molecule is visible on Cu
(111). It is assumed to arise from the higher interaction between the terbium atom and the
copper crystal as no conductance is expected in the center of the bottom Pc=2.[67] There-
fore, the substrate also has an effect on the electronic behaviour of the central ion when the
Tb-Cu (111) distance is close to 3.4 A.

Electronic interaction between the substrate and the molecule is summarized through
the molecule-interface distance. The binding energy in the case of Co-nanoisland is more
pronounced than in Cu (111) followed by Ag (111) and Au (111). Rojas and co-workers
have seen a significant increase of the molecule-substrate distance when a HyTPP molecule
is adsorbed on Ag (111) compared to Cu (111). In the latter, the distance between molecule
and substrate is dg,7pp/cu(111) =3.04 A, while in the former dp,7PP/Ag(111)= 7.02 A. This
is a 130% increase, as measured from the separation between the pyrrole nitrogens of the
molecule and the first atomic layer of the substrate. [68]

Multiple factors are responsible for the vertical displacement of the molecule. Beside the
substrate reactivity (or more specifically the work function), the number of atoms under-
neath the molecule is a major variable since the atomic radius of Au, Ag, Cu and Co atoms
are very different. Therefore, the smaller the atomic radius, the higher the number of adsor-

bate atoms interacting with the molecule.

In Table 3.1 a comparison of calculated and measured TbPc, heights are presented along
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Table 3.1 TbPc; experimental and calculated heights on different substrates (referred to in
the first column). d;; denotes the bottom ligand-substrate distance calculated from the center
of the closest atom of the first substrate layer to the center of the closest pyrrole nitrogen.
Fifth column shows the work function of each substrate in eV.[69, 70]

Metal  Exp. height (£ 0,1 A) Calc. height (A) Calc. d;; (A) Work function (eV)

Au (111) 3.2 5,9 2.9 5,4
Ag (111) 2.5 5,4 2.5 4.5
Cu(111) 2.0 4,6 1.7 4.9
Co-island 1.8 - - 5

with the upper ligand-substrate distance (d;s). Substrate work function and number of atoms
below the molecules are also presented. The area taken underneath the molecule is 3.1 nm?,
it corresponds to the area measured from the electronic distribution visible through topo-
graphic image (Figure 3.4(a)), and therefore not only the bottom phthalocyanine is consid-
ered but also the upper one along with molecular orbital extension which also contributes to

molecule-substrate interactions.

3.4 Adsorption sites and orientations

Three substrates are presented in this section, Au (111), Cu (111) and Cu (100). Ag (111)
and cobalt-islands were not appropriate for the direct identification of TbPc; adsorption con-
figuration. In order to determine the adsorption site of the double-deckers on the crystal,
simultaneous imaging of double and mono decker molecules (TbPc, and either TbPc™ or
Pc=2) on the concerned substrates were recorded. Mono-deckers are obtained after subli-
mation of TbPc; powder by means of crucible evaporator as presented in section 2.3.4. Ele-
vated temperatures necessary to evaporate the double-deckers together with substrate nature
lead to an appreciable percentage of fragmentation of the molecule into single phthalocya-
nine (Pc) or mono-decker (TbPc).[71] This fragmentation is common in LnPc, molecules
and has already been reported on various substrates.[48, 49, 56, 63]

Substrates were prepared as described in section 2.3.3, atomic resolution images were ob-
tained on some crystals and dI/dV spectroscopy was performed in order to ensure a tip
stability and measurements reproducibility. For the site identification, we refer to our own
data obtained from the atomically resolved images or to previous investigations on simple
phthalocyanine when atomic resolution cannot be recorded. Extrapolation by rotation of the

upper ligand by 45° as explained in section 3.2 informs us of the bottom Pc orientation.
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Fig. 3.5 Constant current image of a single Pc~? labelled A and a terbium double-decker
(B1 and B3). Atomic resolution of Au (111) substrate is shown in the inset (top right).
a) Shows molecules A and B; above which a model of the phthalocyanine molecule is
superposed (real configuration for A and bottom ligand for B determined by considering
an azimuthal angle of 45° from the upper visible ligand). b) Shows the same molecules after
a manual rotation of molecule B along the blue arrow shown in a) the double-decker with
new orientation is labelled B,. Au (111) lattice is superposed on both a) and b) to determine
the position site of the bottom ligand of the TbPc; and its rotation on the substrate. Sy, S, and
S5 represent the three symmetry axes of the (111) surface, an angle of 120° separate them.
Ty and T, denote the two direction axes of the single phthalocyanine. T; is commensurate
with S3, T makes an angle of 30° with respect to S| and S;. I, II, IIT and IV represent the
real space axes of the bottom ligand.

3.4.1 Gold (111) substrate

It 1s hardly possible to obtain isolated double-deckers due to long mean free path of the
molecules on low reactivity metals such as Au (111) compared to Cu (111) for example. An
attempt to deposit TbPc, molecules on NaCl layer at 10 K failed, proving that the terbium
double-deckers do not stick on insulating layers. Lower temperatures may be needed in
order to adsorb the molecules on salt. Atomic manipulation was performed on Au (111) in
order to extract single molecule from a domain toward a free area’. Figure 3.5 shows two
STM images of a single Pc (A) and two terbium double-deckers (B; and B;) on Au (111).
The TbPc, molecule was dragged out of a domain by atomic manipulation. The double-

decker molecule in 3.5(b) labelled B, makes an angle of 30° with respect to the molecule

3Next chapter is dedicated to the domain formation and their properties.
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labelled B in Figure 3.5(a). This orientation was generated by pulling one of the lobes
along the [112] direction as represented by the blue arrow in Figure 3.5(b).

As observed previously, single phthalocyanines show cross like features corresponding to
the molecular geometry of the phthalocyanine. Considering the atomically resolved image
shown in the top right inset of Figure 3.5(a) a positioning on a top site for the single decker
molecule is observed.

On Figure 3.5 we superimposed the Au (111) lattice structure along with a phthalocyanine
model following the atomic resolution topography to show the adsorption site and the direc-
tions. The Pc model of molecules B and B, represent the bottom ligand which is hybridized
to the Au (111) surface as anticipated from the upper ligand visible in the topography image
by considering a 45° rotation along its azimuthal axis. Three white axes S;, S, and S3 in
Figure 3.5(b), separated by an angle of 120° show the close packed high symmetry direc-
tions of Au (111) surface. Ty and T, show the two orthogonal directions of two adjacent
pyrroles of the phthalocyanine molecule also labelled I and II respectively in A.

We notice in Figure 3.5(a) that for molecule A two opposite pyrroles along the axis labelled
I and represented by T, direction are aligned following one of the three crystallographic
directions which is labelled S3. The other pyrroles are aligned along axis II represented by
T, direction, they do not coincide with any of the other substrate directions (S or Sj). Axis
II makes an angle of 30° with respect to S; and S,.

By extrapolation of the surface lattice towards the double-decker, we observe that the exact
same adsorption site and orientation as molecule A occurs for the bottom Pc of the molecule
labelled B. The center of both phthalocyanines of A and B; is positioned on top of a gold
atom. Two opposite pyrroles are adsorbed along axis I while the two others are adsorbed
along axis II. The molecular model of the phthalocyanine and the bottom ligand for B clar-
ify this observation.

Indeed, when molecule B is rotated by an angle of 30° (by means of atomic manipulation
as shown with the blue arrow of Figure 3.5(b), an adsorption site switch occurs between the
four pyrroles. Thus the two opposite pyrroles that were initially adsorbed along axis I, are
now adsorbed following axis IV Figure 3.5(b). The axis labelled III goes along with the S,
direction while IV makes an angle of 90° with respect to S, and an angle of 30° with respect
to S and S3. Molecules B and B; can therefore be considered as symmetrically equivalent.
Therefore, for the Au (111) substrate, the adsorption site for TbPc, molecule is a top site,
with two pyrroles adsorbed along one of the compact high symmetry direction of the sur-
face lattice, the two other pyrroles lying along an in-plane perpendicular direction. Both,
initial adsorption site and after manipulation support the deduction that 45° separates the

two ligands.
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Fig. 3.6 Constant current topography images of Cu (111) substrate after deposition of
TbPc,. a) Large topography image taken at V= -400 mV and [=0.6 nA tunneling con-
ditions, two Cu (111) layers are visible. 1 and 2 represent the highest and lowest layer
respectively. Protrusions seen on both levels correspond to double-deckers molecules. The
red and green ellipses surround dimmers and trimers/tetramers respectively. b) Closer view
of an area showing two TbPc; molecules (A and B), two orientations are visible through the
vectors V1 and V; representing the upper phthalocyanine directions. A single TbPc labelled
C is also observed. c) Is the same topography image as b) with Cu (111) model superposed
to show the site occupancy and orientation directions. b) and c) were taken at [=0.2 nA and
V=-350 mV

3.4.2 Copper (111) substrate

On more reactive substrates, as in the case of Cu (111) the molecules are more scattered
over the surface because of the small diffusion path at room temperature generated by high
molecule-substrate attractive interactions. The distribution of TbPcyon Cu (111) is not in-
fluenced by repulsive interaction between the molecules as small islands (dimers, trimers...)
are found in the STM topography of Figure 3.6(a), see red and green ellipses. This is an
indication of a low mean free path of the double-deckers on the Cu (111) substrate. Never-
theless, the presence of islands translates the existence of an intermolecular interaction. The
distance measured between two molecules in a dimer is 1.7 nm £ 0.1 nm which is by 0.2

nm larger than the geometrical size of a single phthalocyanine.
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Figure 3.6(a) shows a large area topography image of the Cu (111) substrate with two atomic
terraces labelled 1 and 2 after deposition of TbPc; molecules under relatively small flux (to
avoid the formation of islands and domains). The bright protrusions in Figure 3.6(a) cor-
respond to TbPc, molecules. An accumulation of molecules at the step edges of the higher
atomic layer 1 is also confirmed.

Isolated double-deckers adopt their adsorption site and orientation by only taking into ac-
count the molecule-substrate interaction. Indeed, shortest distance (center to center) mea-
sured between two non-interacting molecules adsorbed on Cu (111) substrate is equal to 2.7
nm #* 0.2 nm. This is a major result that informs about the minimum distance upon which

the molecule-molecule interaction overcomes the molecule-substrate interaction.

Figure 3.6(b) shows two TbPc, molecules labelled A and B, these two molecules have
different orientation as indicated by V| and V, vectors (these two vectors indicate the direc-
tions of one of the two symmetry axis of the four-fold symmetric phthalocyanine). Along
with an important amount of double-deckers on Cu (111), a few single deckers are also
found. Such MPc (labelled C) molecules are identified thanks to their well known four
lobed shape and lower height compared to the double-decker. One can expect M to be ei-
ther a terbium atom, resulting from the decomposition of the double-decker as TbPcy —
TbPct + Pc™2 or a metal ion provided by the substrate itself since Pc™2 is able to ex-
tract one atom from the surface atomic layer to coordinate a Cut? as previously reported
[72, 73]. However the latter possibility is less likely because of the profile height of the
molecule which is found higher than what is observed in regular CuPc.[46] Furthermore, an
atomic manipulation of the MPc did not show any impurity underneath the initial position
of the phthalocyanine, leading to conclude that only a terbium atom can play the role of the
coordinated metal in the MPc molecule.

The orientation difference between molecules A and B is measured through the angle cre-
ated by the two vectors V1 and V», this angle is found to be o = 60° + 1°. Interestingly it has
the same value as the angle obtained between two symmetry axes of a hexagonal structure.

The analysis of various topographies with multiple molecular adsorptions revealed three
main orientations of TbPc, molecules on Cu (111) orientations differing from each other
by an angle of 120°. Considering a skew angle of 45° between molecular ligands, this ob-
servation remains correct for the bottom phthalocyanine joining therefore the close packed
high symmetry directions Sy, S, and S3 corresponding to [110], [101] and [011] directions
respectively. Deng et al. have recently confirmed this observation by imaging using an STM
a terbium double decker at 45 K highlighting the three S orientations. [74]
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B. Heinrich investigated CoPc molecules on a Cu (111) sub-
strate; he imaged the topmost Cu atoms by means of atomic
manipulation by co-depositing Co atoms and CoPc molecules.
Dragging around a Co atom with the STM tip led him to image
the atomic layer of the substrate.[75] By extrapolating the in-

directly resolved atomic structure of the crystal layer, he found

that the metal atom in a CoPc molecule adopts a bridge site
position on the copper substrate (see Figure 3.7). This result

confirms other observations of adsorbed MPc molecules on Fig. 3.7 CoPc (model) ad-
sorbed on Cu (111) sub-

Cu (111). [76-78]. .
strate, the Co atom is po-

The orientation of the metal-phthalocyanine is deduced from  gitioned on a bridge site.

Heinrich’s observations. As two opposite phenyls lay on Two phenyls are sitting on

bridge site along one of the three high symmetry directions of @ hollow site, while the two
others lay on a bridge site.

the crystal (horizontally in Figure 3.7), the two other phenyls 1751

are adsorbed on hollow sites following a direction which
makes an angle of 30° with respect to one of the crystal sym-

metry axes (vertical axis in Figure 3.7).

It is therefore legitimate to assume that the same positioning occurs in the present sit-

uation. Figure 3.6(c) shows the same topography image as Figure 3.5(b) upon which is
superposed a surface lattice model. Phthalocyanine models are also superposed to show the
orientation of the molecule, in the cases of molecules A and B, the phthalocyanine model
refers to the bottom ligand. It was oriented by 45° according to the direct measurement
performed on the upper ligand. The TbPc model of molecule labelled C shows the exact
orientation and position of the mono-decker.
From Figure 3.6(c) we observe the same position and orientation for the bottom ligand of
molecules A and C. T; and T, directions denote the two axes of the four-folded mono-
decker. In both molecules, T, is collinear with S3 direction. Axis II makes an angle of
30° with respect to both, S and S;. Molecule B shows a second possibility of orientation
where axis III and IV (previously I and II) in B are rotated clockwise by 30° with respect
to molecules A and C. Therefore the pyrroles along axis IV lay on the S; high symmetry
direction of the substrate while the axis III creates an angle of 30° with respect to the other
directions (S, and S3).

Both molecules have the same occupancy site according to the extrapolation of the sur-
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Fig. 3.8 Constant current topography image of Cu (100) substrate after small amount depo-
sition of TbPc; molecules. Only two orientations are observed, they are colored in red and
green respectively. b) Shows a zoom onto the square area in (a), the configuration difference
is measured by means of angle evaluation. Red molecules show an angle of 59°+1° with
respect to green molecules. Image was treated using fast Fourier transform (FFT) in order
to clearly differentiate the two molecular orientations.

face layer in Figure 3.6(b). Their orientation is not different since in both cases the two
opposite phenyls occupy a bridge site, while the two others occupy a hollow site. There-
fore, we assume that these two molecules are similar in terms of site occupancy and ligand
position.

A special case may occur when the molecule occupies a so-called metastable state. In this
situation the central ion resides above an atom of the surface layer instead of sitting on a
hollow site as seen before [75]. Vitali et al. found a rotational angle of 45° between two iso-
lated TbPcyon Cu (111) substrate [62]. In their experiment, the molecules were deposited
using a novel technique called “dry-imprint”, a brush was used to drop molecules on the
substrate while the whole system was kept at 4 K. One can deduce that one of the terbium
double-decker in the latter case occupies the metastable state generating an angle of 45°
with respect to a molecule adsorbed at a top site on the same substrate. This configura-
tion has been found by calculation to be by 0.3 eV higher in energy than the bridge site
adsorption.[75] During the whole process from evaporation to surface imaging, this energy

was not reached; therefore it is hardly possible that our molecules occupy a “top” site.
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3.4.3 Copper (100) substrate

Double-decker molecules adsorbed with coverage of 5% Cu (100) are shown in the constant
current topography image in Figure 12(a). The substrate-molecule interaction is found to
be stronger on Cu (100) compared to Cu (111) as the shortest distance between two non-
interacting molecules is found to be equal to 2.0 nm + 0.2 nm. Contrary to previous cases
where three orientations were found on Au (111) and Cu (111), only two orientations were
found on copper (100) surface. These two orientations are illustrated with different colors
(red and green) in Figure 12(a). A zoom into the area of Figure 12(b) allows analyzing both
configurations.

The Cu (100) substrate has a four-fold symmetry. The two orientations differ by an angle of
59° £ 2° in fair agreement with the observation of Liu et al. where an angle of 56° separates
two orientations of HyPc molecules on Cu (100).[79] In the present situation, as in the (111)
direction of the same substrate, the center of the phthalocyanine resides above a copper atom
(top site). For simple H;Pc, a chiral-like topography is observed for both orientations due
to the different electron transfer from the substrate through the legs (report to Figure 12 in
Appendix). This asymmetry is not apparent when the molecule is a double-decker, mainly
because the upper ligand is not in direct contact with the substrate and therefore cannot be

influenced by its symmetry.

3.5 Tunneling spectroscopy above single molecules

In order to get further insight into the electronic distribution of terbium double-decker
molecules, multiple spatially resolved spectroscopies (STS) have been recorded. The STM
tip is positioned on a well contrasted TbPc, molecule and the feedback loop is opened in
order to eliminate tip-molecule fluctuations during measurement (as described in section
2.2). Then the voltage bias is ramped from negative to positive values to collect averaged
conductance. Scanning tunneling spectroscopy is the most convenient technique to access
molecular density of states. In the present case, distinct differential dI/dV spectroscopies

were recorded on a single isolated TbPc, molecule.

On Cu (111)

Figure 3.9 presents a differential conductance investigations performed on a TbPc; molecule
adsorbed on a Cu (111) substrate. The overall spectral shape shows two major peaks (see

Figure 3.9(a) when dI/dV is ramped from -2 eV to + 2 eV on the molecular center. These
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Fig. 3.9 Differential conductance spectrum (dI/dV) within a range of -2 eV to +2 eV of a
TbPc; molecule adsorbed on a Cu (111) surface. STS was recorded when the tip was placed
above the center (a) and on a lobe (b) as presented in constant current topography image in
(d). Two peaks defined as HOMO and HOMO-1 are visible in both locations. On lobe (b)
a third HOMO-2 peak appears at -1.8 eV. Two Gaussians (dotted green and red lines) posi-
tioned at 1.2 eV and 1.8 eV are superimposed to identify their possible overlapping leading
to the apparition of the LUMO. (c) comparative view of the HOMO as recorded on the two
positions showing a 100 meV shift. Besides, a conductance amplitude variation is observed.
Feedback loop was opened at I = 0.2 nA and V= -0.4 eV. (d) constant current differential
conductance maps of isolated TbPc, adsorbed on Cu (111) substrate. Positive bias shows a
uniform distribution all over the upper ligand. On the negative side, the distribution goes
from a delocalized distribution over the upper ligand with a high conductance on the terbium
atom at -600 meV to a localized distribution above the metal atom (-700 meV) to reach a
conductance inversion at -800 meV where the lobes are less conductive than the rest of the
molecule.
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two peaks are positioned in the occupied states at -700 meV and -1250 meV, they are defined
as HOMO and HOMO-1 respectively. The first resonant peak (HOMO) is consistent with
previous reports where it was observed at -1.1 eV on Ir (111) and at -900 meV on cobalt
layer grown on Ir (111).[80, 81]

A significant increase of conductance is observed at the edge of the positive bias values
without reaching a local maximum (as shown in the inset of Figure 3.9(a). Accordingly,
further bias voltage was not recorded as it would change the molecular electronic properties
and result in a falsified interpretation. Therefore, no LUMO was observed at the center on
Cu (111) translating a high molecule-substrate interaction.

When the tip is moved towards one lobe* (Figure 3.9(b)) dI/dV spectroscopy shows a shifted
HOMO by 100 meV towards the Fermi level as highlighted in Figure 3.9(c). This shift de-
notes that a different contribution from the substrate appears at the lobe compared to the
center where fewer electrons are exchanged between upper ligand phenyl rings and the
substrate. Moreover, 34% conductance increase is observed for the HOMO in the lobe
compared to the center. This increase of amplitude indicates that the upper phthalocyanine
mainly participates to the HOMO due to less effective substrate interaction on this ligand.

Interestingly, the gap separating HOMO-1 and HOMO remains stable (AE ~ 570 meV)
when the tip is moved from center to lobe. It indicates that both orbitals have the same
origin which is not affected by the tip displacement over the upper ligand. Since the bottom
half of the molecule (TbPc) is strongly coupled to the substrate, an orbital modification on
the bottom side is expected between the terbium and the bottom ligand. Therefore, since
the upper ligand is further from the crystal, its orbital delocalization is expected to lead to a
constant HOMO-1-HOMO gap all over the upper phthalocyanine.

The previously observed conductance increase at the edge of +2 eV on the center (3.9(a))
is now located as a resonant peak at +1.8 V and is ascribed as the LUMO (Figure 3.9(b)).
This peak has been reported at +1.5 V and +1.8 eV when the molecule is adsorbed on Ir
(111) or Co layer respectively.[80, 81] Besides, a shoulder appears at the rising stage of the
LUMO peak, this shoulder can be considered as a Gaussian peak participating to the total
LUMO observed by STS. It is indicated as two dotted lines drawn in Figure 3.9(b) repre-
senting a potential overlapping of two orbitals separated by 500 meV. It is worth to note that
Cu (100) substrate shows exactly the same orbital energy features as Cu (111) meaning that

copper crystal symmetry does not affect the molecular electronic structure.

4Note that all eight lobes depict the same spectroscopy signature and are therefore assumed similar to each
other.
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By investigating the dI/dV mapping, substantial information about spatial distribution of
the electronic states and their conductance contribution is obtained. Constant current dI/dV
mapping performed (as described in section 2.4) on an isolated TbPc,. When adsorbed
on Cu (111) substrate is depicted in 3.9(d) showing various conductance contrasts within a
small energy range (-0.8 eV to +0.8 eV). For instance, the mapping at the HOMO energy
as observed in dI/dV spectroscopy (Figure 3.9(c)) shows a localization of this peak at the
central region of the molecule, and a delocalization on the upper phenyls. Furthermore at
higher energy (-750 meV) a bright node appears above the metal atom (terbium) with no
conductance contribution from the upper phthalocyanine. This suggests that the HOMO
evolves from the upper ligand phenyl rings toward localization at the central region.
Interestingly, when mapping the conductance at -800 meV, all lobes appear with a lower
conductance compared to the rest of the molecule (Figure 3.9(d)). This spectral inversion is
explained by the difference in conductance amplitude as observed in Figure 3.9(c). Indeed
the dI/dV amplitude is more pronounced on the center compared to the lobe location as
highlighted with vertical dotted line (red) in Figure 3.9(d) translating into a lower conduc-
tance over the eight lobes in STS mapping.
On the other hand, when the bias voltage is turned to positive values, the molecule periphery
is highlighted as well as the central area, uniformizing therefore the electronic distribution
over the upper phthalocyanine. A cross-like shape appears with a bright spot on its center
following the four pyrrole directions.
These results are consistent with previously reported measurements of TbPc,/Cu (111)[62]
where Vitali et al. observed a uniform distribution at +800 meV from dI/dV spectroscopy
corresponding to the actual LUMO. Nevertheless, their results slightly differ because of
different STM/STS investigation parameters.

On Ag (111)

On a lower reactive substrate which is Ag (111), the dI/dV conductance of an isolated
TbPc, molecule depicts one HOMO peak positioned at ~-570 meV on lobe and ~-600 meV
on the central region, see Figure 3.10(a). These values are in lower energy compared to the
ones obtained on copper. This displacement is consistent with the expected variation of the
adsorbate reactivity. Indeed, by lowering the substrate reactivity, the molecular orbitals shift
toward Fermi level. For instance, a non resolved shoulder like appears at the positive bias
voltage, this conductance increase is expected to host a LUMO peak. The highest conduc-
tance value is positioned at ~-330 meV leading to a possible HOMO-LUMO gap of 950
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Fig. 3.10 a) dI/dV spectroscopy performed at both, center and lobe of an isolated
TbPcy molecule adsorbed on Ag (111) substrate. b) constant height differential conduc-
tance performed on the same molecule. Voltage bias are indicated on each image. Eight
lobes are clearly visible at negative polarity while a boomerang shape is obtained at posi-
tive bias. Tunneling parameters were set at I= 0.7 nA and V= 0.4 V before feedback loop
opening.

meV?>.

Interestingly, a noticeable drop of conductance is observed at -200 meV when the STS is
recorded on the center. This feature is similar to the Ag (111) surface states as reported in
Figure 2.3. It represents the presence of substrate contribution at the central area (on ter-
bium) as it disappears above the phenyl rings.

Constant current conductance mapping were recorded on TbPc; as it was adsorbed on Ag
(111) substrate (Figure 3.10(b)). Interestingly, the overall shape of the electronic distribu-
tion on the molecule has similar form for a given polarity.

For instance, the eight lobes defining the upper ligand are well-resolved in negative bias
voltage as they depict a saturated conductance compared to the rest of the molecule. Inves-
tigation of the occupied states shows a well distributed conductance over the upper ligand at
low energies (-0.1 eV), while it increases to saturation at the lobes when the energy reaches
-0.7 eV. It indicates localization among the occupied orbitals at the phenyls represented by
the eight lobes. Interestingly, the central part depicts a dark spot at all negative energies
indicating that a low orbital extension originates from the terbium atom.

On the other hand, when the STS mapping investigate the unoccupied states (positive bias
voltage), only four elongated “boomerang-like” lobes are observed, see Figure 3.10(b). Two
of adjacent phenyls are connected to each other through outer nitrogen atoms. Besides, the

conductivity is enhanced on these rings at high positive biases and tends to be reduced

SThis value is approximative since no well-defined peak is observed for the LUMO on Ag (111), it is
however assumed to be close to the one found on Au (111) because they both rise in a similar energy region.



3.5 Tunneling spectroscopy above single molecules 81

(a) (b) Topography -0.8V -0.7V
— —— Center /Co-island
-‘g i ——Lobe /Co-island
c
=
5
[
< | 0.3V 015V +0.5V
>
3
] Low
-1000 .500 0 500 1000

E-E_ (meV)

Fig. 3.11 a) dI/dV spectroscopy recorded on a TbPc, molecule adsorbed on a Co-island
grown on a Cu (111) substrate. b) constant current conductance of the same molecule.(b)
show a dI/dV mapping at the mentioned voltages. Feedback loop was opened at [=90 pA
and V=-0.8 V

toward a more uniformly distributed conductivity over the upper ligand when the bias is
reduced to +100 meV.

On Co-islands

Figure 3.11 shows a dI/dV point spectroscopy and differential conductance mapping of
TbPc; molecule adsorbed on a Co-island. Cobalt nano-islands were grown following the
same procedure as described in section 2.3.4. Large islands (=15 nm width) were found on
large crystal step-free area (more than 100 nm?). Due to its strong reactivity, cobalt islands
are easily contaminated, therefore short exposition to molecular evaporation and fast trans-
fer are necessary. However, even with these cautions, the islands do not have flat-area as
most protrusions that are visible in topography image in Figure 14(a) (Appendix) originate
from double-decker fragmentation.

The overall spectra shows only one peak at negative bias assigned to a HOMO peak at -800
meV + 10 meV on both, molecular center and lobe, see Figure 3.11(a). The non variation
of this peak among the position indicates a high distribution of the HOMO at the upper lig-
and including its empty center. This results from a high hybridization of the molecule with
the substrate. Indeed, cobalt islands are expected to have the highest reactivity among all
studied substrates leading to a higher molecule-substrate interaction. Schwobel et al. [81]
investigated similar molecule on a cobalt layer grown on Ir (111) substrate, they observed
the HOMO peak at -900 meV.
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Figure 3.11(b) shows the spatial orbital extension as seen in the corresponding spec-
troscopy in Figure 3.11(a). As observed in both, point spectroscopy and STS mapping the
HOMO seems to originate from the lobes to become more localized at the center (above
the terbium atom) when the bias voltage is increased to vanish afterwards. At -300 meV
the orbital distribution is evenly spread at the central area where considerable conductance
is measured (see corresponding conductance mapping in Figure 3.11(b)). Furthermore, for
-150 meV the upper ligand is again the only contributor for the electronic distribution for
the occupied states.

When mapping is performed above Er, unoccupied states show a relatively uniform distri-
bution all over the molecule as seen in Figure 3.11(b) at +500 meV. This result is predicted

by the low variation in the dI/dV spectra at positive energies in Figure 3.11(a).

Summary of substrate effect on molecular orbitals

Accordingly, the conductance on the terbium double decker molecule is altered by the sub-
strate reactivity. Indeed, even though the overall shape of the spectra on all the substrates is
similar within -1 eV to +1 eV, decreasing the substrate reactivity from Co-island to Au (111)
substrate lead to a HOMO shift toward Fermi level (See Figure 13 in Appendix). It implies
that related energy shifts (with respect to Er) are driven by chemical potentials adjustments
to equilibrium at the interface. For vacant states, only gold and silver showed a contribution
(non-resolved) testifying that LUMOs are highly affected by the substrate nature upon ad-
sorption.

Furthermore, the molecular screening increases on more reactive substrates such as Co-
island or Cu (111) compared to other substrates. This is reflected by a large HOMO-LUMO
gap on the former crystals while reduced in the latter ones. Indeed, measured gap value is
800 meV, 950 meV®, 2.4 eV and 2.6 eV for Au (111), Ag (111), Cu (111) and Co-islands’
respectively. A similar effect is observed when the HOMO-LUMO gap was measured on
fullerene molecules as it was found varying by 1.1 eV between Au (110) and Cu (111).[82]

3.6 Kondo resonance appearance on Au (111) surface

By measuring the local density of states above the eight lobes of the terbium double-decker
molecule adsorbed on a Au (111) surface, a strong resonance located at the Fermi level

®This value is approximative since no well-defined peak is observed for the LUMO on Ag (111), it is
however assumed to be close to the one found on Au (111) because they both rise in a similar energy region.
7See Figure 14(c) in appendix.
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region (zero bias peak, ZBP) is clearly observed. The following measurements were per-
formed on many different isolated molecules at various adsorption sites. Thus the ZBP was
proved to be independent on any adsorption site or orientation of the molecule on the sub-

strate.

This resonance vanishes when the tip is shifted away from a lobe and is absent when STS
measurements are taken on the bare Au (111) substrate or at the central area of the molecule.
Measurements of this peak height versus tip-sample distance have shown its dependency to
the vertical displacement and the resonance is more pronounced with high tunneling cur-
rent. Besides it tends to be reduced to noise level when reducing the tunneling current, as
presented in Figure 3.12(e) within a range of 2 A t0 4.7 A. The resonance has a Lorentzian
shape as fitted (in red) in the same image, while the peak apex remains at the same energy
position (5.2 meV £ 0.1 meV) for all measurements where a ZBP appears. For a tip-sample
distance Az higher than 3.7 A, the ZBP could hardly be observed. Therefore, appropriate
tunneling conditions were used to keep Az below this value. The tip sample distance was
stabilized on a free area of Au (111) to avoid any miscellaneous contribution of the molecule
or its environment. Appearance of the ZBP peak is similar to previously reported Kondo

peaks obtained on magnetic mono-decker and double-decker complexes.[17, 63, 83-85]

Figure 3.12(d) presents the analysis of two high resolved tunneling conductance dI/dV
spectroscopies recorded above one lobe within a short energy range of a single isolated
molecule TbPc,/Au (111) marked as I and on a second layer molecule TbPc; /TbPc,/Au
(111) marked as II. The obtained Kondo resonance on a lobe of a single TbPc, molecule is
fitted by a Fano function in Figure 3.12(d) (marked as I) with the following Fano parame-
ters: q=3.93,1'=9.56 mV and Ep= 5.23 meV (because of the Coulomb repulsion), yielding
to a Kondo temperature Ty= 38 K + 1 K. Nevertheless, it is quite far from temperatures
observed on mono-decker molecules as FePc, CoPc or TbPc which were found at higher
temperatures.[63, 84, 86] In these systems, the Kondo resonance is produced through 2D
surface electron scattering by the magnetic atom, while herein, the magnetic ion is not di-
rectly responsible for the Kondo presence. Accordingly, the terbium still plays an important
role since no Kondo resonance was found on lobes for the other LnPc, complexes. A re-
duced Kondo temperature along with a high value of Fano parameter q (compared to other
systems) indicates smaller ligand hybridization (upper ligand in the present case) to the sub-
strate and high coupling between the tip and the magnetic impurity in accordance with our
previous observations.

Besides, atomic manipulation led us to conclude that ZBP appearance is not site dependent
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Fig. 3.12 a) Topography image and dI/dV spectroscopy of a TbPc monomer obtained by
Katoh et al.[63] showing the presence of a Kondo peak at the terbium position. STS on
Au (111) 1s also recorded for calibration. b) and c) depict a topography image of isolated
TbPc, molecule at the first layer (I) and a second layer (II) respectively. d) shows a dI/dV
spectroscopy obtained at the indicated positions by a star in b) and ¢). A Kondo resonance
is apparent in (I) but not in (I). ZBP peak is fitted with a Fano equation revealing the
indicated parameters. e) shows the variation of the Kondo resonance with respect to tip-
sample distance.
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as it was seen on FePc molecules [84]. It also does not depend on the bottom ligand orien-

tation with respect to crystal directions of Au (111).

As previously mentioned in section 3.2, the electronic configuration of a Tb*3 is [Xe]4 f®
and both ligands provide three electrons (to the ion) due to their mutual deprotonation.
Therefore two spin systems coexist and may lead to a Kondo resonance. One spin system
involves the magnetic atom, at low temperatures and because of a non-negligible hybridiza-
tion of the terbium and the substrate, the delocalized 2D conduction electrons become po-
larized in order to balance the total magnetic moment of the impurity and a spin screening
occurs between the surface 2D electrons and the terbium.

The second spin system involves the excedentary spin delocalized over the upper ligand
and originated from deprotonation of one site of the ligand. In a terbium double-decker
molecule, a degenerated spin 1/2 is distributed on both phthalocyanines when the molecule
isin a gas phase. When adsorbed on a substrate, the delocalization of this electron is only sit-
uated on the upper phthalocyanine, thus filling its open pi-shell. Under tunneling conditions
this degenerated 1/2 spin may scatter the 2D surface electrons leading to ZBP apparition at

Fermi energy.

In order to determine which one of these two spin systems is responsible for the Kondo
resonance, a discussion will proceed as follows: first a very short overview of previous mea-
surements that contribute to the understanding of this resonance source will be given, then
analysis of the results will be made in order to perform a comparison and ascertain the zero
bias peak (ZBP) origin.

In 2009, Katoh et al.[63] measured the Kondo peak resonance on a terbium mono-decker
TbPc which was obtained after sublimation and fragmentation under high temperature en-
ergy. When the tip was positioned above the terbium atom, ZBP was detected and attributed
to Kondo resonance. The full width at half maximum (I") was determined by fitting the

Kondo peak as a Fano resonance with I' = 22 mV and a Fano parameter q = 4.5.

The corresponding temperature was evaluated to Tx ~ 250 K, see Figure 3.12(a). This
temperature is comparable to those recorded on other MPc molecules like CoPc (208 K)
[86] and FePc (360 K) [84]. Kondo resonance is strictly located on the metal atom and
vanishes when the tip is moved away.

N. Ishikawa et al. examined terbium di-nuclear triple-decker complexes by means of su-

perconducting quantum interference device (SQUID).[87] The triple deckers are composed
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of two trivalent terbium atoms (Tb13) and three di-anionic Pc ligands (Pc,Ln,Pc,Ln’,Pc*)®
as presented in Figure 3.13. Under STS measurements no Kondo peak could be observed
for this system and a non-negligible f-f interaction between the two terbium atoms was ob-

served. This is surprising considering that f-electrons are located near the nucleus.

Susceptibility measurements led them to ascertain ferromagnetic coupling between the
two lanthanides below 50 K. The origin of this interaction was explained by means of the
ligand field theory (section 1.2), different lanthanides being compared in the Ln,Pcs system.
A large anisotropy is found in the z-direction when Ln=Tb leading to substantial energy ex-
change value AX,,T. In a second communication [88], by measuring the susceptibility, it
was proven that in a TboPc3 complex two ions relax independently even though they are
coupled to each other. Furthermore, when adsorbed on a magnetic layer such as Ni, Tb,Pc;3
depicts reduced remanance of the upper terbium, thus translating a negligible interaction
with the substrate compared to the closer ion to the magnetic substrate.[89] Accordingly,
the Tb,Pc3 molecule behaves as a SMM and the f-f coupling between the two lanthanides
with low relaxation of the upper terbium makes the magnetic behavior of the Tb to act as a

SMM independently from the bottom metal or the substrate.

Comparison with an isolated double-decker molecule on a second layer supports as-
sumptions concerning the Kondo peak origin. Figure 3.12(a) presents a constant current
topography image of an isolated TbPc, molecule on a second molecular layer (marked II in
the image). It is well known that for organic and organometallic complexes the first molec-
ular layer acts as a decoupling layer for the second monolayer. Furthermore, the increased

distance of the second layer molecule leads to total decoupling from the substrate. When the

8pc*=dianion of 2,3,9,10,16,17,23,24-octabutoxyphthalocyanine (bottom ligand)
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Fig. 3.14 Basic schematics of TbPc, TbPc,,TbyPc3 and (TbPc;), on a Au (111) substrate.
The two first representations show the scattering produced by the terbium and the delo-
calized electron of the 7-shell respectively resulting in a Kondo resonance. The third and
fourth systems do not show a ZBP. In a Tb,Pc3 system a f-f interaction between the two ions
couples them ferromagnetically, the total charge is null in contrary to the second represen-
tation. The upper ion relaxes independently from to bottom one even if a strong coupling
exists between them. The (TbPc;), case show the pairing of two electrons in the adsorption
region originating from a 7-7 interaction.

dI/dV is recorded on a lobe of the second layer molecule, no ZBP is observed. This absence
of resonance is suggested to be due to the bottom ligand of the second layer molecule which
is adsorbed on the top of the upper ligand of a first monolayer molecule through a 7 — 7
interaction (Figure 3.14). Therefore, second layer molecule excess electron will relocate at
the interface of the two molecules to be paired to the first monolayer’s excess electron, thus
quenching the spin 1/2 system of the ligand.

Figure 3.14 summarizes the different states of appearance of Kondo peak on various sys-
tems. From left to right: the mono-decker, double decker, triple decker and two molecules
stacking through a pi-pi interaction. Obtained results for single TbPc; and TbPc; in a second
layer confirm the idea that the degenerated spin 1/2 is responsible for the Kondo resonance.
Indeed, the ZBP appears when one electron is unpaired and delocalized above the upper
ligand. However, it disappears when two TbPc, molecules are 7-stacking leading to an
electron pairing at the interface. Besides, the Kondo obtained on a mono-decker is assumed

to be of a different origin than the one obtained on a double decker as it is only found on the
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metal atom.

From topography investigations it was observed that molecules adsorbed on Co-islands
and Cu (111) are significantly closer to the substrate compared to ones adsorbed on less
reactive crystals such as Ag (111) or Au (111). This is in agreement with higher hybridiza-
tion for the two first substrates, mainly due to the proximity between the bottom ligand and
the crystal thus generating an increased charge transfer between them. Interestingly STS
measurements performed at the Fermi level on molecules adsorbed on other substrates than
Au (111) did not show any ZBP feature indicating thus that the Kondo effect is highly de-
pendent on the substrate nature. This substrate dependence is due to stronger hybridization
of the d states for the most reactive crystals highlighting the unique characteristic of single
molecule-metallic bulk coupling.

3.7 Summary and conclusions

In this chapter was demonstrated that the topography imaging of a terbium double decker
molecule depicts eight distinguishable lobes, they correspond to the electronic distribution
of the upper ligand as two lobes per phenyl ring. Indeed, calculation on isolated phthalocya-
nine molecule shows similar distribution thus confirming the decoupling of the upper ligand
with respect to the substrate.

The height analysis of the structure highlights an important dependency of the apparent di-
mensions of the molecule with respect to the substrate nature. Furthermore, the adsorption
site and orientation depend on both crystallographic structure and atomic nature of the sub-

strate.

The spectroscopic investigations on single TbPc, molecules depict a conductance varia-
tion with respect to the substrate reactivity thus, confirming the strong impact of the crystal
on the molecular orbitals. Both dI/dV point spectroscopy and mapping were performed in
order to follow the substrate effect on the molecular electronic and orbital distribution. The
overall shape of the spectra remains similar within -1 eV to +1 eV but a shift in energy
of the orbitals towards Fermi level is observed when the substrate reactivity is decreased
(From Co-islands to Au (111)), this testifies that the chemical potentials adjust to equilib-
rium at the interface with respect to the substrate nature. The HOMO-LUMO gap is found
to be increased when the molecule-substrate interaction is higher which reflects an increased
molecular screening on highly reactive substrates such as Co-island and Cu (111) compared
to Au(111) and Ag (111).
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When the molecule is adsorbed on a Au (111) substrate, it shows a zero bias peak at-
tributed to a Kondo peak with a temperature of T= 38 K £ 1K. This resonance is observed
only above the lobes of the molecule, when the tip is shifted away from the lobe, the res-
onant peak vanishes. This result is in opposite observation compared to a single TbPc
molecule where the Kondo peak is located at the metallic center of the molecule. This dif-
ference strongly suggests that the magnetic element responsible for the electron scattering in
a TbPcy molecule is the unpaired spin delocalized at both ligands while on TbPc molecule,
it is generated by the terbium atom due to the presence of both d- and f-states close to the

substrate electrons.

Therefore, the presence of Terbium in a TbPc, molecule does not seem to be responsible
for the apparition of the ZBP on the lobes. Yet it remains necessary for the observation of
such a behavior as no Kondo resonance is reported for other LnPc, complexes under similar

conditions.

Interestingly, only the adsorption on Au (111) substrate lead to the apparition of this peak
indicating that a different molecule-substrate hybridization occurs and affect the electronic
properties of the molecule. In order to observe a delocalized w—electron (responsible for
the appearance of the Kondo resonance) over a TbPc, molecule it is necessary to have a high
decoupling of the molecule from the crystal. This property is possible thanks to the weak
adsorption of Au (111) compared to other substrates.
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FOUR

TERBIUM DOUBLE-DECKER DOMAINS ON SURFACES

Thin film based organo-metallic electronic devices have attracted much interest during the
last decades due to their low cost and applications as large scale flexible devices.[1-4] En-
suring the reproducibility of multifunctional properties in single organo-metallic compo-
nents is critical when building interfacial layers as the structure of the interface is modified
when intermolecular interactions are involved. The substrate nature or molecular geometry

at the interface often significantly alter the molecular properties.

As was mentioned in the previous chapter, the neutral TbPc, complex contains three
spin systems: a central J=6 high-spin with an intrinsic anisotropy arising from the central
ion, a S=1/2 w—radical due to a singly occupied molecular orbital that is delocalized over
the two Pc ligands and a nuclear momentum [=3/2 arising from the quadrupole interaction.
Charge and spin state of the TbPc, molecules are altered upon adsorption on surfaces. In
particular, it was shown that an adsorption on Au (111) the r—radical localizes in the upper
Pc ligand leading to the experimental observation of a Kondo resonance in the dI/dV above
the molecule. Katoh et al. observed a Kondo effect on the rafts formed by TbPc, molecules
on the Au (111) surface.[5, 6] A Kondo resonance was observed only at some lobes of the
upper Pc ligand, the ones that lay at crossing points with adjacent molecules. The absence
of Kondo effect when the molecule is residing on Cu (111) Ag (111) or Co substrate is
rationalized by the fact that the electron in the w—orbital pairs-up with an electron trans-
ferred from the substrate due to the much stronger molecule substrate interaction.[7, 8] The
molecule then bears a negative charge [TbPc,] .

Despite the work that has been accumulated over the last decade, the effects of the
surface and reduced dimensionality on the magnetic properties of SMMs is not well un-

derstood. In particular, a drawback of this attractive system lies in the large impact of the
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crystalline environment on its magnetic properties.[9] As an example, monolayer islands
of TbPc;on surfaces show a dramatically reduced blocking temperature compared to the
crystalline phase.[10, 11] If these types of molecules are to be used in future spintronic
devices, a better understanding of this phenomenon is compulsory. The present chapter
aims at studying the different conformations of these SMMs on various surfaces that may
provide the key to understanding the strong effect of the structural environment on the mag-
netic properties. Due to the interaction between molecule-substrate and molecule-molecule,
a variety of growth modes of TbPc; are expected from the isolated molecule to monolayer
islands. The presence of the two Pc ligands promotes face-on adsorption of the molecules
on metal surfaces, thus facilitating the investigation of electronic and magnetic properties by
high resolution STM/STS. Furthermore, interesting magnetic properties of molecule islands
on Au (111) are to be revealed by the STS Kondo analysis at each step of the controlled ma-
nipulation of the SMMs with the STM tip.

4.1 Structural and electronic properties of double-deckers

4.1.1 Domain growth on Cu (111) substrate

In all cases the sample was kept at room temperature during the TbPc; deposition in order
to provide the necessary activation of the diffusion barrier for the domain formation. After
deposition, the samples were transferred to the STM where they slowly reach the tempera-
ture of T=4.6 K. Figure 4.1(a) shows a hight resolution STM topography image after room
temperature deposition of TbPc, molecules on Cu (111). While domains of molecules are
formed, a few isolated molecules are also observed on the surface as well as dimers and
trimers. The observed domains have preferential growth directions that do not match the
substrate crystallographic direction. Indeed, orientations of 50°, 60° and 70° are spanning
the three observed domains. Deng et al. reported an angle of 10° between a the long edge
lattice vector and the [110] direction of Cu (111). [12]

The molecular arrangement into domains is a result of intermolecular interaction, any
molecule embedded into a given domain has exactly the same orientation as its neighbors.
Therefore, based on topographic image of Figure 4.1(c), it is evidenced that TbPc, molecules
orders in a square lattice pattern with the following parameters: a| = @ ~ 1.33nm + 0.05nm
separated by an angle o ~90°. This four-fold symmetry is confirmed by the analytical 2D-
FFT of a molecular domain presented in Figure 4.1. The TbPc; monolayer is found to
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Fig. 4.1 Three TbPc; domains on Cu (111) substrate. a) Shows constant current topography
image obtained at I= 0.1 nA and V= -1V, three main domains are visible along with an
isolated molecule, a dimer and a trimer. In inset is presented the 2D-FFT of the domain. b)
dl/dV spectroscopy from -2 eV to +2 eV on the center, crossing point, and an overlap of two
adjacent molecules as indicated in e), two main peaks are observed, defined as HOMO at
around -800 meV and LUMO around +1.5 eV. ¢) Image containing four molecules, overlaps
between two adjacent molecules are indicated with blue arrows. Cell vectors are represented
with @ and ;. Black arrow indicates the crossing point where four lobes meet. d) Four
molecules as depicted in c¢) and lateral extension of the electronic distribution (in red). The
overlap between two adjacent molecules is shown in green. e) Positions where the tip was
stabilized to perform the dI/dV spectroscopy of b).
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assemble in a close packed way where both Pc ligands of a double-decker molecule are

participating in the intermolecular interaction.

A schematics of the molecules superposed to the topography image of four neighboring
molecules is shown in Figure 4.1(d). The red contour shows the lateral extension of the
molecular orbitals as visualized by STM from an isolated molecule adsorbed on the same
surface. An orbital overlap between two adjacent molecules is clearly observed and high-
lighted in green in Figure 4.1(d). It is indicated with blue arrows in Figure 4.1(c). These
overlapping regions appear brighter in the topography image as more electrons can tunnel
simultaneously through two different channels. The area where four molecules meet shows
a cross-like form. Later on, this region will be referred to as "crossing point". In this region
a negligible molecules overlap is observed, each lobe corresponding to one double-decker

molecules.

When the molecule is part of a domain, the molecular configuration due to the substrate
nature induces an important electronic evolution. Figure 4.1(b) depicts three dI/dV spec-
troscopies recorded above three distinct regions of a monolayer (see Figure 4.1(e)). This
highly stable system allowed the voltage bias to be ramped from -2 eV to +2 eV under nor-
mal tunneling conditions. As a matter of comparison HOMO peaks positions are similar to
the one of isolated molecules (see Figure 3.9) above the center. However the shift previ-
ously observed when moving the tip from center to lobe of an isolated molecule is absent
in a film. Above center and overlapping region of two molecules in a domain show similar
energy position. A small shift of 50 meV away from Fermi level is observed when the tip is
moved toward the crossing point. Similarly, LUMO peaks are positioned at the same energy
at the center and the overlap of two adjacent molecular lobes. The LUMO recorded at the
crossing point exhibits same energy displacement towards Fermi level as the HOMO (50
meV). These results indicate that on Cu (111) substrate, an equi-distribution of the molecu-

lar orbitals occurs at the TbPc, monolayer.

4.1.2 Domain growth on Ag (111) substrate

When evaporating terbium double-deckers on a pristine Ag (111) substrate, topography im-
ages show extended and ordered molecular layers as depicted in Figure 4.2(a). The lower
diffusion barrier of the Ag (111) substrate compared to Cu (111) leads the TbPc, molecule
to have a larger diffusion length resulting in the growth of large domain. This is also ex-

pected since the molecular assembly is a result of the balance between molecule-substrate
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Fig. 4.2 TbPc, molecules adsorbed on Ag (111) substrate. a) Constant current topography
image obtained at I=70 pA and V= -800 mV of extended domains shows a well ordered
pattern. 2D-FFT of image a) is presented in top right inset. Enlarged image at the edge of
an island is shown in the bottom right inset, two molecules labelled A and B in (b) have
different orientations and the misorientation between them is found to be 15° as shown by
the yellow lines. b) Enlarged image of a domain where the cell parameters are represented
asda]; =a»=1.9 4+ 0.Inm and o= 90° b1 and b1 represent the next neighbor molecules which
are of different orientation where b = b= 1.36 + 0.01 nm. ¢) representation of both upper
and bottom ligand of four molecules in a domain. Electronic extension is modeled for the
upper Pc ligand showing the possible overlaps between adjacent molecules. 30° separate
the two bottom ligands as represented with two dashed lines I and II. d) dI/dV spectroscopy
performed from -1 eV to +1 eV above three different location : Center, overlap of two
molecules, and crossing point. Peaks observed for the HOMO are positioned at -750 meV,
=700 meV and -680 meV. Those observed on the positive side are positioned at +200 meV
and +400 meV. e) Points above which the spectroscopy in (d) was performed.
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and molecule-molecule interaction.

The 2D-FFT in inset of Figure 4.2(a) (top right) confirms the square packing of the
molecular monolayer on the Ag (111) substrate. However, different orientations seem to
emerge as various spots are visible within one given k-range, suggesting that two square
lattice packing coexist in the same pattern. Enlarged topography at the edge of a monolayer
island is shown in inset of Figure 4.2(a) (bottom right), where two dashed lines (yellow)
are drawn on two adjacent molecules at the step edge following the depression between two
lobes of two opposite pyrroles. The measured angle between these two lines is found to be
o = 15° while it was of o = 0° on the copper substrate. This configuration is alternatively
spread to all the molecules of the domain therefore creating two different molecular orien-
tations labelled A and B. Each A-type molecule is surrounded by four next neighbors B-type
and vice-versa. Lattice parameters presented in Figure 4.2(b) depict a unit cell containing
two molecules (A- and B-type) with the following parameters ] = a; ~ 1.9+ 0.1nm and
=91 £ 1 °. Vectors labelled 1;1 and 1;2 represent the next neighboring molecules indepen-

dently of their type (orientation) where b = by ~ 1.36 £ 0.01 nm with an angle of 90 £ 1 °.

As mentioned previously, the influence of the substrate on the upper ligand is relatively
small. Therefore, the present study is mostly relevant to the geometrical configuration per-
taining to the electronic delocalization over the upper phthalocyanine 7-orbital. Contrary to
the case of Cu (111), the topography images of TbPc; on the Ag (111) substrate are highly
dependent on the tunneling bias. As depicted in Figure 4.2(e), the constant current image
taken at a lower bias voltage (-100 meV) shows a chiral feature due to a different overlap
between adjacent molecular lobes, thus confirming the double periodicity due to two differ-
ent configurations inside one domain.

In order to highlight this observation, Figure 4.2(c) shows a schematic view of four phthalo-
cyanine molecules superposed in the same position and orientation as the upper ligand of the
double-deckers in Figure 4.2(e). Both, the upper and bottom ligands of the four molecules
are represented in Figure 4.2(c). The MO extension is represented in red to highlight the
overlap between the upper ligands and gather information of the chirality origin in the to-
pography image. The bottom phthalocyanine is determined by considering a skew angle of
45° between the two ligands of the terbium double-decker molecule. Two lines labelled I
and II represent one of the two phthalocyanine axes as expected. The measured angle be-
tween the two bottom ligands is found to be 30°. It becomes clear that the depression visible
at the center of the unit cell is a consequence of the large free area created by the molecular

rotation.
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As a conclusion the origin of this rotation (rotation of the bottom Pc) is due to the steric
repulsion among the phenyl rings of adjacent molecules. Due to prohibited edge-to-edge
atomic contact, a homogeneous orientation of the bottom Pc (as observed for Cu (111)) is
impossible here. To satisfy both, steric constrain and inter-molecular interactions, only a
small change of the next neighbor distance followed by a rotation of 30° is necessary in full
agreement with the measured distance between molecules and lattice periodicity. A similar
rotation of the bottom Pc-ligands of adjacent molecules has been assumed to explain the

domain formation of LuPc; molecules on Ag (111).[13]

Compared to Cu (111), the STS measurements performed above the TbPc, molecules on
the Ag (111) substrate show a more pronounced shift of both, HOMO and LUMO. A shift
towards the Fermi energy of the HOMO is observed when moving the tip from the center
to crossing point as presented in Figure 4.2(d). On the other hand, the HOMO position is
found at -750 meV, -700 meV and -600 meV for the center, the overlap of two adjacent
molecules and the crossing point respectively.

On the other hand, LUMO peak showed a shift to lower energies of 230 meV when going
from center to a two molecule overlap. Interestingly, this peak disappears on the crossing
point. These observations show that substrates nature have a major effect on molecular elec-

tronic signature.

4.1.3 Domain growth on Au (111) substrate and Kondo peak appear-

ance

On Au (111) the TbPc, grows into numerous domains of various sizes as depicted in Figure
4.3(a). A very high mobility of the molecules is noticed and attributed to weak molecule-
substrate interactions. Among the three substrates, Au (111) certainly shows the most com-
plex situation. In particular, appropriate tunneling conditions (low current and bias) are
necessary, otherwise the molecules may just be dragged by the tip during the scanning pro-
cess. Only negative biases gave stable topography and STS maps. From the STM images
only half of the molecules show the eight-lobe contrasts observed in isolated molecules,

while the other half shows hardly distinguishable contrasts in topography image.

The topography image of Figure 4.3(b) reveals a contrasted checkerboard self-assembly.
Bright and dark molecules (marked A and B respectively) corresponding to TbPc, molecules
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Fig. 4.3 a) and b) represent a constant current topographies of molecules adsorbed on Au
(111). Multiple relatively small domains are observed on this crystal and the corresponding
2D-FFT is depicted as inset in top right corner of (b). Two lattice vectors are highlighted.
aj o represent the lattice parameters of one molecular type, biz those of the next neighbors
such as:a] = a> = 2nm + 0.2 nm and 1;1:1;2:1.42 + 0.2 nm. o =90°+1° in both lattices.
Two topographic contrasts are observed for molecules in a domain. Bright ones labelled
A have a skew angle of 45° and dark ones labelled B have a skew angle of 30°. c) dI/dV
spectroscopies performed at the center of both A-type (orange) and B-type (green) molecule.
Reduced gap is observed on A-type compared to its neighbor. A supplementary LUMO peak
is visible for B-type molecule at 620 meV as indicated with an arrow. d) Topography image
showing the two molecular types.



4.1 Structural and electronic properties of double-deckers 109

in two different states are observed. Unit cell vectors of such compact domain are labelled
ai and a> with the following lattice parameters: @} = @> = 2 nm and o = 90°. The next
neighbor molecules are represented by 1;1 and l;z vectors, where l;l =l;2=1.42 + (0.2 nm and

expected angle between them equal to 90°.

STS spectra recorded at the center of both A- and B-type molecules show a slight dif-
ference as presented in Figure 4.3(d). A HOMO-LUMO gap increase is observed when the
molecule rotates by 15°. This gap is measured to be 300 meV above the B-type molecule
while it was found to be of 150 meV on the A-type molecule. Moreover, an additional peak
only appearing on B-type molecules is observed at +620 meV and defined as a LUMO.
The gap reduction observed for B-type molecules is due to higher charge transfer between
the molecule and the substrate. It reveals a coupling increase between B-type double decker
and the crystal. Since the relative height of the B-type molecule is lower compared to A-
type, the upper ligand-substrate interaction is increased in accordance with HOMO-LUMO
gap reduction. As a result, STS measurements performed above the central area of the

molecules may be a help for the identification of A- and B-type molecules.

The work carried out by T. Komeda et al. to identify the molecular orientation is based
on the observation of four hardly distinguishable lobes in B-type molecules. In this section
more sensitive measurements are presented, based on the observation of molecular orbitals
on the inner part of the molecules. A high resolution STM image of a terbium double-decker
monolayer on Au (111) is presented in Figure 4.4(a). Both A- and B-type molecules are dis-
tinguishable when tunneling conditions are at the detection limit (V=5 meV and I=10 pA)
revealing the orbital distributions in the central area of both molecular types. Both types of
molecular structures are again distributed in a checkerboard fashion inside a domain and are
consistent with the calculated HOMO distribution obtained by DFT calculation by Vitali et
al.[7]

Figures 4.4(b) and 4.4(c) show enlarged images of both A- and B-type molecules respec-
tively. The inner molecular orbital distribution are colored in green for better visualization.
In order to determine the angle between the two structures, dotted lines are drawn in both
images, along the two opposite pyrroles of the upper ligand. The angle between the two
lines represents the smallest angle between molecules and is found equal to 15°. This value

is in accordance to what has been previously proposed by Komeda et al. [6]

Now that the situation of the upper ligand is clarified, it is necessary to gain more knowl-
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Fig. 4.4 High resolution constant current topography performed at I= 70 pA and V= -50
mV, under these low tunneling conditions molecules A and B show two different electronic
distribution in the central area of the molecule. b) and c) represent a magnified images
: B-type molecule shows eight distinct spots as colored in green while A-type molecules
show extended “lobes” leading to a cross-like contrasts in the center. Two lines are drawn
on both images to highlight the angle variation between A- and B-type molecule which is
found to be 15°. d) dI/dV spectroscopy performed above the three regions as shown in e)

Spectroscopic signatures differ considerably between the three regions indicating a large
electronic modification among molecules.
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edge about the conformation of the bottom ligands. Komeda et al. reported that by taking
into account the orientation observed above and by keeping a 45° azimuthal angle between
the two ligands a forbidden structural overlap leading to steric repulsions is found. There-
fore the only arrangement possibility of the bottom ligands in order to respect the steric
hindrance is the alignment following the same orientation respecting similar adsorption con-
figurations as one monolayer of MPc molecules.[14—16] In this case two configurations of
the TbPc; can be obtained, one where the azimuthal angle is kept at 45° (A-type) as for the
isolated molecule, and the other one with an azimuthal angle of 30° (B-type) between the

two phthalocyanines.

As a consequence of this intrinsic rotation, the apparent height of B-type molecules is

reduced by 0.3 A compared to A-type molecules appearing darker in STM topography. The
substrate effect is assumed to be similar on the molecule in both types of molecules due to
negligible upper ligand-substrate interaction. This height reduction might be induced by an
electronic modification since a significant rotation occurred on the molecule.
Not surprisingly, the spectroscopy recorded above a monolayer film and an isolated molecule
(see Appendix, Figure 15) are different, thus informing on the large influence of molecular
neighbors and inter-molecular interactions. Figure 4.4(d) shows dI/dV spectra recorded
above the three regions indicated in 4.4(e). The spectra above the center of an A-type
molecule and above the overlap of two adjacent double-deckers are similar although they
exhibit an increase of the HOMO-LUMO gap to 280 meV in the overlapping region of A-
and B-type molecule. More dramatic is the downwards shift of the HOMO above the cross-
ing point (overlap of four molecules), which is now found at -500 meV. An upwards shift of
the LUMO to +270 meV above the crossing point is also observed. Finally, a displacement
of the LUMO+1 is also noticed from 770 meV for the molecule center to 800 meV for the
crossing point. The HOMO-LUMO gap above the crossing point is 760 meV.

Interestingly, when high resolution spectroscopy is performed above the crossing point
of four adjacent TbPc, molecules, a zero bias peak (ZBP) related to a Kondo effect appears
close to the Fermi energy as shown in Figure 4.5. This peak is only present above the
crossing point, thus indicating that inter-molecular interactions play a major role in the
ZBP appearance. The Kondo origin of the ZBP has been ascertained by Komeda et al.
in experiments realized under similar conditions as a function of temperature and external
magnetic field. [6] It was found that the width of the ZBP perfectly follows the prediction
from Fermi liquid theory leading to Tx ~ 22 K.
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Fig. 4.5 a) Constant current topography image showing a TbPc, domain formed on a Au
(111) substrate. b) dI/dV spectroscopy performed at the crossing point indicated by a red
arrow in a), the inset shows an enhanced spectra at the Fermi region, the Fano fit for this ZBP
reveals a Kondo temperature of Tx ~ 22 K with the parameters: ¢ = 3.23 and I' = 5.9meV .

The Kondo resonance observed in monolayer islands exhibits substantial differences
compared to the Kondo resonance reported for isolated TbPc, molecules on Au (111). While
the same molecule is involved, a different mechanism seems to be at work in both cases.
Indeed, for isolated molecules Tx was reported to be 38 K, almost twice the temperature
observed on the domain. Although the degenerated spin 1/2 is responsible for the Kondo
resonance in both cases, this electron has to be in "contact" to a source of spins. In the first
case, the substrate produces spins interacting with the delocalized electron of the isolated
molecule leading to a ZBP. In the second case, molecules are linked side-by-side and the
upper Pc ligands form a 2D-network of delocalized 7-electrons. Only the spin properties of
the upper ligand are accessible with STM, thus, the excess electron per molecule is probed
while interacting with the delocalized electrons of the film. In order to understand the evo-
lution of the Kondo resonance from the single molecule to the molecular film, step-by-step

assembling of islands by molecular manipulation with the STM tip was performed.

4.2 Domain construction from isolated molecules

For a detailed understanding of the appearance of the Kondo resonance in a molecular do-
main, atomic manipulation of single molecules was performed. Molecule-tip interactions
are used to laterally manipulate the molecules by means of an attractive potential, similar to
the Lennard-Jones potential.[17] Experiments were carried out by the “pulling” procedure.

The tip was positioned at 4 A above the surface, then the feedback loop was opened and
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Fig. 4.6 Molecular manipulation, the graph is divided into three phases: approach phase,
manipulation process and retraction phase of the tip. An increase in current is observed
during manipulation which indicates the step-by-step translation of the molecule during the
process. Two constant current topography images recorded at I= 60 pA and V=-0.3 V show
the domain before and after manipulation of one TbPc, molecule as indicated by the white
arrow.

the tip-sample distance was controlled in order to keep a constant gap-resistance of R =250
MQ. When the tip is moved at constant height along a predefined path, the molecules move
laterally. If the tip path does not pass through the molecular center, a rotational movement
occurs along with the translation movement. For the purpose of island construction both,
rotation and translation were used to arrange molecules in their best close-packed configu-
ration.

The current variation is recorded with respect to the x-y coordinates, it shows specific
signatures corresponding to the manipulation process. An example is depicted in Figure 4.6,
where three phases are highlighted. The first phase corresponds to the tip approach from
its initial position towards a molecule, the current showing a stable low value. The second
phase shows periodic increases in the tunneling current which are interpreted as molecular
displacement. Indeed, the molecule moves by steps as the tip is moved from one position
to another. The current increases as the molecule moves upwards along the z-axis. This

effect is also known as “squeezing mode” where the force-field generated by the tip traps
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the molecule which therefore jumps between two electrodes during the lateral manipulation
process (see Phase II in Figure 4.6).[18] The third phase corresponds to the tip retraction
depicting similar signals as for the approach phase. Therefore, a careful analysis of the cur-
rent behavior during manipulation provides an easy way to follow the displacement process,
therefore saving a precious time. A careful control of the manipulation process allows the

creation of dimers, trimers and tetramers which in turn can be manipulated.

Domain creation from single molecules is easily performed by separately manipulating
each molecule toward a specific area. Coordination of four molecules succeeded following
multiple steps as presented in Figure 4.7. Manipulation was made using a bias voltage V=
0.1 V and a current I= 4 nA. We considered the intermolecular interaction to be established
when the molecule can no longer be moved under same conditions. From Figure 4.7(b) to
Figure 4.7(k) molecular orbitals extensions of the upper phthalocyanine are presented by a
red contour. Inside of each contour a model of the upper phthalocyanine is drawn in order
to visualize the molecular orientation. In all cases, a minimal distance between molecules
larger than the intermolecular contact was found.

During manipulation, the path followed by a molecule may interfere with a second molecule,
in such a case, molecules interact and the molecule to be displaced is no longer allowed to
move. As a result, the optimal molecule-molecule interaction is considered to be reached.

After each manipulation towards the formation of an island, the new structure is investigated
by means of dI/dV spectroscopy for the detection of a Kondo signal on the lobes and over

the intersection areas.

In a first series of experiments, four single molecules have been extracted from large
self-assembled domains. From Figure 4.7(a) to Figure 4.7(e) constant current topography
images show the four molecules labelled from 1 to 4. As expected, a Kondo resonance ap-

pears when the dI/dV is recorded above all eight lobes of every isolated molecule.

A second type of manipulations is performed on molecule labelled 2 which is moved
towards molecule 1 to make them interact through a Van Der Waals forces, thus forming a
dimer as depicted in Figure 4.7(f). This dimer shows a center-to-center distance of 1.5 nm
close to the distance observed in a self-assembled film (1.44 nm). In contrary to an extended
domain, both molecules depict a parallel orientation, thus confirming that confinement is
the origin of skew angle modification observed in a film. Spectroscopic measurements per-
formed above the two molecules after manipulation did not show any ZBP, which indicates

an absence of a Kondo resonance on the newly formed dimer.
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Fig. 4.7 Formation of four molecular islands by using molecular manipulations. Molecules
are labelled from 1 to 4. a) One single molecule is used as reference. From b) to k) a model
of the upper ligand with its electronic distribution highlighted in red is superposed in order
to follow the orientation during manipulation process. From b) to ) molecules 1, 2, 3 and
4 are pulled out of the domains as indicated by the green arrows. f) Molecule 2 is moved
to be connected to molecule 1. g) Molecule labelled 3 is added to molecule 2 in order to
form a chain like. Similar overlap as between molecule 1 and molecule 2 is observed. h)
Shows a second manipulation performed on molecule 3 which creates a trimer with the three
molecules interacting among each-others. 1) A fourth molecule is inserted symmetrically to
molecule 3. j) and k) represent the extraction and insertion with a rotation of molecule 4 in
order to optimize the island structure. The whole island is translated by 0.5 nm as depicted
in (k). 1) Shows the same domain as in k) without the phthalocyanine model. The tunneling
parameters for topography were as follows: I = 70pA, V = —0.3V.
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When a third molecule labelled 3 is added to the dimer (Figure 4.7(g)), molecule 2 ro-
tates by 6° to adapt to the presence of both, molecule 1 and 3. Again, no Kondo peak
was observed on this molecular chain as expected since locally both molecular intersections
concern only two TbPc; molecules leading to similar interpretation as for the dimer.

In Figure 4.7(h) molecule number 3 is manipulated so as to form a trimer with symmetric
interactions among all three molecules. It is interesting to notice that both, molecules 1 and
2 adapt their orientation by taking into account the steric confinement due to the insertion
of molecule 3. Interestingly, this new trimer exhibits a decreased Kondo resonance above
the intersection area of the three molecules. This Kondo peak corresponds to a temperature
of Tx= 34 K and is absent from the center or the external molecular lobes, suggesting that

this resonance is created by the interaction of the three molecules.

Next manipulation consisted in the formation of a tetramer as depicted in Figure 4.7(i)
where molecule 4 was moved toward the trimer. It is noteworthy that the insertion of the
last molecule does not create any geometrical modification (rotation or translation) of the
former trimer. It indicates that the structure was already in its equilibrium configuration as
a trimer. The tetramer island does not form a square planar geometry which is a result of
either an absolute minimum energy configuration or a relative minimum whose origin is the

sequential nature of the island formation.

The last experiment consisted in the extraction of molecule 4 from the tetramer and sub-
sequent insertion with a rotation of 25°. The idea was to increase the matching within the
formed island in order to increase the interaction between molecules 1 and 4. The resulting
island is presented in Figure 4.7(k). Indeed, Figure 4.7(k) demonstrates that pushing on
molecule 4 produces the displacement of the entire island without any fragmentation. As
a result of the high inter-molecular interaction the whole island was translated by 0.5 nm
during this step. This last experiment leads us to conclude that the molecule-molecule inter-
action overcomes the molecule-substrate interaction, confirming the minor effect of the Au
(111) substrate when it comes to double-decker film formation. This result is not intuitive
since due to molecular separation there is no chemical bonding between the molecules. As a
comparison, Calmettes et al. reported the manipulation of AdgHBC' dimers and trimers on
Ag (111). Although constructed islands can be very robust, they reported island fragmen-
tation in most manipulation processes as well as island rotation when scanning at negative
bias.

'hexa-adamantyl-hexa-benzocoronene
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Table 4.1 Summary of the presence and absence of Kondo resonance on various systems
(from monomer to film). Temperature and Full Width at Half Maximum (FWHM) are also
presented.

Monomer Dimer Trimer Tetramer Film
Kondo Yes Yes Yes Yes
presence (Lobes) No (Crossing point) (Crossing point) (Crossing point)
Tx 37K / 34 K 31K 22 K
FWHM (I') 9.56 meV / 9 meV 8 meV 6 meV

In the following, the newly formed tetramer of TbPc, is therefore considered as the most
stable structure on Au (111). The occupation area in Figure 4.7(k) is about 12 nm?. In both
Figure 4.7(i) and Figure 4.7(k), a Kondo resonance is observed when the dI/dV is recorded at
the intersection area. This Kondo peak corresponding to Tx= 31 K is not present elsewhere
on the island suggesting that it comes from the molecular interactions. Table4.1 summarizes
the appearance of Kondo resonances on islands as well as corresponding temperatures and
its width.

Isolated monomers show that the delocalized electron over the w-orbital is responsible
for spin diffusion leading to a Kondo resonance (see section 3.6). When a dimer is formed,
the two upper ligands of both molecules have their molecular orbitals overlapped, see Fig-
ure 4.7(f). The two delocalized electrons are therefore paired up, which explains why the
Kondo resonance is no longer present on a dimer. However above a trimer, the same rea-
soning leads to an unpaired electron (the two others being paired up) which gives rise to
magnetic impurity. The Kondo temperature reduction compared to the isolated molecule is
explained by the additional decoupling of the upper ligand from the substrate.

While application of the above interpretation to tetramer should lead to Kondo peak disap-
pearance, STS measurement clearly showed a ZBP at the crossing point. When inserted into
a trimer, the fourth molecule is found to have minor impact on island electronic properties
which might explain the small modification of Kondo temperature (reduced by only 3 K).
Delocalized electrons in that case would interact with each other to create the magnetic res-

onance.

It is remarkable to find that the Kondo temperature is decreased when the island size
increases. Kondo temperature crucially depends on the availability of electrons (g(€))
for scattering process by the magnetic impurity. On the other hand, Tx is exponentially

reduced if the exchange coupling (J) with the magnetic impurity increases, since Tk o<
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Fig. 4.8 From left to right, constant current topography of a TbPc, film adsorbed on Cu
(111), Ag (111) and Au (111) respectively. Each image contains nine molecules where four
full molecules are identified at the center. All substrates were represented with a grey-scale
to highlight the difference.

exp[—1/(g(€).J)].[19, 20] In the present case, a spin network is formed at the upper ligand
layer as every TbPc, molecule hosts one excess electron delocalized at its upper phthalo-
cyanine. Moreover, a distortion of the upper ligand due to molecular assembly will change
the electron density g(€) provided to the magnetic impurity. Thus embedded molecule in a
film will have lower interactions with the surface compared to the ones in smaller islands.
By adding molecules to a small island, the position where Kondo resonance is measured is
less and less exposed to the substrate 2D electrons thus decreasing g(€). As a consequence
the Kondo temperature drops to a lower value of 22 K when a film is formed.

A similar conclusion has been drawn by lancu et al. in their investigation of TBrPP-Co on
copper. They measured a Kondo temperature decrease from 170 K to 105 K when going
from the monomer to the 7-molecules island.[21]

4.3 Molecular densities

Lattice properties on different substrates were reported in Section 4.1 when a molecular film
is formed on them, this change is induced by the geometrical modification where different
molecular arrangements were observed depending on the substrate.

Figure 4.8 shows topographic image of nine terbium double-decker molecules adsorbed on
three different substrates: Au (111), Ag (111) and Cu (111). Interestingly, it is found that
the molecular density increases along with an increase of substrate reactivity. The following
molecular densities: 0.48 molec/nm?, 0.53 molec/nm? and 0.58 molec/nm? are obtained on
gold, silver and copper respectively. These results are summarized in Table 4.2 along with
substrate-bottom ligand distance and the distance to next neighbor.
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A decrease in surface reactivity towards the molecular layer is normally expected to in-
crease the inter-molecular interaction thus leading to an increased molecular density. Nev-
ertheless, experimental results are not consistent with this simplistic view evidencing the
contribution from other mechanisms of inter-molecular interactions.

The three investigated crystals showed different molecular orientations. On Cu (111) the
molecules keep their skew angle of 45° between the ligands and all molecules show a par-
allel adsorption orientation in a monolayer. The inter-molecular distance is therefore mea-
sured to be 1.33 nm. On Ag (111) a different confinement is created thanks to 15° rotation
of moiety of molecules due to lower substrate reactivity. Therefore empty space is increased
between adjacent molecules resulting in an increase of the inter-molecular distance found
to be b=1.36 nm. On the other hand, the Au(111) substrate generates a situation where
half of the molecules in a domain have a skew angle of 30°. This change also alters the
electronic properties since different LUMO peaks and HOMO-LUMO gaps are measured
on the two molecular types. In addition, molecular interactions are expected to be modi-
fied due to the gold substrate. Therefore, the trend for the molecules is to balance between
molecule-molecule interactions and molecule-substrate interactions resulting in increased

inter-molecular distance of 1.42 nm.

For comparison, densities of MPc are found to vary as well, depending on substrate reac-
tivity. For example, the CoPc film was found to have the following molecular density: 0.80
molec/nm?, 0.54 molec/nm? on Au (111) and Ag (111) respectively, and CuPc to have a
density of 0.41 molec/nm? on Cu (111) due to close packing in mono-planar structures.[22—
24] Although the TbPc; molecules interact with neighboring molecules by mean of both,
upper- and bottom-ligands the influence of the substrate nature seems to follow the same

tendency as for normal MPc on noble metal surfaces.

Table 4.2 Density variation with respect to the investigated substrate. Next neighbors and
calculated substrate-bottom ligand distance are also reported.

Au(111) Ag(111) Cu(111)
Next neighbor (nm) 1.44 1.36 1.33
Distance substrate-bottom ligand (A) 3 2.5 1.9
Density (Molec/nm?) 0.48+0.02 0.534+0.02 0.58+0.02
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Fig. 4.9 a) Two TbPc;layers grown on Ag (111) substrate. a) Topography image where the
color-code is different from previous representations in order to enhance the appearance of
the second layer. Inset: 3D view of the 2"¢ layer molecule. b) molecular profile measured
along two opposite lobes. 3 A are measured from the bottom layer to the upper ligand of the
second layer, a comparison with the molecular height of the first layer molecule is shown in
dotted lines. c¢) dI/dV spectroscopy recorded at the center and lobe on both, first (isolated)
and second layer molecule.

4.4 Second layer molecule

Only a few experiments revealed the adsorption of double decker molecules in second layer
as shown in Figure 4.9(a). By assuming that all molecules involved in this system have a
skew angle of 45°, it is straightforward that the second layer adsorbs above initial double-
decker with a parallel arrangement sharing the same Dy, axis. The upper ligand of the
lower molecule meets the bottom ligand of the second layer molecule with an angle of 45°
resulting in a perfectly parallel ©# — 7 stacking. This result is consistent with previously

reported second layer DyPc;, by He et al. and LuPc; by Toader et al. [13, 25]

Second layer molecules also show eight lobes under STM imaging. As expected, due to
the first layer decoupling, the second layer TbPc, shows an increased height, see the profile
of Figure 4.9(b). The height of the second layer molecule is measured to be 3 A, this value
is by 0.5 A higher compared to isolated molecule directly adsorbed on Ag (111). While
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the experiments presented here on TbPc; molecules only show eight lobes, He et al. also
reported four-lobe features on topographic image of second layer DyPc, molecules depend-

ing on the voltage bias.

Conductance measurements on both, center and lobes of second layer TbPc, molecules,

show slight differences compared to the STS recorded on isolated molecule in direct contact
with the substrate. Second layer molecules reveal more localized orbitals over the molecule
(4.9(c)). As expected, a larger HOMO-LUMO gap is found on the 2"¢ layer molecule com-
pared to the 1% layer since the molecule is more efficiently decoupled by the 1* layer in
the former case . Furthermore it is found that the LUMO peak of the 2" layer molecule is
shifted away from Fermi energy as the substrate effect is reduced due to increased decou-
pling induced by the first layer.
Interestingly, the previously observed HOMO peak on a lobe of the 1* layer molecule splits
in two when investigating the 2"¢ layer molecule, thus becoming HOMO-1 and HOMO
respectively. However, only one large HOMO peak is present when investigating the con-
ductance at the center of a second layer molecule. The HOMO on both, center and lobe of
the 2" layer is positioned at the same energy (-500 meV) while 100 meV separate them
when the molecule is in direct contact with Ag (111) crystal (1*' layer). This result indicates
a relatively uniform distribution of the orbital on the upper ligand of the second layer. On
the other hand, the peak splitting when the tip is moved over a lobe is a proof for a HOMO-1
localization on the terbium atom of the second layer.

4.5 Summary and conclusions

In this chapter, islands and monolayers of TbPc, molecules were investigated on various
substrates where a different assembling process depending on the nature of the substrate has
been observed. Interestingly, on Au (111) half of molecules in a monolayer find their skew
angle between their Pc ligands reduced by 15° from the initial 45°. These differences are
reported to a molecular density variation on substrates, thus, a monolayer adsorbed on Cu
(111) is by 20% more compact compared to an adsorption on Au (111). This result does not
correspond to expectations since the inter-molecular interactions should increase when the
molecule-substrate interactions are reduced. However, the geometrical modification on low
reactive substrates may lead to such a density variation thus, a direct comparison between
the adsorbates is not relevant.
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The Kondo resonance previously observed above the lobes of single TbPc, molecule is

now located at the crossing points of a domain adsorbed on Au (111), its relative temperature
is by half reduced compared to single molecule. In order to understand this localization of
the resonance and a temperature reduction, a four molecule island was constructed molecule
by molecule to mimic the first stage of a monolayer formation, the ZBP behavior was inves-
tigated by STS at each step of the manipulation.
Interestingly the Kondo resonance was found only on monomer, trimer and tetramer islands
and was totally absent on a dimer. Furthermore, the related Kondo temperature was found
to decrease when the island size increases, result of a reduction of hybridization of the upper
ligand with the electron bath provided by the substrate.

The local adsorption site and monolayer arrangement of TbPc, molecules on various
substrates can be controlled very precisely by STM tip, it opens a reliable technique of
mastering the molecular growth. The intermolecular interactions strongly depend on the
molecule-molecule distance as well as their adsorbate. Manual construction of molecu-
lar islands leads to a possible tuning of the electronic and magnetic properties intrinsic to
molecules. By following the intrinsic properties such as Kondo resonance during the island
formation, it becomes possible to draw the real space evolution of the 7—unpaired electron

responsible for the conduction electron scattering.
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FIVE

CAPPING A TERBIUM DOUBLE-DECKER WITH A
CERIUM ATOM

The discovery of the intricate role of the radical spins in the magnetic interplay of TbPc;
molecules on Au (111) is one of the main results of the previous chapter. The w—radical
also seems to play a key role in recent molecular spin valve experiments which can hardly
be explained without assuming a coupling between the Tb nuclear spin and the radical spin
through the Tb electronic moment.[1, 2] In view of the potential applications of similar
molecules in the quantum information processing [3, 4] it is of prime importance to get fur-
ther information on the role of the 7—radicals in the coupling between two different spin
systems i.e. between different metal atoms in SMM.

In a domain, no direct interaction between the f—systems of two adjacent molecules was
observed and the Kondo resonance remained exclusively a result of scattering conduction
electrons by the unpaired w—electron at the upper ligand. Moreover, to now, no information
was given about the role of the second spin system in the magnetic response of the TbPc, . In
this respect, the investigation of multiple-deckers (triple or quadruple) has opened a way to
test the coupling between lanthanide moments.[5—10] These elements has to be contrasted
with —stacked Pc based molecules such as CoPc where a direct d-d exchange occurs be-
tween the two magnetic centers.[11, 12]

However, another more versatile way consists in depositing the Ln atom on top of a double
decker, leading to Ln-Pc-Ln’-Pc. In the case of the TbPc; the upper Pc ligand is then sand-
wiched between the Tb atom and the on-top Ln atom, thus playing a key-role in the coupling
of both magnetic moments. It is this second approach that is examined in the present chap-
ter by means of a cerium capping atom. In addition, through atomic manipulation with the

STM tip, this approach allows turning on and off the interaction.
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Fig. 5.1 a) constant current topographic image of TbPc, molecule and a single phthalo-
cyanine. Higher conductance is measured at the central region (where the cerium resides)
denoting an increased apparent height towards the tip. Eight lobes of the upper ligand are
still visible surrounding the cerium atom. Four lobes are found as expected for the single
phthalocyanine.b) profile line revealing an apparent height of 4 A of CePcTbPc on Cu (111)
substrate along with the apparent height of single phthalocyanine along lines superposed in
topography image (a).

5.1 CePcTbPc complexes

TbPc, molecules were deposited according to the processes described in previous sections.
Prior to the double-deckers capping experiment, a large amount of molecules was deposited
such as to create large domains. The sample was first investigated under the STM to as-
certain the molecular film growth. For cerium atom deposition, special care was taken to
prevent both, contamination and large Ce-atom diffusion. In order to achieve this goal, a
special atomic evaporator made of an alumina crucible was designed. A cerium foil cut
into small pieces was introduced into the crucible. For atomic evaporation, the crucible was
heated up to 1100 K while the sample was kept at liquid helium temperature on the cold
stage of the STM chamber. In this process, the sample had to be manually transferred from
the cold stage to the STM head causing a warming-up of the sample to an estimated value of
~10 K. After cerium evaporation, the deposit was carefully investigated by STM. As shown
Figure 5.1(a) , cerium atoms are clearly identified as the bright protrusion that shows up at

the center of the capped double-decker molecule.

As expected, the topography image (Figure 5.1(a)) shows an increase of apparent height
compared to the un-capped double-decker (Figure 3.3). A cross section analysis reveals that
the total height of an isolated CDD molecule adsorbed on Cu (111) surface is about 4 A. In
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Fig. 5.2 Calculated model of TbPc, molecule (left) and CeTbPc, molecule (right) adsorbed
on a Cu (111) substrate. Terbium position is lowered towards the substrate by 0.32 A after
cerium coordination with the upper ligand by reducing terbium-upper phthalocyanine inter-

actions. 3.33 A separate Ce and Tb, this value is constant when substrate is modified to Au
(111) or Ag (111).

Figure 5.1(b) eight lobes of the upper ligand are still apparent after the cerium adsorption
but the overall shape of the molecule becomes larger. A distance of 2.2 nm is measured
between the two opposite lobes on CDD molecule while 2 nm were measured under similar
conditions for an isolated TbPc;. As a conclusion, it is found that the spatial electronic

distribution of the molecule is increased due to the presence of the cerium atom.

The structures have been grown on the following three substrates: Cu (111), Ag (111)
and Au (111). Depending on the crystal nature various molecular TbPc, growth modes were
obtained (Chapter 4). It is found that cerium atoms adsorb on TbPc, by coordinating with
the nitrogen atoms from the pyrroles of the upper ligand. As a result, two capped complexes
can be found on Au (111) depending on whether the adsorption takes place on the A- of
B-type double-decker molecules. On the other hand, only one configuration is observed on

copper and silver substrate (corresponding to A-type molecules).

This novel capped double decker (CDD) structure is different from the one of CsPcYPc
investigated by Robles et al. [13]. In the later, they demonstrated a change of the electronic
and magnetic properties of the YPc, double-decker due to the Cs adsorption. The presence
of Cs atom produces a spin donation leading to a quenching of the 7w-electron spin of the
upper ligand. As a result, the Kondo peak appearing at a crossing region of the YPc; do-
mains disappears when Cs is adsorbed on an A-type molecule.[14] On B-type molecules, on
the contrary, the cesium capping does not affect considerably the magnetic and electronic
behavior of the double-decker.



130 Capping a terbium double-decker with a cerium atom

DFT calculations showed that cerium CDD complexes are stable, both lanthanide ele-
ments sharing the same magnetic anisotropy axis. Thus D4y symmetry of the double-decker
is reduced to a C4y, upon presence of the second lanthanide. A single TbPc, molecule ad-
sorbed on a Cu (111) substrate is shown in Figure 5.2(a) where the bottom ligand exhibits
a planar adsorption parallel to the substrate while the upper ligand shows a slightly convex
distortion towards the substrate. An angle of 9° is measured on bare TbPc,/Cu (111) while
presence of the cerium atom increases this distortion (Figure 5.2(b)) leading the upper ligand
to bend down towards the substrate with an angle of 14.5°. The presence of the cerium atom
induces a bond weakening between the terbium and the upper ligand shifting the Tb down-
wards by 32 pm. The terbium shift is induced by the cerium coordination to four pyrrole
nitrogens of the upper phthalocyanine. Therefore, both lanthanides are not evenly spaced
with respect to the upper ligand. However, the bottom ligand remains at the same distance
of 1.7 A from the substrate. Furthermore, it is found that the Ce-Tb distance remains con-
stant and equal to 3.33 A on all substrates. Finally, the skew angle between the upper and
the lower phthalocyanines is kept unchanged after capping the terbium double-decker with

a cerium.

5.2 Site and substrate dependent STS

As discussed previously, the TbPc, double-decker molecules show different electronic struc-
tures depending on the molecule-substrate interactions. By capping this molecule with
a cerium atom, additional changes in the electronic identity are expected: in the newly
formed CDD complex, cerium interacts with the upper ligand thus strongly affecting the ex-
change between the upper ligand and the terbium atom; the global electronic structure of the
molecule is then dramatically changed. Isolated molecules deposited on Cu (111) and those
forming compact rafts on the same substrate exhibit a different electronic signatures when
investigated by STS. Due to different growth modes no isolated molecules can be found on
Ag (111) and Au (111), therefore only CDD complexes embedded into a molecular layer

will be investigated on those substrates.

STS investigations on cerium CDD molecules on various substrates provides informa-
tion about the substrate indirect effect on the local density of states at the cerium atom as
well as information on the coupling between the two lanthanides. It is found that even
though the Ce-Tb interactions remains mainly similar above all the substrates (similar Ce-

Tb distance), the 2D substrate electrons play a major role in the exchange between the
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Fig. 5.3 a) and c) depict constant current topography images recorded at I=80 pA and V=
+0.3 V on Cu (111) crystal on both, isolated and domain CDD molecule respectively. The
bright protrusion in both images indicate the cerium adsorption site. b) and d) show STS
spectra recorded above both center (black) and lobe (red) of both systems as indicated.

lanthanides and sandwiched phthalocyanine.

5.2.1 Ce/TbPc;/Cu (111)

The STS data presented in Figure 5.3(b) and (d) were recorded above two locations (center
and lobes) on both, an isolated CDD and a CDD belonging to a domain; see Figure 5.3(a)
and 5.3(c) respectively.

When dI/dV is recorded on the center of an isolated CDD molecule (Figure 5.3(b)) only one
pronounced peak corresponding to a LUMO at +450 meV is clearly visible. No HOMO is
observed when the STS is taken above the Ce. Therefore, the HOMO-LUMO gap would be
higher than 1.45 eV.

On the other hand, STS recorded above a lobe (Figure 5.3(b)) is expected to show simi-
lar behavior as the un-capped molecules in Figure 3.9 since the lobe results from an orbital

expansion of one phenyl ring, which is not in direct contact with the cerium. Indeed, it is
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found that the lobe of an isolated Ce/TbPc; molecule on Cu (111) exhibits a dI/dV that looks
similar to the one recorded on a lobe of a bare TbPcy molecule (Figure 3.9). The STS de-
picts one major peak at -630 meV that can be ascribed to the HOMO. On the other hand, the
LUMO previously observed at the center of an isolated CDD molecule is no longer present
on the lobe, indicating that this LUMO is localized exclusively on the Ce atom.

When the STS is performed on the center of a CDD molecule in a domain Figure 5.3(d),
the LUMO is found at +300 meV and the overall shape of the spectrum remains similar to
that of an isolated molecule. It indicates that the presence of TbPc, molecules adjacent to
the CDD molecule does not alter the molecular orbitals at the cerium position. The LUMO
shift towards Fermi level indicates a larger charge transfer in a domain compared to isolated
molecule. Not surprisingly, for molecules in a domain, a significant orbital overlap with
cerium is expected with both the underlying and the neighboring TbPc;, double-deckers.

Contrary to the isolated CDD, the presence of Ce has a relatively strong incidence on
the lobe of a CDD embedded in a TbPc, domain. In particular a significant Ce contribution
to the conductance is measured above overlapping lobes for a positive bias (Figure 5.3(d)).
Two peaks are clearly distinguishable on CDD embedded in a TbPc, domain at +180 meV
and +370 meV ascribed to LUMO and LUMO+1 respectively. A strong HOMO peak is
observed on the lobes of both, isolated CDD and the CDD embedded in a domain. The
HOMO above a lobe of the CDD inside a domain is shifted downwards by 140 meV reveal-
ing a new peak that appears as a shoulder at -530 meV. This peak is assumed to be induced

by neighboring TbPc, molecules as it does not correspond to any cerium signature.

The spectroscopic difference highlighted in Figure 5.3 may be explained by the struc-
tural difference between the two systems. For the isolated CDD it was observed by DFT
calculations that the phenyl rings point towards the substrate. A partial molecular-orbital
overlap with the substrate may then explain the changes observed in the dI/dV spectroscopy
above the lobes. Simultaneously, the dI/dV of the cerium atom is not much affected by the
substrate (see Figure 5.3(b)).

On the other hand, the upper ligand of a CDD molecule embedded in a domain deserves
particular attention since the inter-molecular interactions between adjacent molecules leads
to reducing their interactions with the substrate.[15] As a result, the electronic signature on
the lobes of a CDD molecule reflects both, TbPc; HOMO (expected for the double-decker)
and the cerium contribution at positive bias voltage (Figure 5.3(d)).
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Fig. 5.4 a) Constant current topography image of a CDD molecule on a Ag (111) substrate.
The four-fold symmetry is broken as two opposite phenyl rings point towards the tip while
the two others remain at original positions. The cerium appear as the bright protrusion in the
center of the image. b) dI/dV spectroscopy recorded on the lobe (red) and the center (black)
of the CDD. Vertical lines highlight major peak position when STS is recorded above a lobe.
Tunneling parameters: [ = 0.1nA, V=—0.4V

5.2.2 Ce/TbPcy/Ag (111)

As reported in section 4.1.2 TbPc; molecules form extended domains on Ag (111) as well
and their interaction with the substrate is weaker compared to Cu (111). When the cerium
atom is adsorbed on such a layers, a similar coordination with pyrrole nitrogens is observed.
However, contrary to the situation observed on the Cu (111) surface, the four-fold symmetry
reduces to a two fold symmetry. Figure 5.4(a) shows a constant current topography of CDD
molecule in a domain on a Ag (111) surface. Two opposite pairs of lobes corresponding to
two phenyl rings are clearly distinguishable while the two other orthogonal phenyls do not
as double lobes. This result is an indication that the molecular conformation on Ag(111)
(Section 4.1.2) is such that structural modification occurs at the upper ligand. Two opposite
phenyls (among the four) bend upwards, appearing as two double lobes while the two others
point downwards to the substrate and thus appear as single lobes. Their respective molecu-
lar orbital extension are modified as well due to a different interaction with the surrounding

molecules.
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The STS recorded on a CDD molecule co-adsorbed on a Ag (111) substrate shows small
differences compared to the adsorption on Cu (111). When the tip is positioned above a
cerium atom the STS only shows two shoulder-like features on both sides of the Fermi
level, see Figure 5.4(b). The flattening out of the conductance between -400 meV and -1
eV is interpreted as a multiple peak contributions where the first one is positioned at -410
meV. This peak is ascribed to a HOMO as it is positioned at the same energy as the one
observed on isolated CDD molecule on copper (Figure 5.3). At a positive bias voltage of
600 meV a conductance increase attributed to a LUMO peak, similar to the one observed
on the copper crystal for isolated and domain CDD, generates a gap-like feature centered at

the Fermi level.

When the tip is moved towards a lobe (red curve in Figure 5.4(b)), two peaks at -410
meV and -630 meV are found at negative voltage, the first peak has similar characteristic
as the one observed at the center and thus is ascribed to the HOMO. The second peak is
however ascribed to a HOMO-1 originating from the upper ligand of the molecule since its
conductivity is more pronounced on the lobe compared to the center. For positive values
of the bias voltage on a lobe, two peaks are found at +150 meV and +550 meV respec-
tively. The first peak appears at the same position as LUMO observed for TbPc, molecules
in domain on Ag (111) substrate, it is therefore considered as a LUMO originating from the
upper ligand of the double-decker. The second peak is similar to the one observed at the
molecular center and is attributed to a LUMO+1 orbital.

5.2.3 Ce/TbPc,/Au (111)

As previously described in Section 4.1.3, the gold substrate generates two distinct conforma-
tions of the TbPc, molecules inside the monolayer, the A-type molecules with a skew angle
of 45° between the bottom and the top ligands and the B-type molecules where this angle
is 30°. The cerium atom spontaneously adsorb on top of both, A- and B-type molecules as

shown in Figure 5.5.

When the Ce atom is adsorbed on top of a A-type molecule, it appears as a bright pro-
trusion surrounded by the eight lobes of the upper phthalocyanine (Figure 5.5(a)). If on
the contrary, the Ce atom is capping a B-type molecule, it shows a reduced topographic
height in the cross section analysis. In addition, the eight lobes are no longer visible since
the B-type molecule is partially hidden by its next neighbors as explained in section 4.1.3.
Nevertheless, four lobes belonging to either one of the four nearest neighbor molecules are
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Fig. 5.5 a) and b) Constant current topography images recorded for TbPcyon Au (111) sub-
strate with the following tunneling parameters =40 pA and V=-0.4 V. Cerium is adsorbed
on either A- and B-type molecule and appears as a bright protrusion in both images. On a B-
type CDD (b), four lobes of adjacent molecules overlap the orbital extension of the cerium.
c¢) dI/dV recorded above the cerium atom of both molecular types as indicated. Similar STS
features are observed in both situations and the LUMO-LUMO+1 gap is conserved on both
positions (100 meV +10meV).
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pointing towards the cerium atom making it look like a four branch star in Figure 5.5(b).
Therefore, the coordination of the cerium atom to the upper ligand is quite different in A-
type and B-type molecules. As a matter of fact, in these experiments, a great majority of
cerium atoms are found to adsorb preferentially on B-type molecules. Furthermore, cerium
atoms adsorbed on A-type molecules can easily be moved by the tip during the scanning
process while they remain stable on B-type molecule under normal tunneling conditions.

Whether cerium is capping an A- or a B-type molecule has also a strong incidence on

the conductance spectra measured above the Ce atom:

* A-type CDD molecules show two well defined negative voltage peaks at -230 meV
and -400 meV labelled HOMO and HOMO-1 respectively as shown in Figure 5.5(c)
(black). Positive voltage peaks at +630 meV and +750 meV are attributed to LUMO
and LUMO+1 respectively. The HOMO-LUMO gap of A-type CDD molecule is
therefore determined to be of 860 meV.

* B-type CDD molecules, on the contrary, exhibit low conductance values at nega-
tive bias. Positive bias peaks at +350 and +450 meV are attributed to LUMO and
LUMO-+1 respectively. Interestingly these two peaks resemble to LUMO and LUMO+1
peaks observed on the A-type molecule. In both cases the LUMO-LUMO+1 separa-
tion is the same to within = 10 meV. Significant differences in electronic properties

between A- and B-type CDD molecules are due to different structural environments.

These results demonstrate that small changes in the molecular environment can lead to
significant modifications in the transfer integrals and ultimately to an energy shift of the
orbitals under consideration. [16—18] On B-type CDD molecules, the interaction of cerium
with the underlying molecule is weaker because of the presence of four next neighboring
molecules. The fact that the LUMO-LUMO+1 gap remains nearly identical (~ 100 meV)
denotes similar chemical bonding between the lanthanide and the underlying molecule for
both types.[19, 20]

The spectral shift of 280 meV observed between the LUMO of A- and B-type molecule
is induced by a charge transfer between the cerium and the double-decker. This charge
transfer cannot be a result of substrate effect since no LUMO broadening is observed [21—
23]. This shift refers to an important charge transfer between the cerium and the neighboring
molecules, which is confirmed by the gap reduction on B-type CDD. Since both systems

have common substrate i.e. Au (111), charge screening rises from either:

* Electronic modification due to skew angle reduction (structural modification)
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* Interaction with next neighboring molecules in B-type
* Both effects at the same time

The charge transfer between the double-decker molecule and the cerium can hardly be
obtained from the STS analysis and further investigation by theoretical analysis is needed.
Oehzelt et al. [24] developed a new technique where a detailed electrostatic model was
implemented to reproduce the alignment between Fermi energy of the electrode and the
transport states of an organic molecule. However this technique applies only to organic
molecules adsorbed on metal substrates and is limited to light elements containing a small

amount of electrons.

On the other hand, by implementing DFT calculation along with STS data Robles et
al. gathered information about charge transfer in cesium doped yttrium double-decker. An
excess of 0.91 e- is found on the CsYPc; molecule. On A-type cesium CDD molecules the
DOS obtained by DFT showed a HOMO and LUMO shift of 0.2 eV and 0.1 eV respec-
tively toward the Fermi level. Surprisingly, B-type molecules did not show any electronic
modification when cesium atom is adsorbed on top of them.[13] This may be an indication
of a weak charge transfer between the cesium and the underlying B-type TbPc; , the bonding
then mainly occurs between the between the ad-atom and its surrounding A-type molecules.
Therefore answering the question above is not an easy task and needs to be investigated
carefully. For the present system it was not possible to carry DFT calculations as such

amount of molecules necessitate heavy computational time and resources.

5.2.4 General discussion

After investigating the electronic and structural configuration of CDD complexes adsorbed
on various surfaces, it became clear that the substrate nature has a major impact on their elec-
tronic properties. The tunneling spectroscopy measured on a cerium atom after adsorption
on a monolayer of TbPc;depicts important modifications depending on substrate nature.
Figure 5.6(a) summarizes the situation for the various orbitals of the CDD molecules on the
corresponding substrates. The change in the HOMO and LUMO levels originates from the

surrounding geometrical configuration.

When a CDD molecules is adsorbed on a Au (111) substrate, the LUMO level is shifted
upwards from Fermi level compared to Cu (111) and Ag (111), meaning that the CDD
molecule has less excess electron on Au (111). One explanation is that the LUMO originates
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Fig. 5.6 a) Experimental energy position of molecular orbitals of the cerium CDD molecule
as recorded experimentally above the cerium position (center). b) Theoretical LDOS as ob-
tained from DFT calculations, the DOS are projected on the cerium which therefore gather
information about the spectroscopy above the central area of a CDD molecule. Black, red
and blue curves indicate the crystal nature (copper, silver and gold respectively). One ob-
serves that all HOMOs are positioned at the same energy (-300 meV) while the LUMO is
positioned at +330 meV on copper and silver and at +460 meV on Au (111) substrate. Note
that only A-type molecule was used for the calculations.

from the underlying TbPc; in this case (see Chapter 4). Actually the molecule-substrate de-
coupling is more important on Au (111) compared to the two other substrates. After capping
with a cerium atom, the excess electron of the underlying molecule becomes likely to inter-
act with the ad-atom which is in accordance with previous STS observations (Figure 5.5).
However, this interpretation does not seem to apply for B-type CDD molecule on Au(111)
since a much higher gap compared to A-type molecule and a shift of both LUMOs toward
the Fermi energy are observed. This difference is probably induced by the structural vari-
ation (ligand rotation) and important interaction of the cerium with neighboring molecules

as shown in Figure 5.5.

The DFT calculation of the local density of states (LDOS) projected on cerium atom
shows that the HOMO peak does not shift as a function of substrate. Therefore, all HOMOs
are positioned at -330 meV as shown in Figure 5.6(b). On the contrary, LUMOs remain
at +320 meV on Cu (111) and Ag (111) but shift by 160 meV away from Fermi level on
Au (111). Even though DFT calculations were performed on isolated CDD molecule ad-
sorbed on three different substrates, the shifts for HOMOs and LUMOs are expected to be
coherent with the experimental data, assuming in first approximation that the effect of the
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Fig. 5.7 Spin density of the certum CDD complex. The yellow color indicates spins are
up, while the red color indicates spin down contributions with isovalue 0.003 A3 Ttis
remarkable that the spins on both Ce and Tb ions are opposite indicating an antiferromag-
netic interaction. Notice also that on Cu (111) the spin distribution is also visible within this
isovalue on the next neighbor organic elements (C and N). The spin distribution on the Tb
center seems to have multi L-orbital character while the Ce ion has a f-orbital like shape.

TbPcy network on the electronic properties of cerium is negligible. The calculation predicts
correctly the upwards shift of the LUMO for the A-type CDD on Au (111) compared to Ag
(111) and Cu (111) substrates. No change in the HOMO-LUMO gap however is predicted
for the CDD on Ag (111) and Cu (111). Due to the contradiction with the experiment and
since the calculation is done on isolated molecules, one has to conclude that the substrate
is not the main parameter affecting the electronic properties. On the other hand, the charge
transfer analysis from DFT calculations reveals that about -1.24 e-, -1.18 e- and -1.17 e-
are donated by the terbium double decker to the cerium atom on Cu (111), Ag (111) and
Au (111) respectively. These values are very close to each other confirming the minor con-
tribution of the substrate to the Tb-Ce interaction. At this point, it becomes clear that the
networking associated with the change in monolayer density of molecules on Cu (111), Ag
(111) and Au (111) are chiefly responsible for the charge difference between cerium and the

molecule, leading to the molecular orbitals shift.

5.3 Magnetic investigation and spin density analysis

The magnetic analysis based on DFT calculations revealed that the total spin of the molecule
calculated from the spin up and spin down difference is equal to zero. This indicates the loss
of the global SMM property of the molecule upon capping with a cerium atom. However,
such assumption is not always valid since a slower relaxation of one atom compared to
the other one is indicative of SMM property as shown in bis-terbium phthalocyaninato por-

phyrininato triple-decker.[25]
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A preferential orientation is found on both, terbium and cerium lanthanides as presented
in Figure 5.7, they both depict different magnetic direction because of their last orbital
occupancy, indicating that unpaired electrons are present in these shells. The two metal
atoms exhibit opposite spin value as shown in Figure 5.7 by the yellow (spin up) and red
(spin down) colors. This is a clear indication for an anti-ferromagnetic coupling of cerium
and terbium atoms independently from the substrate nature. Due to a strong perpendicular
anisotropy, only the parallel to easy axis magnetic components of lanthanides are able to

interact.

In Figure 5.7, the terbium atom exhibits a spherical spin density reflecting a spin local-
ization of multiple L-orbitals while the cerium shows an opposite spin density localized at
the f-orbital. The fact that both, the long distance between the lanthanides (3.33 A) and
the localization of spin density on the f-shell of the cerium atom, implies that the f-f cou-
pling must take place through the Pc organic ligand creating therefore an indirect interaction
also called super-exchange interaction. Moreover, shared covalence of cerium with pyrrole
nitrogen atoms may create a mechanism accounting for the anti-ferromagnetic exchange

mediating the Ce-Tb super-exchange interaction. [26]

A super-exchange interaction arises when one electron of the upper ligand is shared with
the f-orbital of the cerium atom while the remaining electron on the 7-orbital is shared with
the terbium atom resulting in an anti-ferromagnetic state. Furthermore, rare earth elements
with unquenched L-orbital momentum usually induce strong super-exchange anisotropy due

to a large spin-orbit coupling compared to the crystal field potential.[27]

The spin density of a CDD molecule on Cu (111) shows a spin distribution on the C
and N closest to cerium that is opposite to the one of the cerium atom as shown in Figure
(5.7(a)). The presence of a magnetic contribution on the non-metallic elements is due to
hybridization of d- and f-orbitals of lanthanides with p-orbitals of both pyrrole carbon and
nitrogen. However, the absence of this contribution when the CDD is on Au (111) and Ag
(111) indicates a substrate contribution to the spin delocalization from the metal ions toward
the upper ligand. The exchange energy (J,,) is not evaluated in the present discussion due
to the lack of available CPU-time, as both, anti-ferromagnetic and ferromagnetic coupling
between the ions have to be investigated. However this energy is expected to be small
(< 2 meV) due to the low interaction of the cerium with the double-decker molecule as
explained in Section 5.5 of the present chapter, devoted to atomic manipulation. Moreover,

Jex 1s expected to be negative because of the anti-ferromagnetic coupling between the two
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metals which is evaluated as follows:

Er —Ear

T —
C <S> — < Sap >

where E and S denote the total energy and the spin state of the system, ' and AF indexes
represent the ferromagnetic and anti-ferromagnetic coupling between the two lanthanides

respectively.

The relative stability of the cerium atom on top of the double-decker creates a charge
redistribution among all the elements of the CDD, particularly between the cerium and the
upper ligand. A calculation of this redistribution when the CDD molecule is adsorbed on
Au (111), demonstrates that about 1.1 e- are donated from the upper phthalocyanine to-
ward the cerium atom after coordination. More precisely, by adding the cerium atom to the
double-decker molecule, the charge of the upper ligand drops from -1 e- (unpaired) to -0.3
e-, suggesting that the excess electron available on the double-decker is now shared with the
cerium. This operation, contributes reducing the negative charge of the TbPc, molecule and

increasing the cerium one.

On the other hand terbium was found with seven unpaired electrons before cerium coor-
dination. After coordination, only six electrons are unpaired thus indicating that one electron
is shared with the cerium. However this value (one electron) exceeds by 0.8 e- the calcu-
lated charging value of the cerium. This is expected since it was found that the presence of
the cerium on the double-decker molecule lowers the terbium position towards the bottom
ligand (Figure 5.2(b)) sharing therefore more electrons with the bottom ligand than with the

upper one.

In comparison, the TboPc3 triple-decker complex has a particular SMM property as re-
ported by Ishikawa et al. A ferromagnetic coupling through f-f intra-molecular interaction
is observed in isolated PcL.LnPcLn’Pc* molecule (see Figure 3.13), where [Ln-Ln’]=[Tb-
Tb], [Dy-Dy] and [Ho-Ho]. The same molecules adsorbed on a non-magnetic substrate
exhibit a similar behavior while an anti-ferromagnetic coupling is observed in Er and Tm
systems.[28] In [Tb-Tb] system, the magnetic field generated by a magnetic substrate leads
to an anti-ferromagnetic coupling of the bottom terbium of Tb,Pc3 molecule with the sub-
strate. The upper Tb however remains unperturbed due to the dipolar filed created by the
bottom terbium at the position of the upper lanthanide.[27, 29, 30]
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Fig. 5.8 Kondo resonance recorded above a CDD molecule. The tip was positioned above
the locations marked by a cross on both, A- and B-type CDD molecules. The corresponding
Kondo resonance (Tx = 30 K) is plotted in the right panel, the temperature was obtained
after a Fano fit of the peak with the parameters ¢ = 30 and I = 7.8meV . Both Cerium (red)
and a lobe (blue) of a A-type show a ZBP with similar characteristics while no resonance
was observed when the tip was positioned above a B-type molecule (black). Tunneling
parameters: [ =40pA,V = —0.4V

5.4 Kondo resonance (Magnetic CDD)

As mentioned in section 4.2 devoted to the domain growth and the Kondo resonance, the
TbPc,; monolayer film is made of unpaired spins able to interact among each others. In
particular, it was evidenced that every double-decker molecule in a domain contains a spin
% delocalized on the upper Pc ligand. The cerium coordination to the pyrrole nitrogens
of the upper ligand creates an electronic exchange path between the ad-atom and the host
TbPc, molecule. In addition, the cerium f—shell now contains an unpaired 4 8 —electron

that might lead to a to a Kondo resonance.

High resolution dI/dV spectroscopy recorded above an A-type CDD molecules on Au
(111) revealed a resonant peak close to Fermi level as shown in Figure 5.8 (red). This ZBP
is interpreted as a Kondo resonance governed by the coupling between the cerium local
magnetic moment and the electrons available on the TbPc, monolayer. The Kondo tem-
perature is evaluated by measuring the FWHM of the Lorentzian fit of the observed peak
leading to I'=7.9 meV and a Kondo temperature of Tx= 30 K according to the fermionic
liquid theory. Further investigations revealed that this resonance is also present on the eight
lobes surrounding the cerium of A-type CDD molecule with similar width and amplitude

(see Figure 5.8 (blue)). It suggests that the magnetic impurity generates the Kondo reso-
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nance which becomes delocalized on all the upper ligand of the CDD molecule.

This magnetic impurity may originate either from the unpaired electron present on the
upper-Pc film that becomes delocalized on the cerium position, or from the unpaired f-
electron of the cerium. This electron could have its spin information transferred to the upper
ligand of the CDD leading to a measurable Kondo peak on the eight lobes surrounding the
A-type CDD, see Figure 5.8. The first possibility is less likely because of the different Tk
found between a domain TbPc, (Figure 4.5) and a CDD molecule. If the Kondo resonance
obtained on a domain TbPc; and a CDD were of the same origin, the electron density at the
magnetic impurity (g(€)) would be similar along with the exchange coupling (J) leading to
a similar Kondo temperature Tx o< exp[—1/(g(€).J)]. However, Tx on the CDD and the one
on the ligand’s 7-electrons are different by 8 K. As a result, the presence of a more localized
magnetic impurity might be the reason for this difference and thus, the unpaired f—electron
of cerium turns out to be the only possible candidate for an electron diffusion center.

As mentioned earlier (section 4.1.3), the network formed by the upper ligand of the TbPc,
molecules on Au (111) contains a 2D-electron sea that is moderately influenced by the sub-
strate. Therefore the 2D-electrons are the ones that are diffused by the cerium atom leading
to aresonant peak at the Fermi level. About one electron is donated by the TbPc; molecule to
populate the f—shell of the adsorbed cerium atom. This electron remains unpaired, there-
fore its spin constitutes a magnetic impurity capable of diffusing the surrounding excess

electrons of the film.

Surprisingly, the spin responsible for the Kondo resonance seem to be quenched at the
center of the B-type CDD molecule since no ZBP resonance is observed. Yet, the reason
causing the loss of the Kondo resonance on a B-type molecule has to be clarified by calcula-
tions. However as mentioned above, the cerium on a B-type CDD, has additional molecular
orbital overlap with the surrounding A-type molecules clearly visible on the topography of
Figure 5.8. This remark is corroborated in the dI/dV of CDD molecules adsorbed on Au
(111) (see Figure 4.3(c)), the first HOMO peak at -230 meV, is only visible on the A-type
molecule while it is hardly noticeable on the B-type CDD. Additionally, in the absence of
any calculation it is hard to put forward an explanation based on the change in electronic
property upon a skew angle reduction. It is however reasonable to consider that this remark-
able difference between the two structures is responsible for the occurrence or not of the

Kondo resonance.



144 Capping a terbium double-decker with a cerium atom

Current VS voltage during
cerium removal process

-

Current (A)

2‘

1.0nm
[

102 r

0 1
Applied Voltage (Volts)

Fig. 5.9 Topography images showing the manipulation process where the cerium atom cap-
ping a TbPc, molecule on Cu (111) is removed. Left image shows the topography of a
trimer with a CDD molecule before the manipulation process. Central image shows the the
same island after an application of +1.7 V above the cerium location. The corresponding
tunneling current versus the applied voltage bias is plotted in the right panel.

5.5 Atomic manipulation

In the present section, a structural modification is induced by means of the tip assisted
manipulation of a CDD complex on Cu (111) and Au (111) substrates. As discussed earlier,
the upper Pc ligand is sandwiched between a terbium and a cerium atom. Since this ligand
can only provide two electrons after de-protonation, only a partial coordination of the cerium
to the TbPc;1s achieved. Due to its small interaction with the underlying TbPc; molecule,
the cerium ad-atom can easily be manipulated by means of the STM tip with and without
pulse excitation. However, the outcome of the manipulation is rather different on Cu (111)

and Au (111) confirming the substrate effect on the upper ligand-cerium coordination.

5.5.1 Uncapping the CePcTbPc

By applying a well-defined bias voltage, desorption of the capping-atom from the TbPc; takes
place. Cerium is transferred from the complex to the tip. This manipulation works on both,
isolated and embedded CDD molecules. However, this process is irreversible as applying
higher voltage with opposite polarity does not lead to any Ce drop from the tip to the sam-
ple. Even worse, under such high voltage, molecule fragmentation was observed.

This result confirms the small interaction force between the lanthanide and the TbPc,

molecule. Figure 5.9 shows a constant current image of three molecules, one of them is
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capped with a cerium atom as indicated by the bright protrusion. After gradual increase
of the bias voltage between the tip and the CDD molecule, a remarkable drop of current is
observed at +1.7 V.

It is interesting to notice that after removal of the cerium from the TbPc;, the topography
shows a similar contrast on all the three un-capped molecules suggesting that capping a
double-decker is a fully reversible operation. This result is also confirmed by the STS in-
vestigation after uncapping, since the dI/dV spectrum is identical to the one of a normal
pristine TbPc; molecule (see Figure 3.9). It has to be noticed that in this experiment, the
new Ce-tip does not show any particular contribution in the dI/dV features of the investi-

gated objects.

5.5.2 Hiding cerium (a new way to store information)

When the manipulation is performed on a CDD adsorbed on a Au (111) substrate, the cerium
behaves differently compared to a CDD adsorbed on Cu (111). A pulse of +1.5 V of 50 ms
duration pushed the cerium under the upper ligand of two adjacent molecules as shown in
Figure 5.10. It results in a lifting up of the phenyl rings which appear as two bright pairs of
lobes for every phenyl moiety.

Surprisingly, this process is made reversible by applying a pulse of opposite polarity (-3
V) above the original cerium position. It becomes therefore possible to hide, on request, an
atom under the upper-ligands network of a film formed on a Au (111) substrate.
When the cerium goes underneath the upper ligand of a neighboring molecules, only the
closest phenyls shows an increased height while the other molecules keep their normal in-
plane position. Such stability is consistent with the expected strong inter-molecular interac-
tions in a film. The reversible lifting of the upper ligand proves again the robustness of the
molecular network achieved mainly by the Tb atom. It is noteworthy that this manipulation
is only possible when the cerium atom is capping a B-type molecule due to the weak bond-
ing of the cerium atom on top of the A-type position.
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Fig. 5.10 Manipulation process of a cerium atom adsorbed on Au (111) surface. The manip-
ulation consists in pushing down the capping atom under the neighboring TbPc; molecules
by applying a pulse of +1.5 V during 50 ms above the Ce location. When hidden, the atom
lifts up the phenyl ring of the adjacent molecules leading to the appearance of a brighter
pairs of lobes on topography. When about -3 V are applied at the same location, the process
is reversed.
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5.6 Summary and conclusions

Investigations on the electronic transport of capped TbPc, molecules with cerium atom were
reported in this chapter. The molecular orbitals were investigated in the local basis of the
CDD complexes when adsorbed on various substrates. The interaction between the two lan-
thanides is reported stable and the molecular environment highly dependent on the substrate
nature. On the other hand, DFT calculations allowed the determination of the amount of
charge transferred from the upper ligand towards the cerium upon capping process. More-
over, it made possible an identification of molecular orbitals and determination of the sub-
strate role in both structural and electronic configuration. Interestingly, independently from
the crystal nature, an anti-ferromagnetic coupling between the two lanthanides is found

when analyzing the spin density of the CDD molecules.

STS investigations at the Fermi region on these complexes highlighted a Kondo res-
onance at both, the cerium position and the eight lobes of the host’s upper ligand. This
resonance is observed only on molecules with a skew angle of 45° adsorbed on Au (111).
Contrary to previous case of un-capped molecules where the ZBP was observed on isolated
TbPc; or in a crossing point of a domain, the Kondo peak on a CDD molecule is expected
to originate from the 4 f—electron of the cerium.

The interaction force between the cerium and its hosting molecule is evaluated by means
of atomic manipulation. Interestingly, depending on the substrate nature and molecular do-
main conformation, a different process is observed under similar manipulating conditions.
Indeed, the cerium was removed from an embedded CDD molecule on copper while it
remained at the vicinity of the film on Au (111) substrate. Furthermore, this process is re-

versible which opens a new approach for the information storage.
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SIX

GENESIS OF METAL-PHTHALOCYANINE ON
SURFACES

In this chapter, the formation of metal-phthalocyanine on surfaces are reported. The genesis
of this structure follows multiple steps in which both, theoretical and experimental results
will be discussed. A focus on the electronic properties obtained by DFT will, however, dom-
inate this discussion. The experimental part was mainly carried out by Dr. K. Shawulienu!
using scanning tunneling microscope.[1, 2] DFT calculations were performed to establish
both intermolecular and metal-molecule interactions responsible for the formation of either
TCNB layer or Fe(TCNB)4 complex through an intermediate state.

Self-assembling of 1,2,4,5-Tetracyanobenzene (TCNB, C9N4H,) molecules will be dis-
cussed as well as its two steps coordination path with Fe atom on a Au (111) surface.

6.1 DFT calculation

All calculations presented in this chapter were performed with Car-Parinello molecular dy-
namics program (CPMD)[3] using first principle molecular dynamics within the framework
of the density functional theory (DFT)[4]. The simulation was implemented with Born-
Oppenheimer Molecular Dynamics approach when dynamics were needed.[5]

Valence electrons were explicitly treated and expanded in a plane-wave basis set with 70 Ry
energy cut-off. All elements (Fe, C, N and H) were described in terms of norm-conserving
Troullier-Martin’s pseudo-potentials[6, 7]. Semi-core metal definition was used to account

the valence-core interactions. Simulation was complemented with the Becke’s & Lee-Yang-

'Dr. Kezilebieke Shawulienu, AALTO university, PO Box 11000 FI-00076 AALTO, Finland. (Temporary
address)
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Parr exchange correlation quantum chemistry functional (BLYP)[8, 9]. The Grimme’s em-
pirical approach was used to introduce the Van Der Waals dispersion forces[10].
Convergence limits were set at 1.107> and 2.10~* for orbital and geometry optimization re-
spectively. Preconditioned conjugate gradients (PCG) method was used for the wave func-
tions optimization[11], direct inversion in the iterative subspace (GDIIS) method was also
used for the geometry optimization.[12]

Ions temperature was controlled by means of a Nosé-Hoover thermostat with a frequency
energy of 200 cm™1.[13, 14]

6.2 From TCNB to Fe-4(TCNB)

6.2.1 1,2,4,5-Tetracyanobenzene

Tetracyano derivatives (TCNE, TCNP, TCNQ and TCNB) were extensively studied by scan-
ning tunneling microscopy on various substrates[1, 2, 15-23], among them the common
phthalocyanine derivatives. The 1,2,4,5-Tetracyanobenzene (TCNB, Figure 6.1(a)) has a
simple chemical structure which makes it suitable for both monolayer growth and surface
science investigations. When part of a monolayer, this molecule adopts an in-plane adsorp-
tion configuration through 7-stacking with the surface atoms. However, these 7 electrons
weakly interact with the substrate compared to the hydrogen bonding C-N---H-C. In con-
sequence, the formation of coordination bonds with Au (111) substrate atoms as it was
seen with TCNQ molecules[24] is prevented leading to a well ordered mono-molecular
layer as depicted by topography image in Figure 6.3(a). Au (111) herringbone reconstruc-
tion is weakly perturbed by the TCNB monolayer, which is a signature of small interac-
tions between molecules and gold surface. A recent communication reported an inter-
dependence between intermolecular and molecule-surface interactions. Indeed, when the
inter-molecular interactions grow stronger, the molecule-substrate gets weaker.[25]. TCNB
monolayers self-assembling is stabilized by the H-bond where the N- - - H distance is found
equal to 2.5 A which is typical value of intermolecular H bounding. [26, 27]

Figure 6.1(a) shows a visualisation of gas phase relaxed TCNB molecule performed
by DFT calculation. Four C=N groups are connected via four benzene carbons creating
therefore a Dy, group symmetry. Figure 6.1(b) and 6.1(c) depict respectively both highest
occupied and lowest unoccupied molecular orbitals (HOMO and LUMO) which were cal-
culated on the gas phase relaxed structure of Figure 6.1(a). Important is to note that none
of these orbitals is located on the central C-H elements. These HOMO and LUMO orbitals
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a::: b,ﬁ‘ ‘@
Fig. 6.1 Visualisation of (a)TCNB molecule relaxed by DFT calculation. Molecular orbitals

HOMO at -4.78 eV and LUMO at -4.57 eV are represented in (b) and (c) respectively with
an isovalue of 0.02 e/A>. Chemical potential is positioned at -4.77 eV.

are separated by 3.24 eV which correspond to the energy gap which define the necessary

energy to transfer one electron from an occupied state (valence band) to an unoccupied state

(conduction band). TCNB energy diagram in represented in Figure 6.2. These values are in

agreement with UV-vis absorption spectra measurements as previously reported. [28, 29]
Experimentally, TCNB molecules were deposited by evap-

oration on a pristine Au (111) substrate kept at room tem-

perature. Extended monolayer network was formed when the
evaporation rate was large enough as shown in Figure 6.3(a). |
TCNB self-assembling forms a hexagonal unit cell with the
following parameters: | @) |=| @ |~ 0.8nm, a ~ 87° as indi-
cated in the inset image shown in Figure 6.3(a).

The charge transfer is found to be equal to 0.06 e/molecule
which is a clear indication of neutrality of TCNB molecules 8l —
on gold leading to assume that these film molecules are ph-
ysisorbed on Au (111) surface. The Au (111) Shockley surface

states are shifted upwards by +87 meV as expected according

Fig. 6.2 TCNB energy dia-

f d h f a TCNB molecule sh gram with HOMOs (plain)
trum performed over the center of a molecule shows a and LUMOs (dashed). Ep

to various reports on similar systems[30, 31]. The dI/dV spec-

pronounced peak at +1.8 eV attributed to the LUMO. is determined at -7.41 eV,

6.2.2 Dosing TCNB layer with Fe

Surface assisted self assembling has been extensively investigated with a promising results
for a controlled polymerization.[32-34] However, its relative steric hindrance induced by the
inter-molecular interactions is poorly addressed. In the present work, through a combined
evaporation of Fe atoms and TCNB molecules on Au (111), the self-assembling process is

investigated by STS at each step towards the formation of the final molecular complex.
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Fig. 6.3 a) topographic image of TCNB monolayer on Au (111) substrate. The herringbone
reconstruction is still visible in the main image. The inset image is an enhanced SM topog-
raphy showing the lattice vectors marked by @) and @> such as @] = a> ~ 0.8nm and o ~87°.
b) representation of a TCNB monolayer.

Careful evaporation of Fe atoms on pristine TCNB monolayer led to the formation of Fe-
4(TCNB) structures on Au (111) surface. For each iron atom, four next neighbouring TCNB
molecules will rearrange to accommodate Fe atom presence as shown in Figure 6.4. The
layer cell dimensions (| a7 |, | @ | and @) are left unchanged when the metal is inserted in a
unit cell which is composed of one Fe and four TCNB molecules. Only one rotation of 90°
is observed on TCNB molecules in order host the ad-atom taking into account the repulsive
C-N---N-C interactions between neighbouring molecules. This new structure has a Dy,
symmetry with respect to Fe atom. Due to the Dy, symmetry of the TCNB molecule, and
depending on which C=N groups are pointing towards the Fe atom, a chirality is observed
for each Fe-4(TCNB) structure as shown in Figure 6.4(b). For extensive Fe deposition on a
TCNB monolayer, domains of this new chiral structure are created inside the primary TCNB
network. It has to be noticed that the chirality orientation (clockwise or anti-clockwise) is
reported on each neighbouring structures due to the confined Fe-4(TCNB) area driven by
the C-N- - - N-C repulsion and undoped surrounding TCNB molecules. Further in this chap-
ter, this Fe-4(TCNB) structure will be referred to, as the confined structure.

Without an adsorbate, the structure follows an out of plane bending trend due to steric
repulsion and obvious reasons of three-dimensional relaxation. In order to avoid such ef-
fects result of adsorbate absence, corresponding calculations did not take into account the
molecular dynamic process. Thus only simple wave function and geometry optimizations
were performed in order to obtain the electronic properties and atomic optimized positions.
Electronic density distribution calculation shows that up to an isovalue of 2.10*26.A_3, a
very small overlap between the metal atom and two TCNBs through the C=N group over

four is seen (Figure 6.4(a)), while all the neighbour nitrogens are equidistant from Fe (about
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Fig. 6.4 a) anti-clockwise confined structure model, the unit cell is represented in the top
right side of the image. Electronic density distribution is shown in red web over three unit
cells of Fe-4(TCNB). (b) and (c) show respectively the clockwise and anticlockwise images
obtained experimentally by STM.

2.72 A as shown in table of distances in Appendix 3). This strong binding accounts for the
stable interaction between TCNB and Fe which then is expected to be in a +II oxidation
state. Face-to-face nitrogen atoms do not show any electronic density overlap as no elec-
tronic overlap (red cloud in Figure 6.4(a)) are observed. It translates into a negligible steric
repulsion among the TCNB molecular blocks, conferring stability to this pattern.
Concerning hydrogen bounds, each C-H group pointing towards an N site of a neighbouring
ligand correspond to a distance of 3.46A, a C-N---H-C distance of 2.35A and a bound-
ing angle of C.H.N = 160°. These values are close to typical H-bounding reported in
literature[35].

dl/dV spectroscopy taken above an embedded Fe atom inside a TCNB domain is sim-
ilar to the one taken on bare Fe/Au (111)[1] as they both show a localization of the Au
(111) Shockley surface state at -500 meV. Furthermore, when the spectroscopy is taken on a
TCNB in the Fe-4(TCNB) structure, similar shift of +87 meV as undoped TCNB layer is ob-
served. Knowing that Shockley surface states are very sensitive to interface modifications,
these two results indicate the non-coordination between the metal and TCNB molecules,
even if the Fe-4(TCNB) is stable on the substrate. Thus it supports the assumption of using
our calculations on gas phase mode as the only role of the surface in this case is to provide

layers in-plane stability.
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Fig. 6.5 a) Fe(TCNB)4 monomer (relaxed structure) and its corresponding electronic distri-

bution at the isovalue of 2.10~2¢/ A b) Topographic image of relaxed structure obtained
at[=0.2 nA and V=+1V

6.3 Thermally activated Fe(TCNB),

When thermally activated?, Fe-4(TCNB) structure relaxes toward a lower local minimum,
the four next nitrogens will then coordinate to Fe atom to form a new structure noted
Fe(TCNB)4. This new molecule possesses a higher Fe.N.C bond angle (180°) compared
to the confined structure as depicted in Figure 6.5(a). Interestingly, the unit cell is then oc-
cupying more space where the cell parameters are extended to 1.55 + 0.1 nm compared to
the confined structure (1.40 & 0.1 nm).

Electron density distribution as depicted in red cloud in Figure 6.5 shows a clear electronic
exchange between the metal ion and its four ligands. Actually, it appears that the Fe d-
orbitals are strongly hybridized with the next nitrogens p-orbitals. In this structure, the
formation of a tight Fe-N coordination bound is also observed. In addition Figure 6.5(b)
enhances the chirality disappearance upon STM topographic imaging of the structure after

thermal activation while it still does exist in the geometrical structure.

6.3.1 Valence and charge properties

From Table 6.1 it is obvious that when evolving from a confined structure to a relaxed phase,
the valence remains unchanged for all elements except for Fe. As expected, a change in va-
lence from O to 2 is observed in the metal. Indeed, coordination of Fe with four TCNB
ligands induces a metal oxidation to form Fe(TCNB)4 structure, characterized by Fe-N dis-
tances [36] (1.86 A). Compared to the confined structure where the ligand do not coordinate

the Fe atom, the Fe-N distance decreases as expected in the case of coordination complex.

>Thermal activation can either be done by leaving the sample at room temperature for several hours or by
controlling the heating up to higher temperatures for a shorter amount of time.
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Table 6.1 Mulliken charge distribution and valence of main sites for both confined and
relaxed structures. Depicted values are averaged on equivalent atoms. C(1%) and C(2"%)
denote the first and second next neighbour carbon atoms to Fe respectively along the Fe-N-
C-C chain.

Confined structure Relaxed structure

Element Mulliken Valence || Mulliken Valence
Fe 1.958 0 3.063 2.094
N -0.095 2.897 -0.379 2.938

C(1°) 0.158 3.838 0.171 3.790
C(2") 0.064 3.904 0.044 3.858

[22, 23]

Charge distribution analysis gives more insight into the electronic properties of Fe(TCNB)4,
a total charge transfer of -1 e | occurs from the metal atom to the four coordinating organic
ligands. This charge becomes delocalized and distributed all over TCNB ligands. More-
over, a comparative analysis confirms this result through the Mulliken charges (see Table
6.1) where about -0.28| ¢ | are donated to each N atom.

Energy diagram of the complex as obtained upon diagonalization of the Kohn-Sham
Hamiltonian is shown in Figure 6.6, the HOMO-LUMO gap becomes of 2.4 eV, which is
smaller than what is found for the bare TCNB layer (3.23 eV).

DOS were calculated at the end of molecular dynamics relaxation on a gas phase state.
As explained earlier, the absence of substrate in this calculation should not affect the re-
sults since the interaction with the substrate is weak compared to the coordination binding.
Furthermore, it has been experimentally proven that Fe atom slightly lifts up from the sur-
face when it coordinates with the 4 TCNBs[1]. In this calculation, molecular dynamics did
not affect significantly the molecular elements out of plane movement and the structure re-

mained mainly planar.
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Fig. 6.6 Energy diagram of relaxed structure Fe(TCNB),, calculation in this model took into
account the spin polarisation because of the presence of the metal ion shown in up and down
arrows. HOMO and LUMO projections are represented in left and right side of the diagram
respectively. Red color denotes the spin up while green color denotes the spin down.
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Fig. 6.7 Projected density of states of a relaxed structure. Left panel shows the projection
on ajg and e, orbitals that are sensitive to STM measurements along with the total d-states
contribution. Right panel is the PDOS of 7, orbitals. The straight lines correspond to the
upper spins projection while the dotted lines correspond to their bottom spins counter parts.
A significant shift between the two spins contributes to the broadening of the total DOS for
non spin polarized spectroscopy.
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6.3.2 Density of states

When the DOS are projected over both, aj, and e, orbitals, a set of peaks (absent in the
experimental spectra within the same range) will appear. However only the out of plane
orbitals are visible using STS measurements, thus partial DOS (PDOS) as projected over
a1, and e, orbitals is presented in Figure 6.7(a). The e, orbitals are dominant in the HOMO
and HOMO-1 orbitals while a;, is dominant in the HOMO-2, LUMO and LUMO+1. Fur-
thermore, a small energy shift between the upper and bottom spins is observed.

In addition, the ty, is presented in Figure 6.7(b) as d,y, and dxz_yz. Their contribution
is not negligible in the global DOS, however their in-plane distribution only allow them to

contribute to the Fe-N bound. Moreover these orbitals are invisible in experimental STS.

Although the total spin of the system is equal to 0, its spatial dis-
tribution, shown in terms of spin density (Figure 6.8)is localized on
specific regions of the Fe(TCNB)4. Namely, all the spin-up amplitude
is localized on top of Fe, whereas the spin-down amplitude is spread
on the ligands. This gives a global antiferromagnetic character to the
molecule.

Moreover, the spin-down component repartition on the four ligands is

characterized by a well-defined pattern covering half of the TCNB moi-
ety. It adds a chirality character to what can be seen in topographic im- Fig. 6.8 Spin den-
ages. The spin distribution character on top of the Fe center is a d» as sity  distribution

observed by its geometrical shape (Yellow contribution in Figure 6.8) of the Fe(TCNB)4
complex with

. ) . o isovalue 0.01
functions. More specifically, the HOMO level is the one contributing /33

and confirmed by projecting the Kohn-Sham orbitals onto atomic wave

mainly to this d > orbital; as a consequence, they do not participate to

the planar Fe-N-C- - - bonds and account for the spin sign of the metal.

6.4 On-surface synthesis of FePc by covalent self-assembly

Larger Fe deposition amount on a TCNB monolayer at the rate of 2:1 followed by an an-
nealing up to 450 K leads to the formation of a fully reticulated Fe-(TCNB), monolayer
as presented in topography image in Figure 6.9(a). These networks have shown similar
behavior on Au (111) and Ag (100) substrates indicating that the coordination network is

relatively independent of the substrate nature. This confirms the low monolayer-substrate
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Fig. 6.9 a) STM topography image showing extended network of Fe-(TCNB), on Au (111)
substrate. b) depict a larger image where the unit cell vectors a1 = a> = 1.15 + 0.10nm
are superimposed with red arrows. Tunneling parameters for a) and b) were I= 0.2 nA and
V=-0.9 V. ¢) Corresponding schematics of the network with a clockwise chirality. d) and
e) Comparison of dI/dV spectroscopy taken on the Fe(TCNB), network and FePc molecule
on Au (111) surface under similar conditions (I= 0.2 nA and V= -0.7 V). In a) the tip was
positioned above the metal ion, in b) the tip was positioned above the ligand or the lobe.
Work published in [2]

interactions as previously observed on Fe-(TCNB), (see section 6.3).

The Fe-(TCNB); has a periodic square lattice with the following parameters a; = a, =
1.15 £ 0.10nm and o = 90° as shown in Figure 6.9(b). The estimated Fe-N coordination
distance from topography images is of about 1.8 A with a FeNC angle of 180° which is sim-
ilar to the relaxed structure (see Figure 6.5). The TCNB C, symmetry lead to two distinct
chiralities in a domain, Figure 6.9(c) depict a clockwise Fe-(TCNB), rotation.

In order to obtain a clear sight into the coordinated network, both Fe-(TCNB), and FePc
molecules® were investigated when formed/adsorbed on a Au (111) surface. The metal atom
in the Fe-(TCNB), molecule is coordinated to four nitrogens of four distinct TCNB ligands,

3FePc are commercially available and bought from Alfa Aesar.
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which is a similar environment as FePc where the metal ion is coordinated to four pyrrole
nitrogens of the Pc ligand. Thus the electronic investigations on these two structures should
lead to a better understanding of the coordination process of such complexes.

STS measurements performed on both structures at the Fe location are presented in Figure
6.9(d), they reveal several similarities in the conductance signals indicating a similar elec-
tronic environment for both systems. They both depict a feature at -790 meV when the tip
is positioned above the metal atom which is attributed to the dy (d; and d,,) orbitals. More-
over, the induced surface states are reproduced on the two systems at -380 meV leading to
conclude that the Fe atom has similar hybridization with the Au (111) electronic s and p
surface states.

On the other hand, STS recorded on the ligand (Figure 6.9(e)) depict a HOMO orbital at -760
meV and -720 meV on Fe-(TCNB), network and FePc molecule respectively. A LUMO,
on the positive bias voltage, is observed at about +490 meV and +500 meV on Fe-(TCNB),
and FePc respectively. The HOMO-LUMO gap is therefore similar in both cases with about
1.2 eV separation energy. All these features are summarized in Table 6.2.

DFT calculations were performed for FePc™ and Fe-(TCNB), molecules to rationalize
the experimental observations and gather a better understanding of the electronic modifica-
tions. FePc™ was chosen to get closer to the adsorbed situation of the molecule on a noble
metal substrate. The resulting projected density of states (PDOS) are presented in Figure
6.10.

FePc™ depicts three d-orbital contributions in the calculated PDOS within -1 to +1 eV.
One peak is positioned at the occupied states at -450 meV, it is ascribed to a dy,-orbital. A
second peak is observed at the empty states with an energy of +250 meV, it corresponds to a
dy orbitals (dy; and dy,) which are, therefore, positioned slightly below the LUMO observed
in STS measurement. A third resonance positioned at the Fermi region corresponds to a

d»-orbital, this partially or fully filled orbital is close in energy to peak no.5 observed by

Table 6.2 Summary of common peak positions for both FePc and Fe-(TCNB); on Au (111)
substrate. Work published in [2].

Peak no. FePc (meV) Fe-(TCNB), (meV)

dr 2 -790 -790
HOMO 3 -720 -760
ST 4 -380 -380
d, 5 -170 -
Kondo 6 yes no
LUMO 7 +500 +490
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Fig. 6.10 Spin resolved projected density of states of FePc™ (left) and Fe-(TCNB), (right)
onto different d-orbitals. The insets show the spin density isosurfaces for an electron density
of 0.004e.A~3. Work published in [2]

STS in Figure 6.9(d).

PDOS of a Fe-(TCNB), gas phase molecule shows that its d; orbitals situated at -850
meV reproduces well the experimentally observed peak no. 2 (-790 meV). d > resonance is,
in this case, positioned above the Fermi level indicating an empty orbital contrary to what
have been observed on FePc™. This d .-orbital filling difference explains the reason why
the Kondo resonance is no more apparent in the Fe-(TCNB), in contrary to FePc™.
Corresponding spin densities are shown in the insets of Figure 6.10, as expected the total
spin S=1 in FePc™ is located on the Fe atom with marginal distribution of the opposite spin
on the next neighbors nitrogens. In contrary, the Fe-(TCNB), depicts a lower localization at
the metal ion (S=0.68) as a non negligible part of the spin is spread among the four TCNB
ligands.

Higher annealing temperature (up to 550 K for 3 minutes) induces the first stage poly-
merization by reducing the inter-molecular coordinations. Octacyano-FePc [FePc(CN)g]
units are therefore formed as presented in Figure 6.11 (a-c). The molecular density reduc-
tion on this second annealing process, is induced by the originally coordinated to Fe, TCNB
desorption from the substrate thus lowering the extension of pre-polymerized FePc(CN)g
monolayer.

STS investigation on this novel structure (Figure 6.11 (d-e)) reveals a more comparable
conductance variation with the FePc in contrast with the Fe-(TCNB),. More interestingly,
FePc(CN)g complex depicts a Kondo resonance as a peak is visible in dI/dV spectroscopy

of Figure 6.11(d). This indicates that similar magnetic behavior occurs between FePc and
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Fig. 6.11 a) and b) STM topography image showing FePc(CN)g units after annealing the
Fe-(TCNB); network up to 550 K obtained at I= 1.8 nA and V= -0.9 V. These molecules
correspond to a pre-phase of polymerization. c¢) Schematics of four FePc(CN)g assembly.
Notice the re-orientation of TCNB ligands compared to the network, where the chirality
disappears. d) dI/dV spectra recorded above the Fe atom in both, FePc(CN)g and FePc
molecules (at I= 0.2 nA and -0.5 V). e) PDOS of FePc (top) and FePc(CN)g (bottom) on
d-orbitals. Similar behavior is obtained which indicates a similar electronic environment for
the Fe atom in both systems. Work published in [2]

FePc(CN)g. Indeed, PDOS of both structures reveals the exact same electronic distribution
which indicates that the Fe surrounding does not modify its orbital configuration at this

level, thus, the magnetic moment and spin state remain similar in both structures.

6.5 Specific calculation parameters

TCNB

Gas phase calculation on single TCNB molecule was performed within an isolated super-
cell and initial geometry positions were taken from literature.[37] Cell dimensions were
intentionally taken large enough in order to neglect any boundary conditions. The structure
was relaxed by means of molecular dynamics up to a temperature of 150 K. The purely or-

ganic composition of small amount of this molecule allow such low relaxation temperatures.
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Furthermore no magnetic effect or spin polarization are expected, thus no local spin density

analysis was performed.

Fe-4(TCNB) (confined structure)

The initial structure of Fe-4(TCNB) was generated with the ChemSketch software using
a relaxed TCNB molecule as mentioned above. Due to heavy calculation process for the
confined structure, a very basic calculation was performed. As shown in the top right of
Figure 6.4(a) the unit cell is inserted in an orthorhombic super-cell with boundary conditions
and energy cut-off of 80 Ry. | ai |, | @ | box vector lengths were adjusted at each calculation
step in order to optimize the distances for periodicity. The perpendicular to plane | a3 |
direction was kept long and unchanged since no boundary conditions should be applied

on z-direction. The final convergent box size (which also corresponds to the unit cell) is
16.31¥16.31%30 A,

Fe(TCNB)4 (relaxed structure)

More developed calculations were performed for the free Fe(TCNB)4 complex (see Figure
6.4). The structure was placed inside an isolated orthorhombic cell with a fixed size of
30%30%20 A without periodic boundaries and an energy cut-off of 80 Ry. An initial heat-
ing up to 170 K was performed in order to efficiently relax the molecule, it was then cooled

down to 5K to be compared with experimental results obtained at the same temperature.

Fe-(TCNB),, FePc and FePc™

Calculations performed on Fe-(TCNB),, FePc and FePc™ were mainly carried out by Dr.
Abel Mathieu* using SIESTA package. The wave function of the valence electrons is ex-
panded on a double-{ plus polarization basis set for each atom.[38, 39] The core elec-
trons are treated within the frozen core approximation in which norm-conserving Troullier-
Martins pseudopotentials were used.[6] The exchange-correlation energy is treated within
the generalized gradient approximation (GGA) using parametrization proposed by Perdew-
Burke- Ernzerhof.[40] In this study, spin polarized calculations are done on molecules in a

gas phase configurations with a fixed total spin of S=1 that corresponds to the most stable

4Dr. Abel Mathieu, IM2NP, CNRS UMR 7334, Université Aix-Marseille, campus St-Jérome, case 142,
F-13397 Marseille Cedex 20. France
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configuration. A k grid (4*4*1) was used in the case of Fe(TCNB),, and (1*1*1) was used

for the calculations of isolated FePc molecules.

Electronic properties

Density of states is obtained after calculating Kohn-Sham energies and its corresponding
orbitals. Up to thirteen empty states were added, however only five of them succeeded in
reaching the desired convergence. Wavefunctions were then projected onto different basis
(S, Px> Pys Pz dxy....) to calculate each orbital contribution at each Kohn-Sham energy.

6.6 Summary and conclusion

This chapter was devoted to the on-surface genesis of iron phthalocyanine from a simple
TCNB molecule. Sequential deposition of TCNB molecules and Fe atoms on Au (111) sur-
face led to the formation of a well ordered and confined Fe-4(TCNB) phase. This complex
depicts unusual bond angles that prevent the structure from reaching its most stable state.

It is demonstrated that a new ordered Fe(TCNB)4s monomer is formed upon thermal acti-
vation which structure is more relaxed and occupies a larger space compared to the initial
state. STS investigations showed a clear signature of metal-organic coordination which is
in full agreement with the Mulliken analysis obtained by DFT calculations at every step.

At last, on-surface synthesis of FePc was obtained by annealing the covalent self-assembly
of TCNB and Fe at 550 K. The obtained structure was identified by topological and elec-
tronic investigations. It showed a d > peak and a Kondo resonance under dI/dV spectroscopy
which is a clear signature of FePc molecule.

The procedure presented here offers a promising method for the interpretation of dI/dV
spectra of similar self-assembled systems. The ability of controlling the covalent bond for-
mation on metal surfaces allows to extend the concept to polymerization of metal-phthalocyanine
sheets.
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GENERAL CONCLUSION

Implementation of nano-objects based on organic materials in electronics allows a large
expansion of the molecular spintronics field. Ambitious results lead scientists to believe
in a fully functioning quantum computing devices within the next decades. The research
presented in this thesis focused on single molecular magnets based on lanthanides. These
molecules depict a large high spin ground state and easy axis magnetic anisotropy. Interac-
tions of this structure with other molecules and lanthanides on various substrates have been

investigated.

After a brief introduction to the aim and motivations of this work, this thesis presented
in a first chapter a short theoretical overview. It aims to introduce to some fundamentals of
molecular magnetism, in particular to effects observed experimentally. A very short intro-
duction to the ligand field theory is also given in this chapter in order to explain the mag-
netism of the terbium double-decker molecule. Also, a detailed background to the Kondo
physics, which is a key results in this thesis, is explained by means of Anderson model and
Fano resonance.

Second chapter of this thesis gives the first principles of the scanning tunneling microscopy.
At first, a detailed theoretical approach to the tunneling effect leading to the detection of
tunneling current in STM is given, it is followed by the principles of current detection and
tunneling spectroscopy analysis. Then, the STM apparatus is presented with its various ex-

perimental approaches and proper working conditions.

In this work, the terbium double-decker molecule was chosen for its ability to show a
very large anisotropy barrier and prominent hysteresis. This structure is widely investigated
by multiple approaches, however its electronic and magnetic properties still remain obscure
and needs further knowledge. Herein, experiments focused on these properties with respect

to the molecular environment.



An extensive investigation was carried by a combination of the experimental approach using
a scanning tunneling microscopy and a theoretical investigation by means of DFT calcula-
tions. The molecule-substrate interactions is a fundamental factor in the molecular scale

investigations, in order to satisfy a wide range of interactions, various adsorbates were used.

The following chapters investigate the properties of a single molecule and a molecule
embedded in a domain. Single TbPc; molecules adapt their adsorption site and orientation
following the bottom phthalocyanine’s interaction with the substrate. As expected for low
reactive substrates like gold or silver, the molecules have a longer diffusion path compared
to more reactive substrates (cobalt or copper). Supported by DFT calculations, the substrate-
molecule distance increases by 60% when going from Cu (111) to Au (111), this decoupling
is transferred to the electronic properties of the molecules as explained in the fourth chapter.
On gold substrate, a supplementary electron occupies the w—orbitals of the upper ligand,
this electron carries a spin 1/2 which becomes a source of diffusion of conduction electrons.
This behavior is observed by a Kondo resonance with a temperature Tx = 37 K at the eight

lobes of the TbPc;, upper phthalocyanine.

Below a certain inter-molecular distance (which depends on the substrate), the proxim-
ity of other molecules will develop a non-covalent interactions between the ligands. These
interactions are strongly dependent on the substrate nature as various domain configura-
tions are observed in the fifth chapter of this thesis. Results led to draw an overview of the
conformation on Au (111), Ag (111) and Cu (111) substrates. Furthermore, a molecular
density variation is induced and an intra-molecular geometrical modification occurs when
the film grows on a gold substrate. This is observed by a skew angle reduction between
the two molecular ligands from 45° to 30° for moiety of molecules. As consequence, a
TbPc; monolayer on Au (111) becomes less dense compared to the Cu (111) substrate.
This structural modification affects the magnetic properties of the molecules. The Kondo
resonance, previously observed on the eight lobes of the un-capped TbPc,, is now observed
only on the crossing points where four molecules in a domain meet. This variation is induced
by the inter-molecular interactions, they affect the behavior of the supplementary electron by
localizing it in space. Thus for a dimer, no Kondo resonance is observed because of pairing
between two supplementary mw—electrons while on a larger island, the magnetic resonance
progressively locates at the center of the island and appears with a resonance temperature
that decreases with respect to the island size. The Kondo temperature drops from 37 K for
single molecules to 22 K for a film. This is explained by the fact that less electrons are

available for the screening process because of the presence of a decoupling layer formed by



the upper ligands.

In order to get further information of the role of the T—electrons in the coupling between
different spin systems in SMM, a cerium atom is placed on the top of the TbPc; structure.
Investigations on this new complex are summarized in the fifth chapter of this thesis. This
second lanthanide bonds covalently to the upper phthalocyanine creating a semi-stable struc-
ture. Indeed, only one electron is shared between the atom and the host molecule. Atomic
manipulations at the cerium position revealed a very weak interaction as it is possible to re-
move cerium from a molecule adsorbed on Cu (111) by applying a bias voltage of ~ 1.7 V.
Interestingly, when adsorbed on Au (111) substrate the cerium can be hidden under the first
Pc layer of the film when ~ 1.5 V is applied between the tip and the molecule. This process
is found reversible under different conditions opening a new consideration for information
storage based only on geometrical configuration.

STS investigations reveals a Kondo resonance at the Fermi region of Tx = 30K, this peak is
expected to originate from the 4 f —electron carried by the cerium atom. Furthermore, it is
observed only on a A-type CDD molecule adsorbed on Au (111).

DFT calculations highlight an indirect exchange between the two lanthanides generating an
anti-ferromagnetic coupling. This observation is almost totally independent from the sub-
strate nature as similar charge transfer is observed between the terbium and the cerium on

all substrates.

Parallel to the main subject, additional work has been carried out on the genesis of FePc
molecules from simple TCNB molecules. It was shown in the last chapter of this thesis that
by co-depositing TCNB molecules and Fe atoms on a Au (111) surface, it is possible to
form a FePc molecule.

First experiments led to the formation of Fe(TCNB)4 monomers. A non-covalent bounding
is obtained after a deposition of Fe atoms with a ratio of 1:4 with a majority of molecules,
this state shows two separate STS signatures where every element (TCNB or Fe) depict a
spectroscopy as if it was singly adsorbed on the crystal. This indicates that no electronic
modification occurred at the atomic/molecular level. After a thermal activation, the iron
atom coordinates with the four surrounding molecules through a Fe-N covalent bond. The
STS in this case shows a localization of the d_>—states at the Fe location. DFT calculations
support these results and find a charge transfer of -0.28 |e| donated from the metal to the
molecule.

When the initial deposition ratio is increased to 1:2 (with a majority of TCNB) followed
by an annealing of 450 K, a fully reticulated Fe(TCNB), network is formed. STS inves-



tigations on this new system reveals multiple orbital similarities with the spectroscopy of
a FePc molecule indicating a similar electronic environment for both systems. However, a
Kondo resonance which is present on FePc is absent in the Fe(TCNB), network because of
a different d > —orbital filling. Indeed, this orbital is found above the Fermi level on the net-
work while it is filled with one electron in FePc molecules, allowing a conduction electron
scattering.

Higher annealing to 550 K of the Fe(TCNB), network led to the formation of Ocatacyano-
FePc molecules which consist of a pre-polymerization stage. The inter-molecular bondings
are reduced and the complexes depict a layer of what seems to be isolated monomers. Fur-
thermore, STS investigations reveal in this case a Kondo resonance on the Octacyano-FePc
similar to a simple FePc indicating a similar magnetic moment and spin state of the two
structures.

Therefore the genesis of the FePc molecule is revealed by self-assembling on surface of Fe
atoms and TCNB molecules. This procedure offers a promising method for the interpreta-

tion of spectroscopic data of similar self-assembled molecules.



APPENDICES



When H;Pc molecule is adsorbed on Cu (100) substrate its phenyl rings are asymmetri-
cally adsorbed on the copper layer. In one case, more Cu atoms are underneath the left side

of the phenyl while in a second case, they are superior in the right side of the phenyl. See
Figure 12.

Fig. 12 Model (up) and calculated (bottom) electronic distribution of H,Pc molecule ad-
sorbed on Cu (100) surface. A clockwise (left) and anticlockwise (right) chirality is
observed when simulating a tunneling topography. The model where the phenyl rings
are adsorbed with their left part laying on more Cu atoms compared to their right
part is represented in the left. The mirror symmetric adsorption is shown in the right
part. Juan Liu et al. Positioning and Switching Phthalocyanine Molecules on a Cu(100)
Surface at Room Temperature. ACS Nano, 8(12):12734—12740 (2014)




The dI/dV spectroscopy recorded above a lobe of TbPc, molecule shows some similar-
ities when the substrate nature is modified. Indeed, the global shape remains similar in the
negative energies (HOMOs) as only one large peak is observed, see Figure 13. This peak
also depicts a shift to higher energies (away for the Fermi energy) which is expected given
the modification in the substrate reactivity (Co>Cu>Ag>Au). This is also reported on the
LUMO orbitals as only Au (111) and Ag (111) led the appearance of empty states while the

other substrates seem to push it away from Er.

dl/dV on lobe

HOMO :

ThPc,/Au (111)

dl/dV (Arb. units)

0 TbPc jcu (111)
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1000 -500 0 500 1000
E-E. (meV)

Fig. 13 dI/dV spectroscopies recorded above a lobe of single TbPc, molecule adsorbed on
four different substrates from bottom to top: Co-island, Cu (111), Ag (111) and Au (111).
HOMO position is shifted toward the Fermi level as the substrate reactivity decreases as
indicated by vertical line.



When a TbPcy molecule adsorbs on Cu (111) substrate filled with Co-islands, the molecule
tends to locate preferentially at the islands edge as observed in Figure 14(a). However, when
it comes to an adsorption above the island, multiple protrusions are observed they corre-
spond to a fragmentation of the TbPc, because of the high reactivity of the copper.

A dI/dV spectroscopy shows similar features on all the molecule as shown in Figure 14(c).
However, on lobe, the third peak representing the HOMO-2 as well as HOMO-1 is shifted

towards the Fermi level. On the other side, the LUMO remains at the same position all over
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Fig. 14 a) Topographic image of TbPc, molecules adsorbed on a cobalt island grown on Cu
(111) surface. b) profile analysis of a two TbPc, molecules, one is adsorbed on the island
while the other is adjacent to the island as presented in dotted lines in topography image.
The apparent height of the molecule is of ~ 2.5 A. ¢) STS spectroscopy recorded above the
center, pyrrole and lobe of a double decker molecule adsorbed on a Co-island.



STS spectroscopy recorded above an isolated double-decker molecule on Au (111) sub-
strate shows a different dI/dV spectra compared to the one in a domain as shown in Figure
15. This difference highlights the inter-molecular interaction at the local basis of a single
molecule. Furthermore, none of the two molecular types on Au (111) have a similar (or
even close) STS shape to the isolated molecule which indicates a total modification of the
molecular orbitals of a TbPc, molecule when it forms a molecular layer.

Isolated molecule Domain molecule

—A-Type (45°)
— B-Type (30°)

dl/dV (Arb. unit)
dl/dV (Arb. units)
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Fig. 15 Comparison between the STS obtained in single TbPc, molecule (left) and a
molecule embedded in a domain (right). Both structures are adsorbed on Au (111) sub-
strate.



When a TbPc; molecule on Au (111) (domain) is capped with a cerium atom, the molec-
ular orbitals become modified such as a larger HOMO-LUMO gap is observed in both A-
and B-type molecules. A comparative view of the STS of both molecular types when the

molecule is capped or not is presented in Figure 16.
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Fig. 16 dI/dV spectroscopy recorded above the center of both TbPc, and CDD molecule
adsorbed on Au (111) is shown in a comparative way. The two molecular types are shown
as indicated in the plots.



Table 3 shows the main atom-atom calculated distances in both relaxed and confined Fe-
(TCNB)4 structures which are in good agreement with experimental measurements. The
Mayer bond and the inter-atomic distance variations highlights the modification of the struc-
ture before and after thermal activation.

Confined structure Relaxed structure
Mayer bond Distance (A) Mayer bond  Distance (A)
Fe-N - 2.6 0.32 —+ 0.38 1.86
C-N 2.72 1.16 242 1.17
H-N - 23 0.014 — 0.054 2225

Table 4 presents the orbital position of the relaxed structure (by DFT) and the occupation
level for the four highest occupied and the four lowest unoccupied orbitals. Up arrow de-
notes the spin up distribution while their counter part spin down, are represented by a down

arrow.
1 T

energy (eV) | occupation || energy (eV) | occupation
-5.73 1 -5.80 1
-5.20 1 -5.31 1
-5.18 1 -5.29 1
-4.77 1 -4.84 1
-4.57 0 -4.55 0
-4.33 0 -4.32 0
-4.01 0 -4.05 0
-3.99 0 -4.02 0



















