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Abstract

0.1 Introduction : Contexte de I’étude (Chapitre 1)

Mes travaux de these portent sur I’étude par microscopie a effet tunnel des propriétés d’atomes
et molecules uniques adsorbés a la surface de crystaux métalliques. Le cadre général de cette
étude s’inscrit dans le domaine de la spintronique. Les résultats de transport d’électrons
a travers des multicouches de matériaux ferromagnétiques [1] ont montré que la direction
d’aimantation relative entre deux couches magnétiques a un grande influence sur la resistivité
du systeme. La découverte de ce phénomene, appelé magnéto-résistance géante (GMR), fut
récompensée par un prix nobel en 2007 pour les avancées qu’elle a permis dans le domaine

des nanotechnologies.

(a) Ferromagnet Ferromagnet

t

* - ——m———)
High Resistance

(b) Ferromagnet Ferromagnet

$ | >
* - - = >

Lower Resistance

Figure 1: Courant a travers des couches magnétiques. (a) Cas de deux couches orientées
de maniere anti-parallele. (b) Cas de deux couches orientées de maniere parallele.
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Le systeme de base pour la spintronique (Fig. 1) se compose de 3 couches dont deux
magnétiques découplé par une troisieme couche. Dans le cas ou les deux aimantations ne
sont pas orientées dans la méme direction, les deux orientations possibles de spin, nommées
"up" et "down" vont étre pénalisées lors de la traversée d’un matériaux ayant une orientation
magnetique opposé a I’ orientation du spin considérée (Fig. 1a. Il en résulte un forte résistivité
du systeme. Dans le cas de la GMR, I’application d’un champ magnétique suffisament intense
va permettre d’aligner les aimantations des deux aimants (Fig. 1b). Ceci a pour conséquence
de favoriser le passages des électrons ayant un spin parallele a I’aimantation des deux aimants,
diminuant ainsi la résistance générale du systeme.

Mais la propriété qui nous intéresse ici est la polarization magnétique du courant traver-
sant notre systeme. En effet, le courant traversant le systeéme considéré est majoritairment
composé d’électrons ayant un spin orienté parralelement au moments magnétiques des
aimants. Il est alors possible de définir une polarisation en spin du courant notée P comme

suit:

Iup - Idown
Iup +Id0wn

P = (1

L’ objectif principal consiste maintenant a créer des dispositifs ayant une polarisation en
spin aussi grande que possible.

Pour cela, I’emploi de de molécules organiques au sein des systemes apparait comme
une solution prometteuse. En effet, le faible couplage spin-orbite permet d’obtenir une
longueur de diffusion de spin importante. De plus, I’emploi de molécules organique permet
de bénéficier de toutes les possibilités offertes par I’ingéniérie moléculaire en matiere de
fonctionnalisation de molécule. Enfin, I’adsorption de molécules a la surface d’électrodes
métalliques peut conduire la modification locale des densités d’état (Fig. 2), ayant une

influence directe sur la polarisation du courant passant a travers le systeme.

0.1.1 Métallocenes

Les molécules a 1’étude ici appartiennent a la famille des métallocenes. Elles sont composé
d’un atome appartenant aux métaux de transition cerné par deux ligands cyclopentadiényles
CsHs notés ici Cp (Fig. 1.6), pour un total de 21 atomes, ce qui en fait une molécule relative-
ment petite et compact par rapport aux autres entitées étudiées comme les phtalocyanines
ou les porphyrines. L’attrait principal des métallocenes est I’impact direct de la nature de
I’atome métallique sur les propriétées magnétiques de la molécule. Ainsi, le ferrocene est
une molecule non magnétique dans son ensemble tandis que le cobaltocene dispose d’un

moment magnétique de spin total de 1/2 et le nickelocene dispose d’un spin 1.
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Figure 2: Influence de I’adsorption sur la DOS d’une molécule (a) Différentes densités
d’états pour des systemes séparés. (b) Premicre géometrie d’adsorption d’une molécule et
densités d’état résultantes. (c) Seconde géométrie d’adsorption possible et changement dans
les densités d’états.
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Figure 3: Structure des métallocenes.

Les propriétes de transport de spin de ces molécules on été étudiées de maniere théoriques
et prédictives dans les années 2000. Il est apparu qu’un fil moléculaire composé de metal-
locenes séparées par des atomes de metal de transition pourrait donner lieu a une polarisa-
tion en spin de son facteur de transmission d’electron. Les calculs présentés par Wang et
co-auteurs [2] suggerent qu’une polarisation de I’ordre de 90% serait possible pour deux
molécules de vanadocenes (VCp,) séparées par un troisieme atome de vanadium et contactées
par deux electrodes en or. De plus, si les vanadocenes sont remplacés par des ferrocenes,
la polarisation est inversée favorisant maintenant la population de spin qui auparavant était
minoritaire. Ceci montre que la nature du métalocene employé a une grande influence sur
le comportement du fil moléculaire théorique. D’ autres résultats montrent que la longueur
de la chaine ainsi que I’entité chimique contactant I’électrode métallique (Cp ou atome

métallique).
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/ STM Tip
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Figure 4: Schéma de I’étude de métallocenes par STM. A gauche, cas d’une étude en
régime tunnel et a droite, cas d’un contact entre la pointe STM et une molécule.

Les études théoriques ont montré que les métallocenes peuvent étre d’interessants sys-
temes pour concevoir des filtres de spin a I’échelle de la molécule unique. Cependant, la
réalisation et 1’étude expérimentale de tels systemes n’a pour le moment pas encore donné de
résutlats probants. Notre équipe a choisie d’étudier ces molécules a 1’aide d’un microscope a
effet tunnel (STM).

0.2 principe STM (Chapitre 2)

0.2.1 Courant tunnel

Le microscope a effet tunnel (STM) s’appuie sur la dualité onde-corpuscule des électrons
pour faire passer un faible courant électrique entre deux electrodes espacées de quelques
nanometres seulement. En utilisant 1’approximation de Wentzel-Kramers-Brillouin, le

courant passant entre la pointe et I’échantillon peut étre exprimé par :

(5}

V)= [ TEV)IFE V)~ F(E)pE ~V)p(E)E, @)

\%4
T(E,z,V)ocexp[—kz\/(l)efvaE—(E—EQ], 3)
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Figure 5: Schéma énergétique d’un jonction tunnel. (a) illustre le cas d’une tension
positive appliquée a 1’échantillon tandis que (b) traite le cas d’une tension négative de
I’échantillon. @y représente le travail d’exctraction moyen, I’énergie est exprimée par
rapport au niveau de Fermi EF.

avec k= 1.025"1ev—12A"" et O ry le travail de sortie moyen du substrat et de la pointe.
L’énergie E|| est la composante parallele a la surface de I’echantillon de I’énergie cinétique
des électrons et n’a pas de grande influence dans le passage par effet tunnel des électrons
entre la pointe et I’échantillon. La valeur moyenne du travail de sortie des métaux étant
Qerr =4 €V, le facteur de transmission 7' conduit a une augmentation du courant tunnel
d’un facteur 10 par Angstrom lorsque la pointe s’approche de I’échantillon.

Cette dépendance exponentielle du courant par rapport a la distance entre la pointe et
I’échantillon permet d’obtenir des images de la surface de 1’échantillon avec une précision de
I’ordre du dixieme d’angstrom en scannant la surface ligne par ligne. Pour éviter une collision
entre la pointe STM et une éventuelle structure mesurant plusiseurs dizaines d’angstroms
sur la surface, une boucle de rétro-action permet d’ajuster 1’altitude de la pointe pour garder
un courant tunnel constant. Ainsi, les déplacements verticaux de la pointe lors du scan sont

directement liés a la topographie de la surface de 1’échantillon (Fig. 6).
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Figure 6: Principe de fonctionnement d’un STM. La distance entre la pointe et
I’échantillon est régulée grace a une boucle de rétro-action maintenant I’intensité du courant
proche de la valeur consigne.

0.2.2 Spectroscopie tunnel

Le courant tunnel est obtenue par application d’une 1égere tension entre la pointe et 1’échantillon.
Cette différence de tension induit un décalage des niveau de Fermi entre la pointe et
I’echantillon et ainsi permet d’étudier les densités d’états locales en mesurant I’intensité
du courant tunnel pour différentes tensions. Cette operation, appellée spectroscopie tun-
nel, doit etre effectuée sans boucle de retroaction. Les informations relatives aux densités
d’états locales de la pointe et de 1’échantillon peuvent alors Etre extraites de la conductance

différentielle obtenue par dérivation du courant tunnel par rapport a la tension :

dl

\%4
W(Z’V) o< T(z,E = V,V)pS(V)-I-/O ps(E)

dT (z,E,V)

qv dE. 4)

ou la densité d’état de la pointe est considérée constant dans I'intervalle de mesure et la
température suffisament basse pour que la distribution de Fermi-Dirac soit approchée par

une fonction de Heaviside. En utilisant la définition du facteur de transmission 7', on obtient
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0= j_‘{- < ps(V)T(z,V,V) &)

Les spectres dI/dV (V) mesurés permettent d’obtenir des informations sur les orbitales
électroniques de 1’échantillon avec une résolution inférieure au meV.

Cette derniere équation est valide dans le cas d’une spectrocsopie élastique, c’est a
dire sans perte d’énergie de la part des électrons passant par effet tunnel de la pointe vers
I’échantillon. Dans le cas d’un effet tunnel inélastique, 1’énergie cédée par 1’électron au
systeme permet d’exciter un transition entre deux niveaux Zeeman, un état vibronique ou
un plasmon. Il s’accompagne d’une augmentation du courant mesuré a tension donnée, qui
s’explique comme étant I’ouverture un nouveau canal possible pour les électrons passant
de la pointe a I’échantillon. Cette augmentation de courant apparait comme une marche
symétrique centrée autour du niveau de Fermi dans les spectres de conductance. Pour ce

genre de mesure, la résolution en énergie est de 1.26meV.

0.2.3 Densité d’états de la pointe

Techniquement parlant, il est difficile d’obtenir une densité d’état de la pointe parfaitement
constante au niveau de Fermi. Il est parfois nécessaire de procéder a une soustraction de la
structure de pointe résiduelle pour identifier clairements les signaux qui nous intéressent.

Selon la méthode décrite dans [3], la déconvolution se fait selon la formule suivante:

Omeasured (0)
o (0)sip

ot [0(V)] peasurea €5t 1€ spectre directement issu des mesures, o;,(V') est la structure de pointe

Gdeconv(v) = Gmeasured(v) - X Gtip(v) +C (6)

obtenue par spectroscopie au dessus du cristal de cuivre et C une constante permettant de
ramener le premier point du spectra a la valeur réelle d’ouverture de la boucle de rétro-action.
Le résultat de cette déconvolution est présenté en Fig. 7. Cette méthode de déconvolution
permet de traiter des strucures de pointes ayant une amplitude relativement faible par rapport

aux signaux mesurés.

0.3 Détection de processus de "'spin-flip'' par STM (Chapitre
3)

En abscence d’électrodes magnétiques dans un STM, il est néanmoins possible de détecter

certaines propriétés magnetiques d’atomes ou molécules adsorbés sur une surface. La
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Figure 7: Spectres obtenus par déconvolution de la stucture de pointe.

détection fait intervenir un évenement dit de "spin-flip" ol le spin d’un atome ou d’une

molécule est modifié lors de I’interaction avec un électron passant a travers 1’adsorbat.

0.3.1 Spin-flip inélastique

Le premier cas abordé ici est I’excitation par effet tunnel inélastique d’une entité adsorbé
en surface. Lors de son passage, I’électron tunnel va céder une partie de son énergie et
permettre a I’adsorbat de changer d’état. L’ exemple le plus simple est I’atome de manganese
Mn déposé sur un oxide d’aluminium [4] (Fig. 3.2). Cette couche d’Al;O3

Dans cet exemple, un champ magnétique permet de lever la dégénérescence des différents
états de I’atome de Mn par effet Zeeman. Lorsqu’un spectre dI/dV est effectué dans ces
conditions, une double marche centrée autour du niveau de Fermi apparait (Fig. ??). Elle
correspond a I’éxcitation du Mn depuis son état fondamental ms = 5/2 vers I’état ms = 3 /2
par les électrons tunnelant a travers la jonction. L’energie d’activitation de cet effet inélastique
est de I’ordre de 0.5 mV et I’Hamiltonien correspondant est le suivant :

La Figure 9 illustre les états avant et apres 1’intéraction entre 1’électon et I’atome. On
remarque que le moment magnétique total est conservé, le spin de I’électron passant d’un
état mys = —1/2 vers I’état my = +1/2.

Dans le cas du systtme Mn/Al,O3, la levée de dégénérescence est activée grice a un
champ magnétique. Cependant, pour certains systeémes particulier, une levée de dégénéres-

cence partielle est rendue possible par 1’anisotropie magnétique. L’Hamiltonien s’ecrit alors
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Figure 8: Spectres obtenus pour le systeme Mn/Al,03. (a) Oxide sans atome de man-
ganese. (b) Etat de la surface apres dépot des atomes magnétiques. (c) Spectres obtenus en
présence d’un champ magnétique levant la dégénérescence entre les differents états magné-
tiques. (d) Spectres obtenus sans champ magnétique. L’excitation magnétique n’est plus
possible a cause de la dégénérescence des états. [4]
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Figure 9: Conservation du moment magnétique. (a) Etat initial avant excitation de
I’adsorbat. (b) Etat final apres excitation. Le moment magnétique total est conservé.

M =DSI+E(S;-383), (8)
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Figure 10: Spectres obtenus pour le systéme Fe/Cu,N. Les différents spectres montrent la
réponse du systeme en fonction du champ magnétique appliqué, prouvant I’ origine magné-
tique des états excités [5].

ou D est appelé parametre d’anisotropie longitudinale qui représente la tendance du spin a
s’aligner le long de I’axe de quantification z. Le parametre E, appelé anisotropie transverse,
correspond a I’orientation dans le plan perpendiculaire a I’axe z du spin. L’influence de cette
anisotropie magnétique dans les spectres de conductance peut étre illustrée avec le systeme
composé d’un atome de fer dépose sur un 116t de nitrure de cuivre CuyN [5]. La figure 10
montre qu’un signal inélastique est mesuré, méme en absence de champ magnétique. Les
différentes excitations mesurées correspondent aux transitions entre 1’état fondamental et les

différents états excités accessibles.

0.3.2 Effet Kondo

Il est également possible de détecter certains effets de spin-flip lors d’une spectroscopie
élastique. L’effet Kondo est un processus apparaissant lorsqu’une impureté de spin 1/2 est
déposée a la surface d’un metal. En dessous d’une température propre au systeme considéré,
appelée température Kondo, un couplage anti-ferromagnetique apparait entre le spin de
I’impureté et les électrons environnants du métal. A cause de la dégénérescence entre les

états "up" et "down" du spin de I'impureté, il existe un échange permanent entre les deux
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Figure 11: Schéma décrivant I’effet Kondo. (a) Au dessus de la température Kondo, le spin
de I’'impureté ne peut pas €tre écranté par les électrons du métal. (b) Quand la température du
systeme passe en dessous de Tk, un lien s’établit entre I’impureté et les électrons du métal.
L’ état fondamental du systeme est alors dégénéré, le spin de I’'impureté pouvant avoir 1’une
ou I’autre des orientations possibles.
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Figure 12: Schéma énergétique de ’effet Kondo. (a) Avant le processus de passage par
effet tunnel tunneling process. (b) Etat virtuel de transistion entre les deux états. (c) Etat
apres le passage par effet tunnel.

états du systeme. Lorsqu’un électron passe a travers I’impureté, il participe a I’echange

comme décrit dans la figure Fig. 12.

Cette implication de 1’électron tunnel dans I’effet Kondo se traduit dans les spectres
de conductance par une résonnance située au niveau de Fermi. La largeur de la résonance
est directement liée au couplage entre I’impureté et les électrons du métal hote ainsi qu’a
la température Kondo du systeme, ce qui permet une extraction de ces valeurs depuis les

données expériementales.
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0.4 Ferrocene (Chapitre 4)

0.4.1 Adsorption du ferrocene

Nous avons commencé notre étude des métallocene par le ferrocene. Les molécules ont
été déposées sous vide sur un échantillon froid. Tout d’abord, sur un substrat Cu(111),
nous avons observé la formation spontanée (Fig. 17a-b) de deux types de réseaux. Le
premier, appelé Compact, se caractérise par des protusions circulaires arrangées en lignes et
colonnes et associées a des molécules verticales. Le second réseau, appelé Zigzag, présente
une structure plus sophistiquée mais apparait a la surface de 1I’échantillon avec la méme
probabilité que le réseau compact. La déposition du ferrocéne sur une orientation cristalline
différente, Cu(100), a donné un résultat similaire avec deux réseaux (Compact et Zigzag)
cohabitants a la surface de I’échantillon (Fig.17c). La présence équiprobable des deux
réseaux sur différentes orientations crystallines suggere une physisorption des molécules a la
surface du cuivre.

Une étude plus approfondie des images STM a montré des protusions de forme allongée
sont visibles entre les protusions circulaires. Nous avons interprétés ces batonnets comme
étant des marqueurs de molécules adsorbées horizontalement entre les molécules verticales.
De cette hypothese, nous avons déduit un modele d’adsorption (Fig. 14). La viabilité et
stabilité de ce modele a été confirmée par calculs DFT par nos collaborateurs théoriciens.
Ils ont également pu, a partir de ce modele, simuler des images STM correpondant parfaite-
ment a nos résultats expérimentaux et confirmer la physisorption des molécules. Une telle
organisation des molécules a la surface de 1’échantillon, avec des molécules verticales et
horizontales interagissant via des forces de van der Waals, correspond a la structure des
cristaux de ferrocene dans un plan(110). De plus, nous avons expérimentalement confirmé
la présence des molécules horizontales a la surface de I’échantillon en retournant certaines

d’entre elles par I’application locale d’un pulse de tension de 2V sur le réseau moléculaire.

0.4.2 Dopage de spin du ferrocene

Les études théoriques ont montré que 1’adsorption d’un atome métallique supplémentaire
permet de changer les propriétés magnétiques d’un métalloceéne. Nous avons commencé
par un assemblage manuel et controlé du nouveau systeme Co-FeCp,. Pour ce faire, nous
capturons une molécule de ferrocene sur la pointe STM et la déposont sur un atome de
cobalt isolé sur le cristal Cu(111). La nouvelle molécule ainsi crée est stable et présente une
hauteur apparente de 3.5 A, supérieure a ce que 1’on obtient pour un simple ferrocene isolé.

Un spectre en conductance enregistré sur ce systétme montre une résonannce au niveau de
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Cu(111) *

Figure 13: Images STM des réseaux de ferrocene. (a) Réseau de type compact sur Cu(111).

(b) réseau de type zigzag sur Cu(111). (c) Différents réseaux compact et zigzag observés sur
Cu(100).

Fermi associée a une effet Kondo dont la température Kondo est estimée a 33 4+ 7 K. Les
résultats obtenus par DFT par nos collaborateurs montrent que dans ce systeme, I’atome de
cobalt cede une partie de sa charge au ferrocene. Ceci assure une liaison relativement stable
entre 1’atome et la molécule, et conduit 2 une magnétisation de 1’atome de fer. Nous avons
reproduit la méme manipulation sur Cu(100), ou la résonance apparait dans les spectre en
conductance pour le systeme Co-FeCp; sur Cu(100) plus large en énergie. La température
Kondo de ce systeme est alors estimée a 114 £+ 7 K. L’accroissement de la largeur de la
résonance indique une différence de couplage entre le systeme et la surface, et confirme la
nature Kondo de I’effet mesuré.

Nous avons voulu confirmer expérimentalemnt ces prédictions en déposant des atomes

de cobalt sur nos réseaux moléculaires. Nous avons évaporé les atomes de cobalts sur
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Figure 14: Réseaux de ferrocene. (a) Image STM simulée par DFT du réseau compact. (b)
Schéma de la structure du réseau compact. (c) Schéma de la structure du réseau zigzag. (d)
Image STM simulée par DFT du réseau zigzag.

des réseaux de molécules pré-existant et refroidis a 4 K. La présence d’atomes de cobalt
supplémentaires sur les réseaux de ferroceéne apparait sur les images STM comme une
protusion circulaire haute de 0.6 A. La forme circulaire suggere que les adatomes s’adsorbent
préférentiellement sur les molécules verticales. La hauteur apparente est cohérente avec
les mesures effectuées sur la molécule isolée, et les spectres en conductances montrent une
résonannce Kondo de température Kondo égale a 38 4+ 6 K sur Cu(111) tres similaire a ce
qui est obtenu pour le systeme isolé. Ces données expérimentales nous laissent supposer que
les atomes de cobalt ne restent pas au-dessus du réseau mais traverse la couche de molécule

et se positionne entre le ferrocene et le cuivre.

Les simulations par DFT ont montré que les atomes de cobalt sont bien plus stable quand
positionnés entre le ferrocene et la surface plutdét qu’au sommet d’une molécule verticale. La
différence d’énergie entre les deux models est de 3 eV par molécule, et seul la configuration
avec le cobalt situé sous le ferrocene permet d’obtenir une image STM simulée correspondant
aux résulats expérimentaux. Tous ces éléments confirment la supposition selon laquelle les

deux molécules CoFeCp; isolées et incluses dans le réseaux sont identiques.
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Figure 15: Construction du systeme CoFeCp; isolé. (a) Une molécule FeCp, isolé en
bordure de marche est contactée puis adsorbée sur la pointe STM.(b) La présence du FeCp;
au bout de la pointe est confirmée par la présence d’un anneau sur les images d’atomes
de Co isolés. (c¢) La molécule de ferrocene est déposée par contact par dessus I’un des
atome de cobalt isolé. (d) Méme image qu’en (c) traitée avec un filtre laplacien permettant
de distinguer 1’anneau apparant du nouveau systeme. (e) Structure chimique du systeme
CoFeCp,. (f) Comparaison des hauteurs apparentes du cobalt et du CoFeCp, sur Cu(111).

0.5 Nickelocene (Chapitre 5)

Nous avons également étudié les propriétés d’un métallocéne magnétique, a savoir le nick-
elocene NiCp; de spin § = 1. Nous avons déposé nos molécules en suivant la méme
méthode que pour le ferrcocene. Nous avons de nouveau obtenus des molécules physisor-
bées. Les images STM ainsi que les résultats des modeles DFT montrent que de nouveau
des molécules horizontales et verticales forment spontanément des réseaux a la surface de
I’échantillon quelque soit I’ orientation cristalline choisie, Cu(100) ou Cu(111). Cependant,

sur I’orientation Cu(100), des molécules isolées apparaissent stables a coté des réseaux.

Les spectres en conductances réalisé sur les molécules isolées sur la surface ont donné
une marche symétrique centrée autour du niveau de Fermi caractéristiques d’un phénomene
de transport par effet tunnel inélastique. L’energie d’excitation est ici de 3.2 meV, ce
qui correspond aux mesures d’anisotropie magnétique obtenues précédement [6]. Pour
confirmer la nature de I’excitation, nous avons réalisé plusieurs série de mesures XMCD sur

la ligne Deimos au synchrotron Soleil. Ces mesures ont montré que le spin de la molécule
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Figure 16: Etude STM d’un CoFeCp, inclus dans un réseau moléculaire. (a) La
présence des systemes CoFeCp; dans le résau est identifiés par la présence de protusions
claires. Le zoom montre la disposition des différentes entitées dans le réseau. (b) Hauteur
apparente du réseau ainsi que de la nouvelle molécule. (c) Spectres en conductance du cristal
Cu(111), du ferrocene et du systeme CoFeCp,. Les courbes sont décalés en ordonnées de
0 nS, 0.3 nS et 0.5 nS respectivement (d) Image d’un CoFeCp, et (e) carte en conductance
obtenue a courant constant (—0.1 V, 0.5 nA, 20 x 20 nmz).

Figure 17: Molécules de nickelocénes déposées sur Cu(100). (a) Réseau auto-assemblé
de nickélocene sur Cu(100° (Configuration dite paire) et molécules isolées. (50x 50 nm?.
(b) Grossisement sur la partie supérieure gauche du réseau (20 x20 nm?.

était conservé lors de 1’adsorption sur la surface, ainsi que la subsitance d’une anisotropie
magnétique éstimée a 3.5 meV. Ces résultats ont été confirmés par les calculs DFT de nos
collaborateurs. Nous pouvons alors considéré 1’excitation inélastique de nos molécules
dans la jonction tunnel comme une possibilité de surmonter I’anisotropie magnétique de la

molécule, permettant ainsi de controler 1’orientation du spin dans la molécule par modification
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Figure 18: Spectroscopie du nickelocéne. (a)Spectres en conductance obtenu a basse
tension au dessus d’une molécule isolée. (b) dérivée du spectre en conductance par rapport a
la tension. (c¢) Schéma illustrant le passage par effet tunnel de facon élastique puis inélastique
(d). Les spectres ont été acquis avec un dispositf a verrouillage de phase (modulation de
1501V en ouvrant la boucle de retroaction a 50 pA et -15 mV a 2.4 K.

de la tension aux bornes de la jonction tunnel. Des résultats identiques ont été obtenus pour
des molécules intégrées dans un réseau.

La possibilité de transfert des métalloceénes depuis la surface vers la pointe STM nous a
permis de créer de maniere reproductible une pointe moléculaire magnétique. L’ adsorption du
nickeloceéne au bout de la pointe STM mene a une 1égeére modification de I’environement de
la molécule, celle-ci étant mainteant adsorbée sur un atome unique plutot que sur la surface
d’un cristal. Il s’en suit une modification de 1’anisotropie qui augmente de 15%, et qui
augmente en conséquence 1’énergie d’éxcitation mesurable dans les spectres en conductance
(Fig. 5.15).

Enfin, la présence de la molécule a I’extrémité de la pointe nous permet d’étudier un
systeme composé de deux metallocenes se faisant face dans la jonction STM (Fig. 5.17).
Les spectres en conductances sur un tels systéme ont montré un phénomene de double
excitations de spin. La premiere énergie d’excitation correspond alors a I’excitation d’une
molécule seulement dans la jonction tandis que le la seconde énrgie d’excitation correspond
au spin-flip des deux molécules simulaténement lorsqu’un électron passe a travers la jonction.
L’augmentation significative de la conductance est alors interprété comme une multiplication
des canaux de conduction possible a travers le systeme ainsi que par une meilleur conductance
des canaux incluant des effets inélastiques.
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Figure 19: Spectroscopie d’une pointe moléculaire. Comparaison entre les spectres
obtenues pour une pointe moléculaire (rouge) et une molécule adsorbée sur la surface

(bleue) a 2.4 K.
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Figure 20: Spectre d’une double excitation de spin. (a) Spectre en conductance obtenu a
basse tension au dessus d’une molécule isolée. (b) Spectre obtenu au dessus de la méme
molécule mais avec une pointe moléculaire (c) Dérivée du spectre précédent par rapport a la
tension. (d) Schéma illustrant le passage par effet tunnel de fagcon élastique. (e) illustre le cas
de la premiere excitation ou seule une des deux molécules est excitée tandis que (f) montre
le processus a I’oeuvre lors d’une double excitation.



Chapter 1

Introduction

Nowadays, semiconductor technology is reaching a limit where elements are a few nanome-
ters apart: 22 nm in 2014, 14 nm in 2016, 5 nm for 2020. At this level, information
processing becomes extremely challenging due to quantum effects and new strategies need
to be envisioned to keep on miniaturizing devices. A promising route to replace the metal-
oxide-semiconductors technology is spintronics where not only the charge of the electrons
but also the electronic spin is exploited in order to process information. Spintronics is seen as
a promising way to improve the efficiency of both data processing and storage technologies.
Efforts in the field of spintronics aim at improving existing technology by conceiving new
materials, but also, in a more radical effort, at finding novel ways of manipulating the elec-
tronic spin. One possibility consists, for example, in incorporating organic or organometallic
molecules into spintronic devices to improve their performances, as shown in a number of
pioneering studies. The necessity for a microscopic characterization tool has motivated, in
turn, the development of spintronics at the single-molecule level, also known as molecular
spintronics. The work presented in this thesis belongs to this new field of research. We
mainly focus on analyzing and controlling the spin state of isolated molecules using a scan-
ning tunneling microscope (STM). This chapter presents the main ideas behind the field of
spintronics from the spin polarization of the current to single-molecule junctions. We also
introduce the general properties of the molecules we investigated, i.e. the molecules of the
metallocene family. These molecules have been little studied so far and, as we will show all
along this thesis, offer a playground to explore spintronic functionalities at the molecular

level.
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1.1 Spintronics

1.1.1 Basic concepts

The main idea in spintronics is to detect and control the spin of electrons flowing through a
device. In a pioneering work, Mott [7] showed that it is possible to model the electron current
flowing through a ferromagnet by two non-interacting spin-polarized currents of conductance
G+ and G|, respectively. Spin-dependent electron tunneling was however only experimentally
evidenced in 1970 by Tedrow and Meservey [8, 9], i.e. more than 30 years later Mott’s
work. The spin-polarized current was produced from various ferromagnetic electrodes
and after tunneling across an alumina insulating barrier (Al,O3) was detected via a thin
superconducting aluminum film. An important step forward was achieved by Julliere in 1975,
who reported the first conductance measurements on a ferromagnet/insulator/ferromagnet
tunnel junction [1], where two ferromagnetic electrodes (Co and Fe) with different coercive
fields were separated by a Ge insulating slab. Julliere proposed that the tunneling current
depends on the relative orientation of the magnetizations of the two ferromagnets, parallel
(11) or antiparallel (1) (Fig. 1.1). Let us define AT( }) and 5T( 1) as the the amplitude of the
DOS of majority and minority spins, respectively, for each ferromagnet. The arrows refer to
spin-up and spin-down electrons. The conductance for parallel and antiparallel alignment is
proportional to the product of the density of states (DOS) of the two ferromagnets, which
yields, respectively, Gyt o< (A1)? +(8))? and G;| o< A+8; + §|A. Assuming that A > §,
then G4 o< A? and Gy} o< 2A4. In this simple example, the 11 configuration has a higher
conductance than the 1 configuration. The change of the conductance in the junction can

then be expressed as a magnetoresistance (MR)

Gy —G
MR = 1T (1.1)
Gy

Alternatively, we may define a polarization for the junction as [10]

n n
p,— PP (12)
PtVy +pyv i
where v? and vz denote the spin-dependent Fermi velocity and p the density of states of
electrons. The tunneling polarization is expressed as P,—o = (p+ — p})/(p+ + p}) assuming
that the tunneling barrier is not spin-selective. The current polarization is P,—; = (I} —
1,)/(I; 4 1}). The two polarizations P,— and P,—; are not identical.
The practical realization of a tunneling magnetoresistance (TMR) was carried out with

two ferromagnets insulated by a tunnel barrier of Al,O3 in 1995 [11]. On another hand,
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Figure 1.1: Principle of spin-polarized tunneling between magnetic electrodes. (a) Par-
allel, and (b) antiparallel magnetizations.

about ten years before, a giant magnetoresistance (GMR) [12, 13] was instead discovered
in “spin valve” devices comprising two ferromagnets separated by a nonmagnetic metallic
layer. The working principle of such a GMR device is very similar to a TMR device, however
the electrons flow ballistically from one ferromagnet to the other, instead of tunneling. The
non magnetic spacer is only a few namometer thick in order to ensure ballistic transport,
but sufficient to magnetically decouple the ferromagnets. An electron passing through this
multilayer device will be scattered more if the ferromagnets have opposite magnetizations.
The device has then a lower conductance than in the parallel case and the collected current
differs for the two configurations. A hard disk storing binary information can use the
difference in conductance between parallel and antiparallel alignments as a method of storing
Os and 1s. The GMR effect, discovered by Albert Fert and Peter Griinberg (who consequently
received the Nobel prize), has boosted the technology of magnetic storage media and brought
new products on the market.

1.1.2 Organic and molecular spintronics

A key point of any spintronic device is that spins are injected at a location that differs
from where they are detected (Fig. 1.1). During the electron transfer process across the
non magnetic layer, the spin population tends to relax towards its non spin-polarized state

due to spin-flip scattering events [14]. One of the central research areas in spintronics
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Figure 1.2: Single-molecule spin valve. (a) Parallel, and (b) antiparallel magnetizations.

therefore consists in perfecting this transfer process. A number of pioneering studies have
recently shown that the performance of spintronic devices is superior when organic molecules
separate the ferromagnets instead of a metallic non magnet [15]. The spin-orbit and hyperfine
interactions are in fact weak in organic molecules, resulting in considerably long spin
relaxation lengths. Specific functionalities can also be built into the molecules contrary
to a metallic spacer and new spintronic concepts may then be explored. This motivates
the development of spintronics at the single-molecule level and, in particular, of a single-
molecule spin valve (Fig. 1.2) [16, 17]. The working principle of such a device is similar
to the TMR (Fig. 1.1), except that the molecule adds more possibilties thanks to molecular
engineering techniques.

There have been several investigations demonstrating convincingly that spin-polarized
currents can be injected into single molecules such as carbon nanotubes [18, 19] or H,-
Phthalocyanine molecules [20]. All these studies show that two critical factors impact the
spin-polarized current flowing across the molecule: (1) the intrinsic ability of the molecule
to conduct, (2) the interface between the molecule and the ferromagnetic electrodes [21]. To
understand this, we consider the situation depicted in Fig. 1.3 where a simple molecule is
placed on a ferromagnetic surface. When the two are well separated (Fig. 1.3a), the overall
DOS is simply the superposition of the individual DOS of the two spin components (blue
represents the spin-up DOS and red the spin-down DOS). Once the molecule hybridizes
with the surface (Fig. 1.3b), its spin-dependent energy levels shift and broaden into two
resonances. The hybridization differs for the two spin components and the spin-polarization
of the junction at the Fermi level remains governed by the DOS of the surface (Fig. 1.3b).
However, if the broadened molecular resonances cross the Fermi level (Fig. 1.3c), the spin
polarization is then governed by a new hybrid interfacial state. It is this new state that
determines the spin-polarization of the junction, which can be dramatically different, and

even reversed, compared with the polarization of the electrodes.
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Figure 1.3: Spin filtering mechanism at an organic/inorganic hybrid interface. Figure
taken from [22].

A control of these factors at the molecular scale could open up the exciting prospect
of precisely tuning the spin polarization of a spin valve through a custom-made chemistry
and an accurate choice of the electrode material. A molecule could act in particular as a
spin filter, similarly to the oxidized layer introduced in macroscopic spintronic devices (see
Fig. 1.9). To further increase device performances it is also possible to introduce some
spin functionality into the molecule. The spin state can then be controlled, for example by
changing the molecular conformation [23-29], or by changing its spin through a metalation

process, also known as spin doping [30-33] as we will see later in the thesis.

1.2 Spin-dependent signatures in single molecules using STM

As we mentioned above, the ability to manipulate the magnetic properties and the spin-
polarized current through single molecules is at the basis of molecular spintronics. Within
this context, the investigation of single molecules with built-in magnetic moments that
are coupled to ferromagnetic, or more generally, to metallic electrodes represents a model
playground for exploring novel spintronic concepts [34, 17]. Among the most commonly
studied molecules we find transition metal phthalocyanine (Pc) or porphyrin molecules. The
magnetism of these planar molecules arises from the unpaired spins residing in the d-orbitals
of the transition metal atom at the center of the molecule (Fig. 1.4a). The STM has been
employed for gathering direct microscopic evidence of how specific, well-characterized

adsorption configurations on a metal surface can lead to different electronic and magnetic



6 Introduction

1 g STM tip
2¢ ~ a | -
' g 2+
N : CoPc
3 \ / : l -

Au(111)

& » v o o0

High

Low

diidv (nA V™)

0 1 1 1 1 ‘ 1
-500 -400 -300 -200 -100 0O 100 20(
Sample bias (mV)

Figure 1.4: STM tip-induced dehydrogenation of a single CoPc molecule. (a) Structural
formula of CoPc. Hydrogen atoms noted 2 and 3 are dissociated in the experiments. (b)
Sketch of the dehydrogenation induced by the STM current. (c-g) STM images of a single
CoPc molecule during each step of the dehydrogenation process, from (c) an intact CoPc
to (g) dehydrogenated CoPc. (h) Kondo resonance of dehydrogenated CoPc at different
temperatures. Figure adapted from [23].

behaviors. In particular, on a surface the interaction between the molecular spin and the
electron spins of the host metal can give rise to a many-body phenomenon known as the
Kondo effect (see Chapter 3). In the dI/dV spectrum taken by positioning the STM tip above
the transition atom of the molecule, the signature of the Kondo effect is detected as a narrow
resonance (the Kondo resonance) near Er (Fig. 1.4h). A standard STM tip (non magnetic) is
sufficient to detect this resonance, explaining the profusion of studies devoted to the Kondo
effect in molecular systems [35]. Interestingly, the line shape of this resonance is sensitive
to the way the molecule hybridizes with the surface. It is therefore possible to monitor how

the hybridization affects the molecular magnetism, although in practice it is experimentally



1.2 Spin-dependent signatures in single molecules using STM 7

spin-polarization

0.4 0.0  positiVe]

Figure 1.5: Spin-polarized STM. SP-STM images for H,Pc adsorbed on 2 ML Fe/W(110)
at a bias of +0.05 V. In (a) the molecule is adsorbed on a domain with “up” magnetization,
while in (b) on a domain with “down” magnetization. (c) Difference between the two images
showing the spatial dependency of the spin polarization. Figure extracted from [36].

difficult to extract quantitative information. To do so, one then needs to complement the
study with density functional theory calculations. For example, in an important work, Zhao
et al. [23] changed the magnetic nature of a cobalt phthalocyanine (CoPc) molecule adsorbed
on Au(111) surface by altering its structure through a dehydrogenation process (Figs. 1.4b-g).
For a pristine CoPc molecule sitting on the Au(111) surface they observed the d-orbital of
the cobalt ion to be an energetically broad resonance lying below the Fermi energy. After
cutting away eight hydrogen atoms from the periphery of the molecule with voltage pulses
from a STM tip, the broad d-resonance is presumably replaced by a Kondo resonance with a
high Kondo temperature, typically above 200 K (Fig. 1.4h). DFT calculations show that the

dehydrogenation implies a change in the Co surface distance, hence in its magnetic moment.

Another possibility for probing spin-related properties in molecules is spin-polarized
STM (SP-STM). This technique exploits a similar effect as in TMR devices, while preserving
the spatial resolution of the STM. A SP-STM junction consists in replacing one ferromagnet
(Fig. 1.1) by a magnetic tip and the other ferromagnet by a magnetic surface (Fig. 1.10).
The tip and surface are magnetically decoupled by a vacuum barrier. The spin polarization
of the tunneling electrons can reach 50% at selected biases and produces a spin-dependent
contrast in the differential conductance. Magnetic domains and walls of metal films and
nanostructures on surfaces could be imaged with SP-STM [37]. This technique has even
proven to be sensitive to the spin-polarization of single atoms [38—40] as well as molecules
[41, 42, 36, 20] adsorbed on magnetic surfaces. In the latter case it is possible to observe
at the atomic scale the change in spin polarization produced by the hybridization of the
molecule with the surface. For example, Atodiresei et al. [36] used SP-STM to investigate
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Figure 1.6: Structure of a metallocene. Here, we took the example of ferrocene. (a) Side
view. (b) Top view of the two possible configurations for the Cp rings.

Molecule height | Cp ring diameter | C-C bond length | M-C bond length
Ferrocene 34 A 4.6 A 1.40 A 2.04 A
Nickelocene 3.55 A 4.7 A 143 A 2.17 A

Table 1.1: Computed distances for a ferrocene and a nickelocene molecule. The transi-
tion atom is noted M.

organic HpPc molecules adsorbed on a magnetic Fe/W surface. The surface magnetization
is out-of-plane with two possible orientations, either up or down. They showed that while
the adsorbed molecule magnetic moment remains negligible, the states near the Fermi level
are spin polarized : with an up magnetization of the surface (Fig. 1.5a), the SP-STM image
yields a different contrast compared to the image with down magnetization (Fig. 1.5b). The
difference between the two allows then to locally map the spin-polarization of the junction
(Fig. 1.5¢). HyPc molecules show a high, locally varying spin polarization ranging from
attenuation to inversion with respect to the ferromagnetic Fe film (dark blue in Fig. 1.5¢).
Density functional theory calculations reveal that the degree of the spin polarization depends
systematically on the strength of the bonding between the molecule and the surface. The
spin polarization of states near the Fermi level makes the molecule act as a spin filter for

electrons.

The SP-STM studies of this kind are nicely complemented by X-ray magnetic circu-
lar dichroism (XMCD) measurements. This is a spatial averaging technique that allows
accessing the local magnetic properties of the system, unlike SP-STM which senses the
spin-polarization of the conductance. There has been a growing activity in this area over the

past years [43] and marking results have been recently obtained [44, 45].
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Figure 1.7: Electronic configuration of ferrocene. (a) Molecular orbitals of ferrocene,
adapted from [46]. Only the states with the highest energy are shown, the bonding states are
not represented. (b) Corresponding representation of the 3d orbitals [47].

1.3 Metallocenes

This thesis is devoted to the first extended investigation of metallocenes on metal surfaces.
In their most common version, metallocenes are relatively simple molecules as they are
composed by one of the six elements in the middle of the 3d row (V, Cr, Mn, Fe, Co, Ni)
sandwiched between two cyclopentadienyl rings (CsHs, noted Cp hereafter; see Fig. 1.6a for
the molecular structure). This makes them small compared to, for example, phthalocyanines
as they posses 21 atoms against 57 for CoPc. Despite minor size differences due to bond
lengths, all metallocenes have a similar geometry. In Table 1.1 we compare the bond lengths
for the two metallocenes investigated in this thesis, ferrocene (FeCp;) and nickelocene
(NiCpy). The Cp rings can be found in two different configurations (Fig. 1.6d). The first
one, called eclipsed, consists in having the two rings parallel with the hydrogen bonds facing
each other. In the case of a staggered configuration, the rings are parallel but an angle of
36 degrees exists between facing hydrogen bonds. The staggered configuration is the most
stable in the gas phase.

In general, each Cp ring captures one electron from the transition atom. Ferrocene has
a closed (e>)*(a;)? shell and is non magnetic (Fig. 1.7), while nickelocene, due to the ad
configuration of nickel results in an open valence shell of (e»)*(a;)?(e;)? (Fig. 1.8), which
endows the molecule with a magnetic moment of 2ug. This open valence shell makes
nickelocene chemically more reactive than ferrocene. More generally, for the metallocene
family, as the two 4s electrons are captured by the two Cp rings, the 3d valence electron
configurations for VCp,, CrCp;, MnCp;, FeCp,, CoCp,, and NiCp; yield a magnetic
moment of 3,2, 1,0, 1, and 2 ug, respectively. The energy gap between the al and the e2
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Figure 1.8: Electronic configuration of nickelocene. (a) Molecular orbitals of nickelocene,
adapted from [46]. Only the states with the highest energy are shown, the bonding states are
not represented. (b) Corresponding representation of the 3d orbitals [47].

molecular orbitals is always small, whereas the gap between el and €2 is too large to allow
for a high-spin configuration.

So why are metallocenes so appealing to molecular spintronics? If experimental data
are still lacking, there is a wealth of first-principle studies available in literature. This is
not surprising in view of their “simple” molecular structure, which makes them the ideal
system for testing new spintronic concepts. Theoretical studies have shown consistently that
some metallocenes are half-metallic ferromagnets [48]. In other words, they can exhibit a
100% spin filtering effect over a wide energy range around the Fermi level [48, 2, 49-51].
When these molecules are coupled to ferromagnetic electrodes, the ballistic transport can be
characterized by a sizeable transmission for one of the spin channels and a negligibly small
transmission for the other, thereby producing a nearly ideal molecular spin valve around the
Fermi level (Fig 1.9). Similar predictions have also been made for related systems comprising
benzene rings [52, 53]. The spin filtering efficiency is influenced by intrinsic parameters of
the molecule, such as its metallic constituents (Fe, V, Co, Cr, ...) [2, 54] or its length [55],
but also by extrinsic parameters such as the geometry of the metal-molecule contact [48]
or the electrode material [55]. As an example, we recall in Tab. 1.2 some typical values of
the computed spin polarization for different metallocene-based wires. Aside spin filtering
effects, several other functionalities have also been predicted, such as spin reversal where the
spin-polarized direction of the current is controlled through the applied bias without resorting
to a magnetic field [56]. Negative differential conductance has also been predicted [48, 56],
which is central to several electronic components, including Esaki diodes, and is of particular

interest to molecular electronics.
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Figure 1.9: Spin-polarized transmission of metallocene wires. (a) Majority (1) and mi-
nority ({) transmissions for a V3Cps wire between two gold electrodes, resulting in a spin
polarization (T} — 7)) /(T+ +T|) = —90% at the Fermi level, (b) Majority and minority trans-
missions for a V(FeCp;), wire between two gold electrodes, resulting in a spin polarization
of 85% at the Fermi level. Note the logscale for the transmission. Adapted from [2].

Molecule FeCp, | Feo,Cpy | FesCps | NiCpa | NipCpz | Ni3Cpa

Transmission spin-polarization 30 96 71 96 18 0

Table 1.2: Computed transmission spin-polarizations between two metal electrodes for
metallocene based chains, based on [48] and [50].

Despite all these promising theoretical results, experimental studies of this kind on
single metallocenes remain limited due to the difficulties in synthesising these molecules
in the correct molecular-device environment. The demand for elaborating a prototypical
metallocene-based system with atomic-scale control is therefore strong. The work carried
out in my thesis is part of a larger project (Fig. 1.10). The project aims at building a metal-
locene into a ferromagnetic environment and to use a magnetic STM tip to produce the first
metallocene based molecular spin valve (Fig. 1.10a-b) with ideal spin filtering efficiency.

Prior to this goal, however, it is essential to carefully map the properties of metallocenes
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in a non magnetic environment (Fig. 1.10c-d). We explored the properties of metallocenes,
from their adsorption on noble metal surfaces to their magnetic properties, by using a low
temperature STM to gather precise information about the binding properties of metallocene
molecules to metal surfaces and characterize their electronic and magnetic properties. X-ray
magnetic circular dichroism measurements were also carried out independently to carefully
characterize the magnetic status of the molecules. Given the microscopic control exerted
with STM, the experimental data collected was highly amenable to theory. This work greatly
benefited from the collaborations with the theory groups of M.-L. Bocquet (ENS-Paris) and
of N. Lorente (DIPC, San-Sebastian)— who carried out density functional theory calculations
and transport calculations to identify the key spintronic properties of these molecules. This

manuscript is structured in four chapters:

Chapter 2 will be devoted to the working principle of a STM. We first introduce the
tunneling effect within the WKB approximation. We then present the imaging principle
and the experimental setup used. The second half of the chapter is dedicated to tunneling
spectroscopy, starting with the theory behind it. We will put some emphasis on the various
broadening sources of the spectra and present the modifications we applied to the commercial

system to minimize the broadening.

Chapter 3 will focus on the detection of inelastic electron scattering in tunneling spec-
troscopy. We first show how inelastic scattering allows gathering precious information on the
magnetic properties of single adsorbates. The second part of the chapter is devoted to the
Kondo effect, which instead involves elastic scattering events. We also recall some common
aspects between magnetic inelastic scattering and Kondo physics.

Chapter 4 will present the results we obtained with the ferrocene molecule. First, we
present the adsorption of ferrocene on copper crystals, describing a new adsorption geometry
matching both experimental (STM) and theoretical (DFT-based computations) results. The
second part of the chapter is dedicated to the spin doping of a ferrocene molecule with a
cobalt atom. We will show how it is possible to produce on the surface a new magnetic

cobalt-ferrocene molecule.

Chapter 5 is devoted to nickelocene. As for ferrocene, we characterized its adsorption
geometry on copper samples using both STM and DFT computations. We then used inelastic
electron tunneling spectroscopy (IETS) and XMCD to characterize its on-surface magnetic

properties. We show that the magnetic anisotropy of nickelocene makes it a prototypical
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Figure 1.10: Transport properties of a single metallocene. Before addressing the spin
transport across metallocenes, either in the tunneling regime (a) or in the contact regime (b),
we first started by mapping their properties in a non magnetic environnement (c-d).

system where to study the manipulation of a molecular spin via the tunneling current.






Chapter 2
Scanning Tunneling Microscopy

Invented in 1981 [57-59], the Scanning Tunneling Microscope (STM) is today a widely used
tool in surface science. Its inventors received the Nobel Prize in 1986 to reward the major
advances it brought in the real-space study of surfaces. It belongs to the family of scanning
probe microscopes and enables the investigation of nanoscale objects by a topographic and
spectroscopic analysis.

The principle of measurement consists in having a metallic tip placed at a distance of a
few hundred picometers from the sample surface and collecting an electric current during a
scan. The tip and sample act as two electrodes separated by a vacuum-tunneling barrier. By
applying a bias, it is possible to shift upward or downward the Fermi energy of one of the
electrodes and enable a current to flow (Fig. 2.1). When a negative bias (eV, where e is the
charge of the electron and V the bias) is applied to the sample, the occupied states of the tip
(grounded) can provide electrons for tunneling to the unoccupied states of the sample (Fig.
2.1a). In the case of a positive bias, electrons tunnel instead from an occupied states of the
sample into the unoccupied states of the tip (Fig. 2.1b).

This chapter will be devoted to the working principle of STM, from imaging principle to
spectroscopy measurements. Some practical points are also presented, such as the ultra-high
vaccum and cryogenics setups used, and precision measurements defining the spectroscopy

resolution.

2.1 STM Theory

Tunneling regime

The tunneling process between two electrodes can be described using different models.
Here, we present the Wentzel Kramers Brillouin (WKB) [60-62] theory, which relies on
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Figure 2.1: Sketch of a tunneling junction. (a) shows the case of a positive bias whereas
(b) shows the case of a negative bias applied to the sample. ¢,y stands for the average work
function. The energy is expressed with respect to the Fermi level of the system EFr.

a semi-classical approximation. The WKB theory expresses the current through a tunnel
junction as

(o)

V)= [ T@EVIFE V)~ FE)pi(E ~ eV)py(E)E, @.1)

where f is the Fermi-Dirac distribution, p; and p; are the densities of state of the tip and the
sample, respectively, and z denotes the tip-sample distance. The transmission coefficient T
depends on the shape of the tunneling barrier. A good approximation for the tunneling barrier
is a trapezoidal shape [63-65] (Fig. 2.1). This shape leads to the following expression:

T(E,z,V) o< exp[—kz\/q)eff + v (E—E))], (2.2)

2
with k = 1.025 eV =1/ 2A" and e sy 18 the average work function of the sample and the tip.
The energy E| is the kinetic energy component which is parallel to the junction interface and

does not play an important role in the tunneling process as electrons mainly tunnel with a
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Figure 2.2: I(z) spectrum above Cu(100). Current (I) recorded above a copper atom on
Cu(100) for a bias of -30 mV with respect to a tip displacement (z). The contact with the
atom is reached around 270 pm as shown by the change in the slope of the current. The tip
displacement is expressed with negative values when the tip goes from its regulated position
towards the surface.

momentum perpendicular to the surface. Typically, ¢.rr ~ 4 eV for metals, so T imposes a
change by a factor 10 in current per Angstrom.

Contacting the sample with the tip

The exponential behaviour of the tunneling current with respect to the tip-sample distance can
be evidenced through a so-called / versus z measurement. To perform such an experiment,
one must monitor the intensity of the tunneling current with respect to the tip displacement.
To illustrate this, we present an I(z) spectrum that was recorded above a Cu adatom on
Cu(100) with a copper-terminated tip (Fig. 2.2). The exponential dependency of the current
with respect to the tip/sample distance, (Eq.2.2), is clearly visible below a current in the pA
range. Above this threshold, the slope of the I(z) curve changes indicating that the contact
regime is reached. Through a geometrical construction (dashed lines in Fig. 2.2) we deduce a
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contact current of 2.0 uA, which corresponds to a contact conductance (data recorded with a
fixed bias of -30 mV) of 0.86 x 2¢? /h. The value close to 2¢? /h, which defines the quantum
of conductance, can be explained within the framework of the Landauer theory [66-71].
Assuming that the electrons in the electrodes are behaving as a 1D free electron gas in an
ideal square potential and that the tunneling current has a ballistic behaviour, the conductane
is expressed as

Il‘ 2@2 ! 2
G=—="7) |5, (2.3)
Voo iE

where |7; j|? refers to the transmission probability for electrons coming from conductance
channel i and going through channel j. For noble metal atoms where there is a unique
channel that corresponds to a s valence orbital, we have G ~ 2¢? /h. Contact measurements
to single atoms such as Cu, Ag or Au can thus be used during experiments to check the
metallic character of the tip [72, 73].

2.2 STM working principle

2.2.1 Imaging principle

The WKB theory provides a first model exhibiting an exponential dependency of the current
with respect to the distance betwen the tip and the sample. This exponential dependency is
the key point for the STM imaging process. Scanning all the sample surface at a distance
z (few hundreds of picometers) and collecting point by point the current gives a precise
measurement of the surface corrugation below the tip (Fig. 2.3a). This mode is called
the constant-height measurement. One can expect that scanning a sample with this mode
may lead to a crash of the tip when the corrugation becomes very high. To overcome this
limitation, a feedback loop is used in order to change the tip-sample distance after collecting
the current (Fig. 2.3b). Thus, the user can scan the sample surface with a given current and
when the tip encounters an impurity, the feedback loop retracts the tip in order to keep the
current constant. This is the so-called constant-current scanning mode. These z corrections
in the tip sample distance are then recorded and used to reconstruct a topographic image of
the surface (Fig. 2.4).

The tip position is controlled using piezo ceramics. A first group of piezos is responsible
for the so-called coarse-motion and can move the tip by 100 nm when a voltage pulse is
applied (usually between 150 V and 400 V). These piezo-elements are therefore used to bring
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Figure 2.3: STM working principle. (a) Tunneling current collected by the tip above a
sample surface. (b) Constant-current scanning mode. Scheme adapted from [74].
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Figure 2.4: STM tip control. (a) Sketch of the tip displacement and piezoelectric tube. (b)
Sketch of the feedback loop enabling the constant-current scanning, taken from [75].

Sample

the tip within tunneling distance from the surface. A piezoelectric tube (Fig. 2.4) enables to

scan a small area of the sample surface, usually a square of 200 um long side.

The calibration of the piezo component can be achieved using a well-known crystal. In our
case,we used the step height of Cu(100) to calibrate the Z axis of the piezo ceramic. We then
calibrated the X and Y axes giving atomic resolution by scanning the surface with the tip in
contact [76] (Fig. 2.5).
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Cu(100) surface

Figure 2.5: Contact scan of a Cu(100) surface. The crystal structure of copper appears in
the STM image (50 mV, 8nA, 5 x 5 nm?.

2.2.2 Experimental setup

The STM we are using is a modified Omicron low temperature STM. The whole system
includes a STM chamber (Fig. 2.6a); a preparation chamber (Fig. 2.6b-c); a load-lock
introduction chamber and different pumping stages. All chambers are separated by gate
valves in order to isolate them from each other during sample preparation. The base pressure
is on the order of 10719 mbar. According to the Hertz-Knudsen formula [77], the amount
of impurities increases with a rate of 1 monolayer per 10° seconds, meaning that we can
idealy keep the sample clean for a few weeks. Such a low pressure range is reached thanks
to different pumping stages. The primary stage consists in a scroll pump working from
atmosphere pressure down to 10~2 mbar. The secondary stage comprises a turbomolecular
pump lowering the pressure to 107'0 mbar. During the measurements, these pumps are

stopped and the vacuum is maintained by ionic pumps.

We use single-metallic crystals as samples, in particular Cu(100) and Cu(111). They are
cleaned in the preparation chamber (Fig. 2.6b-4) by repeated cycles of argon sputtering (with
a base pressure of 1076 mbar and a voltage of 1500V, (Fig. 2.6b-5) and annealing (around
500°C for copper crystals). They are then transfered to the STM chamber (Fig. 2.6a-1) thanks
to several transfer rods. The STM tips are made of a tungsten wire with a purity of 99%. The
wire is chemically etched using a NaOH solution. As shown in [66], the curvature radius of
the tip obtained with such an etching method is lower than 1 um.The tips are also cleaned in
situ with argon sputtering and annealing around 800°C.

The deposition of metallic species can be done in the preparation chamber through e-beam
evaporators (Fig. 2.6¢-8). It is also possible to deposit metallic atoms at low temperature (77
K or 4.4 K) directly in the STM chamber thanks to a homemade evaporator (Fig. 2.6a-3). This
evaporator consists of a thin noble metal wire placed around a 0.25 mm diameter tungsten
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Figure 2.6: Photos of the experiemental setup. (a) STM chamber (1) with filtered input
and output wires (2) and a homemade evaporator for atom deposition (3). (b) The preparation
chamber (4) with the ion gun for sputtering (5) and an optical pyrometer for temperature
control (6). (c¢) View of the manipulator for sample preparation (7) and e-beam evaporators
for metallic atoms deposition (8).

wire. A power between 3 and 5 W is sufficient to sublimate the atoms from the metal wire.We
use a quartz balance to monitor the flux of the sublimated metallic atoms.

The low temperature is reached thanks to a liquid helium bath. A nitrogen cooled
radiation shield surrounds the helium dewar in order to reduce the consumption (Fig. 2.7).
The measurement stage is also protected from thermal radiations by two rotative shields
coated with gold. We improved the cryogenics by replacing the copper cables by steel ones
for both input and output signals, for the piezo ceramics and for the thermocouple measuring
the temperature on the sample. The steel cables reduce the heat transfer between the low
temperature stage and the upper parts of the cryostat at room temperature. This enables us to
reach a temperature of 4.4 K on the sample block and a helium standing time up to 34 hours,

which corresponds to an average consumption of 0.11/hour.

2.3 Spectrocopy

2.3.1 Theory

Standard spectroscopy

The WKB theory shows a dependency of the tunneling current with respect to the bias
applied between the tip and the sample. But this bias also shifts the densities of states of one
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Figure 2.7: Original schematics of the Omicron LT STM.

electrode with respect to the other. This means that there is a way to investigate the local
densities of states of the sample by measuring the tunneling current at different biases. This
operation is called Scanning Tunneling Spectroscopy, or STS, and has to be carried out at a
given sample distance, 1. e. without the feedback loop operating. From Eq. 2.2, we know that
the tip and the sample DOS equally contribute to the tunneling current as one can interchange
ps and pr, and vice versa. Here, we assume that the tip DOS is flat around Fermi level, that

is to say py = C*¢. At our working temperature, we use a step function to approximate the
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Fermi-Dirac distribution, leading to a simplified expression of the current in which the Fermi

level is used as the energy reference (Er = 0):

dl dT(z,E,V)
dv dv

By using the expression of the transmission coefficient (Eq. 2.2), we have :

(z,V) < T(z,E =V,V)ps(V) + /0 ' ps(E) dE. (2.4)

o o< ps(V)T(2,V,V) — ‘PZJZ 1(z,V), 2.5)
with
dl
= — 2.
0= (2.6)

where ¢, is the average work function as defined before. We can see in this expression
that for small tip-sample distances, most of the information of the differential conductance
spectrum refers to the sample density of states ps. In the case of low distances (high current),
the proportion of information coming from the second term increases and can sometimes
lead to a negative differential conductance [78]. Generally speaking however, the second

term can be neglected and thus the conductance expression can be written as

G o< py(V)T(z,V,V). 2.7)

This equation shows that (V) contains information about the sample density of states and is
therefore a powerful tool to investigate the electronic properties of surfaces around the Fermi

energy with atomic-scale resolution.

Inelastic Electron Tunneling Spectroscopy

Inelastic phenomena occur in STM when the electrons flowing through a system give a part
of their energy to excite an adsorbed atom or molecule in the junction. This energy, noted A®
(Fig. 2.8), can be used to induce spin transitions among Zeeman or vibronic levels, or excite
plasmons in the tunneling junction. It leads to an increase of the current for a given bias as
soon as the excitation energy threshold is reached. The change in current can be explained as
the opening of a new tunneling channel for the electrons.

At each threshold energy, a slope change occurs in the (V) curve leading to a symmetric
step around Fermi level (each step corresponding to an excitation process) in the corre-
sponding dI/dV (V') spectrum. This spectroscopy is defined as Inelastic Electron Tunneling
Spectroscopy (IETS). To examplify this, we present in Fig. 2.9 the typical signature of vibra-
tional/rotational excitation of a H, layer. The rotational excitation of hydrogen is visible at
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Figure 2.8: Example of an inelastic process in STM. Example of an inelastic process in
STM. The energy ho is lost by the electrons during the inelastic process.
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Figure 2.9: IETS of a hydrogen layer. (a) shows the slope changes in the current intensity
(marked by arrows) and (b) shows the first derivative of the current with respect to bias.

48 meV, while the lower energy excitation (10 meV) can be attributed to a phonon excitation
in the layer [79].

2.3.2 Lock-in detection principle

In principle, to record a dI/dV (V) one could numerically derive an /(V) spectrum. This
leads to a differential conductance spectrum with a low signal-to-noise ratio (Fig. 2.10). To
overcome this limitation, we use a lock-in amplifier. The main idea of the lock-in phase

sensitive detector (called lock-in here) is to add a sinusoidal modulation wave to the input

100
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Figure 2.10: Comparison between the derivation of the /(V) curve and the lock-in
recorded conductance (V). (a) Numerical derivative of the tunneling current. (b) (V)
obtained through the lock-in technique.

signal of the STM and then deduce the derivative of the output signal (the tunneling current
in our case) from the harmonics of the modulation wave. To obtain a result as accurate
as possible, the modulation frequency must be selected in a range in which the noise is

negligible compared to the signal we are working with.

Formally, we can write the tunneling current as

I =1I[V +Vycos(owt + 0)]. (2.8)

Using a small enough amplitude V,, for the modulation (V,,, << |V|), one can Taylor expand

the tunneling current entering the lock-in as

dI(V d*1(v
IV +Vycos(ot+0)] :I(V)+a1LVmcos(wt+9)+a2 (

G )Vmcos(2(ot+9)+... :

dv?
(2.9)

Using a lock-in amplifier, this signal is multiplied by the phase-shifted modulation signal
V'cos(wt + @) where V' is the constant amplitude of the modulating signal. The first order

term of the Taylor expansion becomes

dI(V

)
m ) 2.1
v Vincos(ot + 0) (2.10)

(V) 1ockin = V'cos(ot + ) x |ay

which can be re-expressed as
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v/ dl(V)
a —
2 av

By using a low-pass filter, the phase sensitive detector can select only the first term which

o (V)1ockin = Vin[cos(0 — @) + cos(2wt + 0 + ¢)]. (2.11)

includes the differential conductance information. Adjusting the phase ¢ , it is possible to
maximize the output signal of the lock-in.

In our case, the spectra of interest are located in a bias range |V| <5 mV. In order to satisfy
the conditions of the Taylor expansion, we used a modulation amplitude of a few hundreds uV
(amplitude taken as Root Mean Square, noted rms). As showed below, such a low amplitude

also reduces the broadening of the recorded spectra.

2.3.3 Broadening in spectroscopy

Since the spin-flip excitations are typically of a few meV large (see Chap.3), an accurate
control of the broadening mechanism in the tunneling spectra is necessary. Several sources of
broadening may be identified as briefly described hereafter. We first treat the case of elastic
tunneling (STS), and then of inelastic tunneling (IETS).

Broadening in STS

Temperature induced broadening. The smearing of the Fermi-Dirac distribution causes the
dI/dV (V) spectra to broaden with increasing temperature. Recalling Eq. 2.2 and considering

T and py;, constant, we have

=S E_

that can be rewritten as a convolution product

o(V) e ps*xr(E—eV), (2.13)
where
2
yr(E—eV) = %(E _eV) = [ﬁ , (2.14)

and y7(0) = @. This broadening function is plotted in Fig. 2.11 (a). The broadening
function due to temperature has a Full Width Half Maximum (FWHM) of 67 = 3.5 kgT. In
other words, the higher the temperature, the stronger the smearing of the spectrum
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Figure 2.11: Illustration of the effects of thermal lock-in induced broadening in STS.
(a) Smearing function 7. (b) Smearing function )j;. Adapted from [80].

87 =0.3T [mV]. (2.15)

To minimize o7, we pump on the He bath in order to achieve a working temperature of 2.4 K.
For a pressure in the order of 10~2 mbar in the helium dewar, this temperature can be kept
for approximately 12 hours and the FWHM is then 67 = 700 pV.

Lock-in broadening. Another source of broadening is the noise present in the signals
entering to and exiting from the STM. A major source of noise is the lock-in itself since it
introduces a periodic modulation in the bias applied to the junction. This may be rationalized
by considering the first harmonic obtained through the lock-in by

T/2
Iy = %/ / IV +Vycos(ot)|cos(ot)dt (2.16)
—7/2

where 7T is the measurement interval time. With some mathematical treatments described in

[81], the conductance spectrum measured with the lock-in appears as a convolution product :

< dl

OV hocan = |3V =V (V)aV", .17

where

2 V2 _V/2
VM (2.18)

XM (Vl) - )
Vi

is the broadening function of the lock-in signal (Fig. 2.11b). The modulation has then a
FWHM of

Op = 2.45Vy [mV rms]. (2.19)
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Figure 2.12: General case smearing function. FWHM of the smearing function versus
modulation bias. Here, both temperature and modulation are taken into account. The
temperature for this curve is set at 2.4 K.

General elastic case. When one takes both temperature and modulation broadening into

account, the measured signal is

G(V)measured < PS*XT * XM- (2.20)

The computed lineshapes (Fig. 2.12) show that the FWHM of the smearing function Y7 * X
depends on both 67 and Jy; and the bias resolution dy achieved in the spectra can be

approximated as

8, ~0.95 x 1/ (87)2 + (8m)>. (2.21)
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To obtain a resolution lower than a mV in the spectra, one has to use a modulation amplitude

lower than 200 u'V rms at a temperature of 2.4 K.

Broadening in IETS

To deal with broadening in IETS, we follow the same approach as above. According to Klein
et al., [81], one obtains

87 = 0.47T [mV], (2.22)

and

oy = 1.73Vyy [mV rms]. (2.23)

Our measurements being performed at 2.4 K with a 150 uV rms modulation, we assume
that the smearing is carried by the temperature. Then, for simplicity, we only deal with
Fermi-Dirac broadening term and thus obtain the following expression for the inelastic

current [82] :

ee(V7V0)/kBT

[=Ce(V-V) e¢(V=V)/ksT 4 |

(2.24)

where C is a constant depending on tunneling parameters and here only affects the apparent
height of the inelastic step in the differential conductance spectra. Vj refers to the energy
threshold for the inelastic process. This gives a total broadening of 6 = 1.26 mV for our
measurement at 2.4 K.

High-frequency noise as a source of broadening

Experimentally, we found that the presence of high-frequency (in the order of MHz or higher)
noise is also a strong source of broadening. To reduce the impact of this noise, we shielded
our cables and installed MHz low-pass filters on all cables entering the STM (piezo controls,
thermometer and bias). The gain in precision for our measurements was significant. To
evaluate the efficiency of our high-frequency filters, we can compare the inelastic signal of
Fe atoms deposited on copper nitride without and with the filters. The inelastic effects that
we measure are described in Chap. 3, and the following spectra were taken at 2.4 K with a
modulation of 150 'V rms.

In principle, by using a 150 uV modulation at 2.4 K, we should be able to distinguish
three inelastic transitions (Fig. 2.13a; see Chapter 3 for details). However, we can see in Fig.

2.13 (b) a signal which is smeared. According to the fit, the noise we have is equivalent to a
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Figure 2.13: STS spectra taken on the system Fe/Cu;N. (a) Model spectrum expected
with 2.4 K and 150uV rms. (b) Curve obtained before shielding of the measurement stage.
Only 2 out of the 3 transitions are identified. The fitted curve (red) indicates an effective
temperature of 4.4 K.(c) Spectrum obtained after filtering the high frequency noise. Now the
3 expected transitions are visible, and the fit gives an effective temperature of 3.04 K, closer
to the experimental conditions.

temperature of 4.4 K, therefore the spectrum is approximately twice as broad as expected.
With the high-frequency filters, 3 transitions can be distinguished instead (Fig. 2.13c) and
the effective temperature is 3.04 K.

We compare our resolution with the results published by the group of C. Hirjibehedin
[83], who is working with the same base temperature. They studied a system consisting in
Co atoms deposited on large (10 x 10 nm?) copper nitride islands. For such a system, there is
a competition between magnetic anisotropy and Kondo effect. In their study, they show that
the closer the Co atom is to the edge of the island, the more intense the Kondo resonnance is,
while the magnetic anisotropy decreases concomitantly. In our case, the islands were only
few nm? large and thus we detect a Kondo resonance at the Fermi energy (Fig. 2.14), flanked
by inelastic steps at £5.5 meV. Interestingly, the width dE of these steps is similar in both
sets of data (about 2 meV), indicating a similar resolution for both setups.
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Figure 2.14: STS spectra taken on the system Co/Cu,N. (a) Curves presented in [83] for
Co/Cu,N. In the case of a cobalt atom located nearby the edge of the Cu,N island (upper
black curve), the inelastic step and the kondo resonnance are well defined. (b) Spectra we
recorded with our STM at 2.4 K for Co/Cu,N system.

2.3.4 Data treatement : tip structure deconvolution

As shown by the WKB theory, both sample and tip DOS contribute to the tunneling current.

Prip 18 usually not constant, and unwanted tip structure can contribute to the dI/dV spectra.

We therefore perform a deconvolution process by substracting the normalized tip DOS to the
signal as explained in [3]

Omeasured (0)
0 (0)sip

where [0(V)),,..asureq 15 the non-treated (bare) spectrum, oy;, (V) is the tip structure recorded

Gdeconv(v) = Omeasured (V) - X Otip (V) +C (225)

above the metal crystal and C a constant to shift the deconvoluted spectrum toward the correct

(and initial) conductance values. The result of this deconvolution process is presented in Fig.

2.15. This approximated deconvolution works for relatively smooth tip structures compared
to the feature of interest in STS. Therefore we are always preparing the tip to have it as flat

as possible in the bias range of interest.



32 Scanning Tunneling Microscopy

—— Spectrum without tip structure

—— bare spectrum
T T T T

(a) — Tip structure (b)
bare spectrum 8
‘ ‘ ‘

8.0 . ;

diidV (nS)
di/dV (nS)

Bias (mV)

Figure 2.15: Example of tip structure removal in STS. (a) Spectrum of the NiCp; inelastic
signal (black curve) and tip structure recorded over a bare Cu(100). (b) Spectrum of NiCp;
inelastic signal (black curve) and same signal with the tip structure removed (red curve),

shifted by 4 nS for clarity.



Chapter 3
Detecting spin-flip events with a STM

This chapter is devoted to spin-flip scattering events that are detected in a single impurity
using the STM, in particular to scattering events in the presence of magnetic anisotropy. We
will be dealing with these scattering events in the following chapter. In the first part, we focus
onto inelastic scattering involving spin-flip events, and their detection by magnetic Inelastic
Electron Tunneling Spectroscopy (IETS). In the second part, we briefly present the Kondo
effect, which instead involves elastic spin-flip scattering. For completeness, we conclude the

chapter by mentioning the interplay between inelastic spin-flip events and the Kondo effect.

3.1 [Inelastic Electron Tunneling Spectroscopy

In the middle of the last century, physicists started to investigate the inelastic scattering
effects in electronic devices. Salaneck ef al. [84] for instance found that, for conventional
conductance measurement at low biases, a periodic feature appeared in the dI/dV acquired
across a p-n tunnel junction made up of PbTe(In) and PbTe(In,Ga). The low-bias spectra
exhibited zero-bias anomalies having the shape of steps in the dI/dV spectra (fig. 3.1), with
a periodic separation. Their analysis led to the conclusion that they were measuring the
change in conductance due to the excitation of vibrations of indium and gallium impurities in
the insulating layer. Thus, the difference in periodicity of the inelastic features is attributed
to the difference in mass of the considered impurities. This finding led to the development
of a new type of spectroscopy, inelastic electron tunneling spectroscopy (IETS), that was
much exploited from the 70s [85]. IETS consists in a measurable change of the differential
conductance due to an excitation of an atom, molecule or atomic structure and it appears as a
step-like feature in conductance (dI/dV) spectra.

Soon after the development of STM, surface-science physicists envisioned to use IETS in

the tunneling junction of the STM [86, 87]. Compared to macroscopic junctions, STM would
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Figure 3.1: Inelastic spectroscopy recorded in tunnel pn-junctions, taken from [84]. (a)
Second derivative of the tunneling current, d>I /dV?, for a PbTe junction doped with In. (b)
First derivative, dI/dV, of the current flowing through the pn-junction doped with both In
and Ga. The steps related to indium are regularly spaced by 5 meV whereas those induced
by gallium are spaced by 6.5 meV.

allow detecting vibrational signatures with atomic scale resolution, thereby opening the path
towards single-molecule inelastic spectroscopy. These vibrational signatures would also give
a chemical sensitivity to the STM, which is usually absent in standard operating modes of
the microscope. The experimental proof only came in 1998 when Stipe ef al. measured the
vibrational IETS of a single acetylene molecule adsorbed on a Cu(100) surface [88—90]. At
the end of the 90s, low temperature STM appeared paving the way towards the detection of

lower-energy excitations, in particular magnetic excitations involving spin-flip events.

3.1.1 Principle of magnetic IETS

In 2004, Heinrich et al. [4] showed that magnetic excitations in a single magnetic atom
could be detected using a STM with a built-in magnetic field. This seminal experiment has
given rise to a lot of activity in magnetic IETS on the atomic scale. The measurements by
Heinrich et al. were carried out at 0.6 K on Mn atoms deposited on Al,O3 islands (Fig.
3.2a-b). The aluminum oxide layer is used to prevent charge transfer between Mn and the



3.1 Inelastic Electron Tunneling Spectroscopy 35

—
n
o

1.0

0.9

Scaled dl/dV

osl

=

Mn ofn metal

Scaled dl/dV
o
[(e)

Voltage (mV)

Figure 3.2: Magnetic IETS of Mn atoms on Al,Os3. (a) NiAl(110) surface partially covered
with Al,O3. (b) Topography of the same area covered with Mn atom. (c) dI/dV spectra
obtained on the Mn atom and on the bare oxide with and without the magnetic field. The
symmetric feature the around Fermi level only appears on Mn atoms in the presence of a
magnetic field. (d) Spectra recorded on the Mn atoms adsorbed on NiAI(110). Fig. extracted
from [4].

host metal, i.e. to preserve the spin of the Mn atom. This thin insulating layer also effectively
separates the Mn atom from the metallic surface leading to a partial decoupling, and thus to
longer electronic lifetimes for the Mn states. Experimental identification of these excited
states became then easier and better resolved. In the absence of a magnetic field, there is
no step-like feature appearing at Fermi level in the dI/dV spectrum. However, when the
magnetic field is applied, a symmetric step around the Fermi level appears (Fig. 3.2c). The
step corresponds to a 25% increase with respect to the elastic conductance alone, which
corresponds to the dI/dV signal at very low bias (0.5 mV).The IETS data of Heinrich et al.
can be rationalized by assuming the existence of a Zeeman effect for the total momentum J
of the Mn atom

= —gupJ-B, (3.1)

where g is the gyromagnetic factor, up the Bohr magneton and B the applied magnetic field.
In the case of the Mn atom, the orbital momentum is zero (3d5) and thus the total momentum
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Figure 3.3: Angular momentum conservation. (a) Initial state before inelastic excitation
of the adsorbate. (b) Final state, the angular momentum of the electron and of the adsorbate
change, but the total angular momentum is preserved during the excitation process.

J refers to the spin only, where § = 5/2. Supposing this is also the case once the Mn atom is
adsorbed on Al,O3, when a magnetic field is applied, it is possible to lift the degeneracy of the
S =5/2 state, having then mg = +5/2 as the ground state, the mg = 43 /2 as the first excited
state and so on (Fig. 3.3). Within this viewpoint, the step at 0.7 mV in the dI/dV spectrum
corresponds to the mg = +5/2 — mg = +3/2 excitation of a Mn atom. This excitation does
not change the total spin of Mn, but the conservation of angular momentum causes the spin of
the electron to flip from mg = —1/2 — mg = +1/2, hence the name “spin-flip” spectroscopy
that is sometimes used to designate magnetic IETS (Fig. 3.3). Moreover, the spin-flip process
of the electron limits the detection to transitions with Amg =0+ 1.

During the very short collisional time between the atom and the tunneling electron, the
electron spin couples with the adsorbate spin either through a direct dipolar interaction or
through an exchange interaction. The two form a transient collisional intermediate state,
whereas the interaction with the environment can be neglected [91, 92]. The efficiency of
this process is remarkable compared to vibrational IETS, where the inelastic signal is at most
a few per cent of the elastic conductance. The inelastic conductance in magnetic IETS can
instead be comparable (Fig. 3.5b) or even exceed (see Chapter 5) the elastic conductance.
This behavior can be traced back to the strengths of the interactions at play: while spin-spin
coupling is very large, electron-vibration coupling is weak. However, like vibrational IETS,
magnetic IETS is very sensitive to the symmetry and to the particular system studied [93],
thus not all excited states in a magnetic system can be excited by tunneling electrons. This
can also be rationalized in terms of spin-coupling coefficients [91, 94, 95, 92].
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3.1.2 Influence of the magnetic anisotropy on IETS Signals

Magnetic anisotropy is a magnetic property coming from the well known spin-orbit coupling
phenomenon, favoring a preferential spin orientation in some structures. It has been the focus
of research for decades as the bistability it introduces in nanoscale systems is potentially
appealing for storing binary information. Recent activity in this domain has consisted in
testing whether it is possible to downscale these systems from several nanometers to a single
object. Several studies showed encouraging results. First the FePhen molecules [28, 44]
exhibit so-called "high spin" and "low spin" states that can be switched by bias application
and which survive up to 10 minutes at low temperature. Secondly, metal atoms such as Ho
deposited on MgO and magnetically oriented by a strong magnetic field (6.8T) [96] were
found to exhibit a long relaxation time, about 1h at 2.5K reduced to 675s + 77s at 20K
because of thermal relaxation processes.

Magnetic anisotropy introduces a small energy difference between two spin orientations
called magnetic anisotropy energy (MAE). This weak energy difference, typically of the
order of a few meV, renders these spin states accessible to IETS, even in the absence of a
magnetic field. Magnetic anisotropy in single objects can be induced by molecular ligands in
the case of organometallic compounds [97] (see also Chapter 5) and by structural properties
of the substrate as in the case of metal atoms on thin films — MgO or Cu,N [98, 5, 99]. The

Hamiltonian describing the magnetic properties of a single object can be written as

H = He+ I+ I, (3.2)

where 7. account for the crystal field, .7 = A L-§ for the spin-orbit coupling and .7 for
the Zeeman effect. In 3d atoms, the crystal-field splitting of the 2L + 1 levels (where L
is the orbital quantum number) is much larger than the spin-orbit coupling, leading to the
quenching of the orbital angular momentum. It is possible then to treat 7 as a perturbation

of 7 [100]. In parallel, we can re-write the spin-orbit Hamiltonian as

M =DSI+E(S;-38)), (3.3)

where the axis are taken as presented in Fig. 3.4, the quantization z axis being perpendicular
to the sample surface. D expresses the longitudinal anisotropy, which is the tendency of the
spin to be aligned along the z axis. A negative value of D will favor a spin parallel to the z
axis, whereas a positive value will keep the spin in the xy plane. The parameter E, called
transverse anisotropy, accounts for a privileged direction of the spin in the xy plane.

To experimentally illustrate how magnetic anisotropy determines the low-energy spectra

revealed by magnetic IETS, we briefly recall the work of Hirjibehedin et al. [5] on iron
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(b) z

Figure 3.4: Sketch of X, Y and Z axis on a metallocene. (a) 3D representation of a single
molecule with axis. (b) Geometry of the axis when a molecule is adsorbed on a sample
surface.

atoms. In this study, individual Fe atoms are separated from a Cu(100) crystal by a monolayer
of copper nitride Cu;N (Figure 3.5a). The IETS spectra recorded above isolated Fe atoms
(Fig. 3.5b) exhibit three transitions, attributed to excitations from the ground state to the
different accessible eigenenergies of 7Z; (Eq. 3.3). Supposing that the spin of Fe is that of a

free iron atom spin, i.e. S = 2, the eigenenergies &, of .7Z; are

€ =2D(1+1/1+3E2/D?),

& =4D,
& = (D —3E), (3.4)
& = (D—|—3E),

€4 =2D(1+/1—3E2/D?),

Using these expressions, Hirjibehedin et al. extracted D and E, thereby performing the first
measurement of magnetic anisotropy at the single-atom level (z axis chosen perpandicular to
the sample surface). They found D = —1.55 meV and E = 0.31 meV for Fe. Because of the
negative value of D, & is here the ground state. The robustness of these values was further
tested by acquiring IETS at various magnetic fields (Figure 3.5). Note that the shift in energy
observed in the IETS steps by application of a magnetic field confirms the magnetic origin of

the transitions, excluding a vibronic exitation (insensitive to external magnetic field). Finally,
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Figure 3.5: Magnetic IETS of an isolated Fe atom adsorbed on a Cu;,N island acquired
with and without a magnetic field. (a) STM image ( 65 x 65 nm? of Cu,N islands on Cu(100)
with Fe adatoms. The sketch shows the arrangement of N (blue) and Cu (red) atoms in the
islands, the green area being the adsorption site of Fe adatom. (b) Spectra taken with a
magnetic field parallel to the nitrogen direction. The spectra were shifted for clarity. The
arrows show the three different excitation levels. Figure taken from [5].

the corresponding eigenstates ¥, can now be fully characterized; they are expressed as a

linear combination of the different spin momenta |S = 2,mg) (Fig. 3.6).

Interestingly, the excitation & — & involves essentially transitions from mg = 42 to
mg = =£1, hence the tunneling electron has to flip its spin to produce the excitation since
the Fe spin changes by Amg = +-1. Excitations to the first excited level € remain instead
among the |mg| = 2 components. Hence, this transition does not involve a spin-flip of the the
tunneling electron (Amg = 0). We can also see from Fig. 3.6 that the direct transition & — &
is forbidden as the fourth excited state involves essentially a mg = 0 state (in this case we
would have Amg = +2). Reaching the state & could be possible by a double excitation
process, but would require higher energies. Hence, only three excitations are detected by
IETS. Similarly, when a strong magnetic field is present, the €y — &, transition is forbidden
as the ground state involves essentially the mg = —2 component, while the excited state
involves essentially the mg = 2 component; accordingly, the transition disappears in the IETS
spectrum with increasing magnetic field. These findings clearly show that the mixture of spin
states by the anisotropies imposes a specific selection rule for the spin excitations.

By analogy with neutron scattering, if one defines y; and y as respectively the initial
and final eigenstates (Fig. 3.6), the relative IETS step heights for the above transitions was
found to be well described by the expression
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Eigenstate [+2) [+1) [+0) =1} [=2)
B=0T

Vo 0.697 0 —0.166 0 0.697

W 0.707 0 0 0 —0.707

W 0 0.707 0 -0.707 0

W 0 0.707 0 0.707 0

Wy 0.117 0 0.986 0 i Rl
B= 7T

Yo 0.021 0 —0.097 0 0.995

gt 0.987 0 —0.157 0 —0.036

TP 0 0.402 0 —0.916 0

W3 0 0.916 0 0.402 0

Yy 0.159 0 0.983 0 0.092

Figure 3.6: Eigenstates of the spin Hamiltonian for Fe on Cu,N withB=0Tand at B="7
T. The eigenstates Y, are a linear combination of the |S = 2,myg) states. In the presence of a
magnetic field, the Hamiltonian is .77 4 7Z;. Taken from [5].
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In the zero-field experiment, this yields Iy_; = 3.88, Ip_,», = 1.62, Ip_3 = 0.49 and [y_4 =
0.03, which corresponds to a relative weight of 65%,27%,8% and 0%, respectively, in good
agreement with the IETS data. However, this approach makes wrong predictions on the
elastic conductance and cannot account for the overall strength of the magnetic transitions.
Indeed, the elastic contribution would yield Ip_,o = 0.95 and thus is greatly underestimated
when compared to the measurements (Fig. 3.5b). Following the study of Hirjibehedin et
al., several theoretical models based on one-electron approaches were developed [94, 95],
but failed in producing quantitative estimates of the ratio between the inelastic and elastic
conductances. A strong coupling theory has been later developed for the magnetic IETS
transitions by Lorente et al. [91, 92], which explicitly introduces the spin symmetries of the
problem and leads to a simple formulation, allowing then for quantitative predictions. This

will be developped in chapter 5 with a concrete example.

More IETS experiments by other groups followed. Magnetic excitations could be de-
tected in a variety of atomic scale systems and used to collect information on the magnetic
properties of these systems: e.g. the magnetic anisotropy of iron phthalocyanine molecules

was shown to depend on the molecular environment [97], the intermolecular exchange inter-
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action between stacked cobalt phthalocyanine was estimated [101], or magnetic impurities
have been analyzed on semiconductors [102]. The interactions between spins in individual
atomic-scale magnetic structures could also be investigated by assembling linear chains,
one magnetic atom (Mn for example) at a time on Cu;N [98, 103]. The excitations in these
finite chains can be considered as quantized spin waves in the finite object [104] where
the tunneling electron first flips the spin of a single atom, and then the spin-flip propagates
through the chain to build the actual excited state of the full system. More recently, spin
torque transfer was shown to be effective in changing the spin orientation of an adsorbate
in theoretical works [105, 106], and soon after it was shown experimentally by injecting
spin-polarized inelastic electrons into Mn atoms on Cu;N [107]. In this particular case, an
intense spin polarized current is used to excite magnetic states at a higher rate than the natural
decay of the atom, performing a spin-pumping experiment close to the phenomenon at work

in lasers.

3.1.3 Lifetime of excited states

The magnetic IETS experiments described above were performed in systems in which an
insulating layer separates the magnetic adsorbate carrying the spin from the metal surface.
They show that an insulating layer and an important magnetic anisotropy lead to spin
lifetimes in the ns range [108, 107] and a slightly longer lifetime of 10 ns was evidenced for
an organometallic molecule on a superconducting Pb surface [109].

However, when the magnetic atoms are directly adsorbed on a metal substrate the spin
lifetime is greatly reduced. This leads to an increased broadening of spectral features and
excitations are poorly resolved in energy so that IETS in general becomes harder to detect on
a metal surface. Nevertheless, Khajetoorians ef al. have measured a lifetime of 200 fs for the
magnetic excitations of individual Fe atoms on Cu(111) [110] with step heights representing
only 5% of the elastic conductance. Interestingly, the Fe magnetic moment extracted from
averaged experimental single atom magnetic curve (dI/dV signal at at given bias with respect
to magnetic field) is 3.4 ug, quite different from the 4.0 ug deduced in the IETS experiments
of Fe on Cuy;N/Cu(100) by Hirjibehedin ef al.. The decreased value of the Fe magnetic
moment is attributed to the strong hybridization of the Fe atom with the metallic substrate.
The lifetime limiting process can then be traced back to substrate electrons colliding onto the
magnetic adsorbate and causing a de-excitation of the system. The decay of excited magnetic
states in individual adsorbates thus proceeds via electron-hole pair creation.

A breakthrough in this domain was recently achieved by Donati et al. [96]. By placing a
Ho atom on a thin insulating layer of MgO, they observed that Ho can have a spin lifetime

up to 1500 s at 10 K. They demonstrated that the long lifetime is due to the localized nature
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Figure 3.7: Anderson model. (a) Density of states (p)of a metal with a localized d impurity
without s — d mixing, and (b) with s — d mixing. Taken from [111].

of the Ho 4 f orbitals which results in a symmetry-protected magnetic ground state upon
adsorption on MgO, and to the decoupling of the Ho spin from the underlying metal by MgO.

3.2 The Kondo effect

Magnetic excitations in single atoms are only a minor part of a larger problem in physics
known as the impurity problem. The Kondo physics represents another facet of the problem
which goes way back to the beginning of the 20th century. At the time, it was well established
that atomic vibrations are frozen in a metal when the temperature is reduced, causing the
resistivity to decrease with temperature and finally stabilize to a residual resistance due to
structural defects and impurities. An increase in resistivity with decreasing temperature was
instead observed in a gold metal with iron impurities [112]. In 1964, Jun Kondo theoretically
explained this observation [113] in terms of spin-flip scattering events involving the spin
of the magnetic impurity and the spins of the conduction electrons of the host metal. The
model proposed a logarithmic increase of the resistivity below a critical temperature in a
second order perturbation theory. Nowadays this effect is the so-called Kondo effect. The

logarithmic increase of the resistivity is associated to the screening of the magnetic impurity



3.2 The Kondo effect 43

EA @ (b) (©

e+U

Virtual state

Tip Sample

Figure 3.8: Electron tunneling between the conduction band and the impurity. (a)
Before the tunneling process, (b) Virtual state where the two electrons combine with opposite
spin, (c) After the tunneling process.

by the spins of the conduction electrons in the host metal and is therefore a many-body
phenomenon involving electron-electron correlations.

3.2.1 Brief overview

A first clue to solving the problem was given in 1961 by the s — d mixing model of An-
derson [111]. In this model, the magnetic moment of the impurity is described by a single
d-orbital with energy &; located below the Fermi level (gf), which is filled with a S = 1/2
spin-up electron (Fig. 3.7). A spin-down electron which would like to occupy the same level
sees the repulsive Coulomb interaction U of the spin-up electron already occupying the level.
Therefore only the €; + U level is available for the spin-down electron. As long as this level
is above the Fermi energy, the impurity has a net magnetic moment(Fig. 3.7c). This can
however change as the d-orbital is hybridized to the electron s-band leading to a coupled

system described by the Hamiltonian

H =Y exliglro+ €1y, dods +Uhy by + Ha, (3.6)
K,0 c
where €& is the unperturbed energy of the s electrons in the metal, while the operators cA;LO-
(¢xo) and d:r, (dy) create (destroy) an electron in state |x,0) and |d, o), respectively. The
Coulomb interaction U accounts for the repulsion between opposite-spin electrons on the d
orbital. The last term of the Hamiltonian



44 Detecting spin-flip events with a STM

@ T>T, (b) T<T

? |,4> ? 41> | é

S R R
s <130 gt e L

Conduction electron bath

Figure 3.9: Sketch of the Kondo ground state. Electron scattering by a magnetic impurity
(a) without screening above Tk, and (b) with screening below Tx. The Kondo state consists
in a linear combination of |{}, /) and |{},7).
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describes the scattering of conduction electrons onto the impurity. This occurs through the
tunneling of the impurity electron into the conduction band and the concomitant tunneling of
one electron of the conduction band into the impurity (Fig. 3.8). Due to the Pauli principle
the two electrons have opposite spins, so that after the scattering event, the impurity spin and
the conduction electrons spin have flipped. Because of the s — d mixing term V., there is a
perpetual change between up and down spin of the impurity [114]. The s —d mixing shortens
the lifetime of the d-state causing it to broaden in energy. Formally, the half width at half
maximum of the d state is expressed by I' = wp |V,<d|2 where p is the the density of states of
the metal at the Fermi level. For a strong coupling, the width of the d state is large enough to
cross the Fermi level, leading to a reduction of the magnetic moment of the impurity (Fig.
3.7b).

Three years after Phillip Anderson’s works, Jun Kondo proposed to use perturbation
theory to describe the scattering of electrons by magnetic impurities [113]. This model is
only valid below a critical temperature called Kondo temperature (noted 7k ) and predicts that
the resistivity diverges when the temperature tends to zero. The Kondo effect describes an
elastic spin exchange between the magnetic impurity and the spin of the conduction electrons.
The Hamiltonian proposed by Kondo is similar to Anderson’s, except that the s — d term is
replaced by an exchange term

e = IS8 = =25 Y [(6nlir — &L )8+ Efanlil S 4 el 66181, (3.8)
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where Jx is the amplitude of the s — d exchange interaction between the impurity spin and
the spin of the conduction electrons. In this expression, the total spin momentum has to
be conserved. When the S, operator rises the spin of the impurity from down to up, the
operators él ¢6KT changes the conduction electrons spin from up to down. The exchange term
I, therefore describes a spin-flipping process between the local moment carried by the
impurity and the spins of the N electrons. The Kondo Hamiltonian leads to a new electron

state below the so-called Kondo temperature, which may be expressed as

kBTK =W 2p|JK|exp(1/2pJK), (39)

where W =~ &f is the bandwidth of the conduction electrons and p is their density of states.
Below Tk, the many-body ground state comprises the impurity spin and a correlated “cloud”
of conduction electrons screening a magnetic moment of the impurity (Fig. 3.9). The ground
state of the impurity is doubly degenerate; it can be expressed as a linear combination
(I, 4) + [4,1))/+/2, where the large arrows stand for the conduction electrons and the small
arrows for the impurity.

The Kondo and Anderson models are equivalent as demonstrated in 1966 by Schrieffer
and Wolff [115]. In the limit of the small s — d mixing, i.e. at low values of I' compared to
€4, a canonical transformation enables to re-express the .77, term of the Anderson model
as the 7, term of the Kondo expression. A rather simple expression between Jx and the
Anderson parameters can then be established

& = — 2 F—U, (3.10)
N mp |elle+U|

where it can be seen that Jx is antiferromagnetic (Jx < 0).

3.2.2 Tunneling into a single Kondo impurity

In 1998, the first experimental observation of the Kondo effect in a single object was reported
in a quantum dot bridging two metallic leads [116, 117]. The Kondo effect is detected
through transport measurements due to the formation below Tk of a sharp peak in the density
of states near the Fermi energy, known as Abrikosov-Suhl resonance or simply, the Kondo
resonance. In the same year, the Kondo resonance was observed for the first time in a
single magnetic atom adsorbed on a non magnetic surface by STM [118, 119] (Fig. 3.10).
Madhavan et al. showed that a narrow asymmetric feature near € appears in the dI/dV of
cobalt atoms on a Au(111) surface [119]. The amplitude of the resonance was shown to be
maximum when positioning the tip above the center of the single atom and was progressively

lost when moving away laterally, confirming that the effect is localized at the atom site.
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Figure 3.10: Kondo resonance of single Co on various surfaces. (a) dI/dV spectra for
Co/Cu(100) and Co/Cu(111) surfaces. Taken from [124]. (b) dI/dV spectrum above Co on
Cu(110). Taken from [125]. (c) Simulated STS spectra (Tx = 2.5 K) vertically shifted for
clarity. The black curve illustrates a Fano factor ¢ = 0.01, the blue one corresponds to g = 1
and the red curve corresponds to g = 100.

The values of the Kondo temperature for adsorbed atoms are generally lower compared
to when they are embedded in bulk due to the reduced coordinance, that is to say a lower
coupling of the adatom with its surroundings. For example, for cobalt 7k is approximately
30 K on a copper surface while in bulk copper Tk is around 500 K. To a minor degree, the
surface structure can also modify Tk by changing the equilibrium position of the adsorbed
atom; as we mentioned above, the Kondo temperature is exponentially sensitive to changes
of the coupling " between the impurity and the metal host (cf. Egs. 3.9 and 3.10) [120]. The
tip can even be used to artificially modify this equilibrium position and therefore controllably
tune the Kondo temperature [121-123].

Another salient aspect is that the Kondo resonance can present an asymmetric lineshape
in STM. The asymmetry varies depending on surface material and structure. Figure 3.10
shows for example the dI/dV spectra acquired above a Co atom on Cu(100), Cu(111) and
Cu(110) [124, 125]. A step-like feature is found for Cu(100), while a dip is observed on
Cu(111) and a peak is detected on Cu(110). This results from the quantum interference
between the two paths available to the tunneling electrons. Electrons originating from the tip
can tunnel into the Kondo resonance which lies close to €7 (path 1 of Fig.3.11a) or in the
empty bulk states above &r of the metal (path 2 of Fig.3.11b). The two different paths are
chosen by the tunneling electrons with probabilities given by the tunneling matrix elements
t1 and 1, for tunneling into the Kondo resonance and the bulk states, respectively. The weight
of each path, i.e. the ratio t1/t,, determines the lineshape of the Kondo resonance [118?
, 126]. The Kondo lineshape in STM is well described by a Frota-Fano model [127, 128]
(Fig. 3.11¢),
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Figure 3.11: Tunneling paths for the Kondo effect in a STM junction and Fano line
shape. Schematic view of the tunneling paths that electron can follow when the STM tip is
positioned above a Kondo atom: (a) direct tunneling into the Kondo resonance of the atom.
(b) tunneling into the empty states of the sample.

o(eV) =h{(q* ~ Dg(x) +sgn()2lgl VW —g(x)] } +00, (1D

. o KV*EK . . . .
with X = 5577~ 155%s Tk and sgn representing the sign function, while €k, & and oy are constants.

The Fano parameter g accounts for the lineshape asymmetry and g is the Frota function [129]

gx) =R (Vi—%x) : (3.12)

with R(z) the real part of z. Figure 3.10c presents some simulated lineshapes with increasing
q- By using Eq. (3.11) to fit experimental data, it is possible to accurately estimate the Kondo

temperature of a system [122].

3.2.3 Kondo physics and magnetic IETS

The Kondo effect results from the screening of the spin of a magnetic impurity by the
conduction electrons of a metallic substrate. Unlike the inelastic spin-flips occurring in
magnetic IETS, the Kondo effect involves an elastic spin-flip of the conduction electron, i.e.

it has no cost in energy. Nevertheless, the two scattering mechanisms have some points in
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Figure 3.12: Many-body effects in magnetic IETS. (a) dI/dV spectra acquired above
a nickelocene molecule (see chapter 5) and simulated spectrum based on a one-electron
approach (solid red line). The green arrows point to the logarithmic-like decays following
the conductance steps. (b) Normalized conductance spectrum for a Co adatom on Cu,N. The
calculated spectra are in black, while the corresponding experimental data from are in red.
Image extracted from [132].

common, which we will briefly highlight hereafter. We refer the reader to the review by

Ternes [130] and Gauyacq et al. [131] for an extensive presentation.

As we showed, the signature of the Kondo effect in an STM experiment consists in a
zero-bias anomaly in the conductance spectra. This singular behavior is also present at the
conductance steps of magnetic IETS. To illustrate this, we show in Fig. 3.12(a) a typical
dI/dV spectrum acquired above a nickelocene molecule (see Chapter 5) where additionally
we simulated the IETS spectrum using a one-electron approach [82]. In the experimental
spectrum, the spectral weight is greatly increased near the steps (arrows in Fig. 3.12a) and
yields peak-like features at variance with the abrupt steps present in the simulated line. A
better agreement with experiments is obtained via many-body theory including Kondo-like
phenomena [132, 133], which predicts a logarithmic decay of the conductance as a function
of bias subsequent to a conductance step (Fig. 3.12b). However, as shown by Loth et al. [107],
the repeated excitation of the magnetic states as the tunneling current increases could also
contribute to the peak-like features at the inelastic threshold.

Another noticeable feature is that many-body effects can shift the inelastic thresholds.
This is an important effect for accurately extracting the magnetic energies from IETS. The
most striking experimental evidence for this shift was reported by Oberg et al. [99]. They
observed that the IETS spectra of Co atoms on Cup;N/Cu(100) islands change dramatically
depending on the lateral distance of cobalt to the copper surface (Fig 3.13a). As cobalt
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Figure 3.13: Kondo effect and magnetic IETS for Co/Cu,N, taken from [99]. (a) STM
image of the Co atoms deposited on Cu;N islands. (b) dI/dV spectra recorded above different
Co atoms. The colors correspond to the color labels of panel (a). The spectra are shifted for
clarity.

approaches the edge of the Cu;N island, the relative height of the Kondo peak increases
and the IETS conductance steps shift to lower energy, (Fig 3.13b). This behavior can be
explained using both Kondo and Anderson models through second-order perturbation theory.

A renormalized spin excitation value A can then be expressed as

B _i 2 2w
A=A |:1 16 (pJK) In (ﬂ'kBT):| s (313)

where Ay is the bare excitation energy, W the bandwidth of the conduction electron and T the

temperature. The equation links the Kondo peak to the magnetic IETS as pJk also determines
the Kondo temperature of cobalt, cf. Eq. (3.9). Qualitatively, the above relation accounts for
the experimental observation: as pJk decreases, the Kondo temperature decreases, and at the
same time the spin excitation energy goes up.

Summarizing, in this chapter we have presented how STM can detect spin-flip scattering
events. We first presented magnetic IETS which allows for the detection of magnetic excita-
tions of surface-supported atoms or molecules through inelastic spin-flips of the tunneling
electrons. These excitations provide information on the magnetic ground state, in particular
on the magnetic anisotropy, of the object studied. We then focused on the Kondo effect of a
single atom, which involves elastic spin-flip scattering. We showed that STM can be used to
characterize the Kondo ground state at the atomic scale through the detection of the Kondo
resonance. Both magnetic IETS and Kondo physics will be addressed at the molecular level

in the following chapters.






Chapter 4

Spin doping a metallocene

As described in chapter 1, the compostion of a molecule and especially its anchoring group
to the surface are determinant for the magnetic properties of the system. Here, we propose a
method to combine metallocenes and magnetic atoms to create a new entity. Such a spin-
doping process has already been experimented on double deckers based on phtalocyanine
(Pc) molecules. First, Gambardella and coworkers[134] showed that the magnetization of
a substrate can influence the magnetic proprerties of Tb(Pc),. One year later, Robles and
coworkers [30] deposited Cs atoms on Y (Pc),. They showed that the Cs atom donates an
electron to the molecule and thus changes its DOS. Furthermore, the Kondo peak identified
above the molecular layer disappears in the neighbourhood of the Cs adatom, showing a
dramatic change in local DOS. The same kind of result was reported for CuPc molecules
[31] which were doped with one to four Li adatoms. This led to a change in magnetism of
the molecules and therefore to different resonances in STS spectra.

In our case, we specifically focus on ferrocene as an originally non magnetic metallocene
and the way it interacts with Co extra atoms to create a new magnetic entity. This chapter
will be devoted to the study of ferrocene molecules from an experimental point of view, with
the support of DFT computations. The first part is dedicated to the deposition of the molecule
on a sample surface. This was the subject of only few experimental and contradicting works
so far, so we propose a complete analysis of the ferrocene adsorption on copper surfaces.
The second part of the chapter will deal with the spin doping of FeCp, by a Co atom, starting
with the different methods used to create the new systems and then moving to their magnetic

characterization.
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4.1 Ferrocene deposition and adsorption on noble metals

The first objective consists in depositing FeCp, on a metallic and non magnetic surface.
Up to now, different types of adsorptions have been reported. Several studies reported an
associative adsorption (adsorption with intact molecules) at low temperature on Ag [135-137].
These results were obtained on cold Ag(100) crystals by mean of averaging methods, Angle
Resolved Photo-Emission Spectroscopy (ARPES) and High Resolution Electron Energy
Loss Spectroscopy (HREELS). They claimed a preferential orientation of the molecular axis
perpendicular to the surface, i.e. a physisorption of vertical molecules (Fig. 4.1). The latter
results also indicate the growth of ferrocene assemblies occurs layer by layer. The desorption
of ferrocene on Ag(100) induced by temperature was found to start at 150 K with desorption
of intact molecules. However, a radiation induced desorption (molecules illuminated with
synchrotron radiations) was found to cause a decompostion of FeCp; during the desorption
process. Similar experiments were carried out on graphite and reported a physisorption of
vertical molecules again on graphite at 140 K [138]. A second work [139] claimed a partial
fragmentation of horizontal FeCp;. On a Mo surface [140], horizontal ferrocenes were found
to be associatively adsorbed at 150 K and decomposed at room temperature (300 K). The
results obtained on Cu(100) [136], showed an associative physisorption of horizontal FeCp,,
with a preferential axis orientation along the [110] direction.

Progresses in local probe measuring techniques enabled STM measurements on such
molecules. K. F. Braun and coworkers [141] proposed a dissociative adsorption model of
FeCp, on Au(111), while an associative adsorption has been addressed for various ferrocene-
derived molecules on the same substrate [142, 143] or different surfaces [144]. B. W. Heinrich
and coworkers [145] presented a molecularly physisorbed ferrocene on Cu(111) lying with the
molecular axis perpendicular to the surface. This last result is contradicting the experiments
of [136]. Because of the little consensus on ferrocene adsorption onto surfaces, we first
dedicated our experiments to undertand the adsorption geometry of ferrocene deposited on

noble metals, Cu crystals in our case, thanks to STM imaging.

4.1.1 Deposition procedure

In a first step, we purified the commercial ferrocene powder by spontaneous desorption
of impurities in vacuum at room temperature, mainly to remove the remaining solvants.
This process was achieved in the preparation chamber. The pressure during the process
evolved from 10~* mbar to 10~7 mbar in a few hours, indicating that impurities (supposed
to be remaining solvant traces) are pumped away. A pressure in the order 10~/ mbar was

experimentally found to be the moment when the ferrocene starts to degrade in the crucible.
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Figure 4.1: Possible adsorption geometries of ferrocene on a surface. The molecular
axis is indicated in both cases with a dashed arrow. White, yellow, and red balls represent H,
C, and Fe atoms, respectively.

This was verified by the yield reduction in molecular deposition and a significant change in

color of the remaining entities in the crucible, going from green crystals to orange powder.

The deposition process has to be done on a cold sample so that the molecules stick to
the surface. Deposition attempts at room temperature did not result in exploitable samples:
the images only exhibited small features on the sample surface incompatible with the FeCp,
apparent height previously recorded on metals [142, 143]. The method we used here consists
in taking out the sample from the cryostat and keeping it on the wobble stick in front of the
gate valve separating the STM chamber (10~ !° mbar) and the preparation chamber (10~
mbar) where the crucible is emitting ferrocene at room temperature. Opening the valve
between the preparation and the STM chambers allows the ferrocene to flow towards the
sample and some of the molecules adsorb on the sample (Fig. 4.2). During the process,
the sample is no longer cooled down by the helium bath and its temperature is estimated
to be below 150 K. Such a procedure enables to obtain a deposition rate of approximately
1.2 monolayers per minute on the sample surface. After deposition, the samples were

immediately cooled down to 4.6 K and analysed by STM.

The FeCp, molecules can be desorbed by warming up the samples while monitoring
the pressure in the STM chamber. At 182 K, the pressure suddently rises in the 10~ range,
suggesting a desorption of the molecules. STM images of the surface after the operation

confirmed the disappearence of the ferrocene on the copper crystal.
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Figure 4.2: Experimental setup for ferrocene deposition.(a) Top view photo of the STM
chamber (1) and the preparation chamber (2). The red line corresponds to the gate valve
between the two chambers. (b) Sketch of the two chambers before the deposition. The
crucible in the preparation chamber contains the ferrocene molecules. The copper sample is
set in front of the gate valve thanks to the wobble stick (not represented). (c) When the valve
is opened, the ferrocene flows to the STM chamber and sticks on the copper surface facing
the valve.
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Figure 4.3: Ferrocene growth on Cu(111) surface. (a) About 0.1 monolayer of molecules
was deposited, leading to a step edge decoration. (b) A deposition of 0.6 monolayer of
ferrocene is sufficient to give rise to a self-assembled network on the sample surface. On
some areas, the step decoration is still visible. (¢) STM image (+1V, 0.5 nA) of 0.6 monolayer
FeCp, deposited on Cu(111). Inset: Height profile of the molecular monolayer. Image size:
30 x 30 nm?.

4.1.2 Deposition on Cu(111)

Let us first analyse the adsorption on Cu(111). For a small quantity of FeCp, deposited on
the sample (below 0.2 monolayers), we obtained only step decoration on a Cu(111) surface
(Fig. 4.3a). The molecules appear as bright protrusions with an apparent height of 3.1 A, as
already observed in previous STM studies [145].

A larger quantity of molecules, around 0.6 monolayers, gives rise to long-range well-
ordered molecular layers with almost no defects (Fig. 4.3b-c). Self-assembly processes
have already been reported for Fe-phen molecules [146] or ferrocene derivatives [143]. The
apparent height exhibited by the ferrocene layers is the same as for ferrocene molecules at
the step edge, 3.1 A (inset in Fig. 4.3c). An analysis of the molecular adsorption on the
surface as a function of the coverage indicates that the ordered islands grow from the step
edges of the copper crystal.

Among the layers, two different molecular configurations, which we label "compact"

and "zigzag" (Fig. 4.4a,c respectively), appear equally distributed across the surface.

Compact configuration

In the compact configuration (Fig. 4.4a), elongated rod-like protrusions can be observed
between ring-like protrusions. We assign the ring-like units to the Cp rings of vertical FeCp,
while the rod-like protrusions around rings are assigned to horizontal FeCp, (Fig. 4.1). The

supposed horizontal ferrocenes appear with a height 0.5 A lower than upstanding molecules.
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Figure 4.4: Ferrocene networks. Ferrocene molecules adopt two different configurations
on Cu(111): (a) compact (-1 V, 0.5 nA)and (c) zigzag (+0.1 V, 0.2 nA). The compact
configuration is made of an alternating combination of vertical and horizontal molecules.
In the zigzag configuration the vertical molecules group form dimers. The unit cells (black
dashed lines) as well as the line profiles of both arrangements are shown in each image. (b-d)
Close up view of the two configurations, highlighting the asymmetry of the rings in the
vertical molecules. Image sizes: (a-c) 4 x 4 nm?, (b-d) 2 x 2 nm?.

The corrugation of both vertical and horizontal molecules observed along the dashed green

line in Fig. 4.4 is shown in the line profile below the image.
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The rectangular unit cell of the compact configuration (marked in black in Fig. 4.4a)
with lattice parameters aj, a; and angle 0 (see Table 4.1 for values), contains four molecules,
two horizontal and two vertical ones. Consecutive vertical molecules in the a, direction
do not lie exactly on the same axis (yellow axis and the molecules marked with circles in
Fig. 4.4a), one being shifted aside by 1.5 A with respect to the second. Moreover, vertical
molecules present an asymmetry in the a; direction, being brighter on one side of the ring.
Vertical molecules in the center and in the corner of the unit cell show the asymmetry at
different sides of the ring. This asymmetry (Fig. 4.4b), as shown later, indicates that the axis

of vertical molecules is tilted compared to the normal of the surface.

Zigzag configuration

Fig. 4.4c presents the zigzag configuration in which two ring-like protrusions, corresponding
to vertical molecules, form a dimer-like pair. They are flanked by horizontal molecules which
have a dimer shape with a fainter contrast in the image. The line profile taken along the pink
dashed line in Fig. 4.4c shows the corrugation of the molecular assembly. Similarly to the
compact case, the apparent height difference between vertical and horizontal molecules is
around 0.5 A. The distance between two adjacent dimer-like vertical molecules is (6.2+0.2)
A, which is small compared to the (8.040.2) A found for the compact arrangement. The unit
cell is a parallelogram (see parameters in Table 4.2), as shown in black in Fig. 4.4c. A similar
ferrocene pairing has been also observed for ferrocene-derived molecules (FeCp,COOH and
FeCp,-(CH,),-FeCp;) deposited on metallic surfaces [143, 147, 144].

Although the identification of vertical ferrocene molecules is straightforward, deter-
mining the presence of the horizontal molecules is experimentally challenging. Therefore,
to confirm the proposed model we rotated some molecules from a vertical (horizontal) to
a horizontal (vertical) position by using the STM-tip [148], as in the layer shown in the
before-and-after images (Fig. 4.5). The molecular structure of FeCp; is superimposed in
zooms (Fig. 4.5). Upon application of a bias pulse of 2 V, molecules rotate out-of-plane
from horizontal to vertical (molecules noted 1 and 2), or vice versa (molecules noted 3
and 4). In-plane rotations may exist but are difficult to identify. In this example, when the
vertical axis of FeCp, is rotated by nearly 90° (molecule parallel to the surface), the ring-like
feature is replaced by the same rod-shaped feature as identified aside vertical molecule.
This experimentally supports the hypothesis of the presence of both vertical and horizontal

molecules in the molecular layers.
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Figure 4.5: Ferrocene zigzag network. STM images (+1 V, 1 nA) of the compact config-
uration on Cu(111) before and after some molecules turned from a vertical to a horizontal
position, or vice versa, via tip-assisted manipulation. The lower images correspond to the
marked squares in the top pictures, with the sketched molecules superimposed to highlight
the molecules that have rotated (1-4). Notice that a molecular tip has been employed in order
to enhance the observed features. Additionally, a laplacian filter has been applied. Image
sizes: (a-b) 4.5 x 4.5 nm?.

4.1.3 Deposition on Cu(100)

Let us now examine the adsorption of FeCp, on Cu(100). Both compact and zigzag ar-
rangements are co-existing on the surface (Fig. 4.6). This shows that the crystal orientation
does not have a strong influence on the network, suggesting that the molecules have a weak
coupling with the substrate, indicating a probable physisorption. Reinforcing this idea, we
find that the rotational domains observed for each configuration in the Cu(111) surface, (0°,
30°, 60°) for the compact and (17°, 50°) for the zigzag, are also observed for Cu(100). It
dismisses the idea of a unique preferential orientation of the molecular axis with respect to
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Figure 4.6: Ferrocene networks on Cu(100). The compact and zigzag arrangements on the
surface are marked by C and Z respectively. The unit cells of both configurations are marked
in white. (Image size: 15 x 15nm?, 0.5V, 1 nA.)

the substrate suggested in previous works and implies that the rotational domains are only

related to the symmetry of the molecular layer itself and not to the one of the substrate.

4.1.4 STM and DFT study of networks stability

In order to better understand the adsorption geometry and interactions between ferrocene
molecules, we performed DFT computations and simulated STM images of FeCp, adsorbed
on Cu(111). Ab initio calculations have been performed within the DFT as implemented in
the VASP code [149, 150]. We have used the generalized gradient approximation for the
exchange and correlation functional [151], and the DFT+D2 method proposed by Grimme
[152] to treat the missing van der Waals interactions. The initial arrangement for FeCp; layer
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Figure 4.7: Simulation of FeCp, compact network. (a) Simulated STM topographic image
for a bias of 1V corresponding to the relaxed compact structure on the Cu(111) surface
shown in (b). (c) Lateral views of the molecules hilighted in green in (b). (d) Lateral views
of the vertical molecules along a, direction hilighted in red in (b). (e) Crystallographic (110)
plane of the bulk solid ferrocene.

was taken out from experimental results and then relaxed. The first step consisted in studying

the intra-molecular structure of ferrocene molecules.

Two different configurations exist for ferrocene molecules. First, the eclipsed configu-
ration (Fig. 4.7b) consists in having the hydrogen atoms of the two Cp rings facing each
other. It corresponds to the most stable structure in the gas phase [153—155]. The second one,
called staggered configuration (Fig. 4.7¢), consists in having the Cp rings parallel but shiffted
by a 30 degrees angle so that the hydrogen atoms are not facing each other. This is the most
common configuration in the solid state [156]. We found in our case that the layer is more
stable on the surface by 45 meV with the eclipsed configuration for all adsorbed molecules.
According to our calculations, no matter what initial state is chosen, the relaxation always
leads to ferrocene with an eclipsed structure for both horizontal and vertical molecules.

In the molecular layers discussed hereafter we find exclusively molecules in the eclipsed
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Compact network on Cu(111) | a; (10\) ap (A) 0 (deg)
Experiment 89+03|155+03|90+£3
Theory 8.75 15.15 90

Buds(eV) BV Bl qle-) | dA
1.35 1.05 0.48 0.11 2.3

Table 4.1: Compact ferrocene network parameters. a; and a, are unit the cell dimensions,
0 the angle between the unit cell vectors, E,4 the adsorption energy per molecule, E,  ;w
the van der Waals (vdW) contribution per molecule coming from the molecule-substrate
interaction, Eforfle the cohesive energy per molecule for the free-standing layer, q the molecule-
substrate charge transfer per unit cell and d the molecule-surface distance.

configuration. We now focus on the inter-molecular arrangement of both compact and zigzag
configurations.

Compact network

A closer view of the computed compact configuration is given in Fig. 4.7a-d. The rectangular
unit cell observed in the STM images (Fig. 4.4a) corresponds within the experimental
accuracy to a 2 x 6v/3 unit cell in the Cu(111) surface (see Table 4.1). The stability of the

proposed structure has been tested using this unit cell.

Comparing the simulated STM image (Fig. 4.7a) with the experimental one (Fig. 4.4a),
we observe that the main features of the image are reproduced. The proposed structure (Fig.
4.7b-d) allows us to explain all the signatures present in experimental pictures : rod-like
and ring-like protrusions in the STM image correspond to horizontal and vertical molecules
respectively. The computations indicate that the minimum effective distance from the surface
to the molecules of the layer is 2.3 A. A strong contrast difference is observed between
vertical and horizontal molecules in the STM images. At first glance, this contrast appears
counterintuitive as horizontal molecules appear dimer, despite some of their H atoms are 0.2
A further away into vacuum compared to the Cp ring of the vertical molecules (Fig. 4.7c).
This apparent contradiction can be easily lifted by recalling that the tunneling transmission
probability between the STM tip and the molecule depends on the tip and molecular orbitals.
Orbitals that extend into the vacuum, such as s, p, or dzz, will be favored in the tunneling
process. In the present case, for vertical molecules, the d-manifold orbital of Fe lies around
the Fermi level and hybridizes with the p orbitals perpendicular to the Cp rings that protude
into the vacuum, enhancing the coupling with the tip orbitals. In contrast, for horizontal

molecules, the p orbitals of the organic ring lie in a plane parallel to the surface and do not
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Figure 4.8: Simulation of FeCp, zigzag network. Relaxed zigzag structure on the Cu(111)
surface. (a) top view, in which the side view of two vertical molecules is shown in order
to present the tilt between them. Cu surface atoms have been omitted for simplicity. (b)
Simulated STM topographic image using a bias of 1 V.

point towards the STM tip. Hence, the simulated apparent height of the vertical molecules is

0.5 A larger, in agreement with the experimentally measured line profiles (Fig. 4.4a).

Our calculations also reproduce subtle effects revealed by STM images. We note a lateral
displacement of 1.49 A between consecutive vertical molecules in the a, direction (Fig. 4.7b),
measured as the distance between Fe atoms, which is consistent with the experimental shift of
1.5 A (Fig. 4.4a). Most importantly, we find that the slight asymmetry observed for the ring
of the vertical molecules (Fig. 4.4b) results from a tilt between successive vertical molecules
in the ap direction. This is a robust feature of the molecular layer as in our computation an
initial configuration with no tilt always relaxes towards a tilted configuration. Such a tilt is
due to the presence of the horizontal molecules. In particular, we found that the most stable
situation is the one in which the horizontal molecules have two H atoms of each Cp ring
pointing towards the surface, in this case this leaves a single H atom per Cp ring pointing into
the vacuum. This configuration gives rise to a 18° tilt between consecutive vertical molecules
along the a, direction (Fig. 4.7d).

Despite the displacement and tilt required by the network, the stability of the two-
dimensional structure actually depends crucially on the combination of vertical and horizontal
molecules having their Cp rings in eclipsed configuration (Ds; symmetry (Fig. 4.1b). Inter-
estingly, this arrangement bears similarities with both the gas phase and the bulk structure of
ferrocene. Similar to the ferrocene crystal (Fig. 4.7e), the presence of the two molecules,

vertical and horizontal, ensures the cohesion of the crystal through T-shape interactions, but
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as in the gas phase—and unlike bulk ferrocene—the eclipsed configuration is favored over
the staggered configuration (Dsy).

In order to understand the intermolecular interactions, the nature of the interaction
between two type of FeCp, molecules was investigated. We found that the adsorption energy
per molecule is 1.35 eV, where the contribution from the van der Waals (vdW) dispersion
forces amounts to 1.05 eV. Comparing the adsorption energy of the layer not attributed to
van der Waals interaction (0.30 eV) to the cohesion energy of the free-standing monolayer
(0.48 eV), it can be concluded that the interaction between the molecules and the surface
is due to vdW forces. The modest charge transfer per unit cell from the substrate to the
molecules (0.11 e™) points to molecules being physisorbed on the surface. Furthermore,
when the layer is moved to different positions with respect to the Cu(111) surface (top, bridge,
hep, fcc) the energy cost is only of the order of 0.1 eV per unit cell confirming the little
influence of the surface geometry on the molecular networks.

This conclusion is supported by the fact that the presence of the surface is not necessary
to stabilize the molecular layer. Calculations of the unsupported monolayer show that the
free-standing structure is stable, and presents the main features of the supported compact
configuration, including the tilt of the vertical molecules. The (110) plane of pure ferrocene
bulk (monoclinic phase P21/a) exhibits a very similar arrangement to the compact structure
observed on the surface (Fig. 4.7¢e). This confirms that alternating orientations of ferrocene
in networks are frequently encountered. However, it can be noticed that in the primitive cell
observed and computed for the compact structure (Fig. 4.7b), adjacent eclipsed horizontal
molecules are oriented differently, contrary to the unit cell of staggered ferrocenes shown
by the bulk (Fig. 4.7e). This shows that the packing of ferrocenes in the molecular crystal
has an influence on the relative orientation and configuration of the molecules. As in the
crystalline structure, in this case we have also seen how the cohesion of the layer mainly

comes from vdW interactions.

Zigzag configuration

Let us now consider the zigzag structure. The unit cell observed in the experiments corre-
sponds, within the experimental accuracy, to a parallelogram on the Cu(111) surface (see
parameters in Table 4.2). Due to the larger size of the unit cell when compared to the
compact arrangement, we have just performed a few calculations to confirm the stability of
the proposed structure. Fig. 4.8 shows the most stable structure that has been found after
relaxation and the corresponding simulated topographic STM image, which reproduces with
high accuracy the main features of the experimental image (Fig. 4.4c). This structure shares

some common features with the compact one. First, the same reversal of the apparent height
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Zig-zag network on Cu(111) | b; (A) by (A) 6 (deg)
Experiment 23.0+04 | 13.0£04 | 71 £3
Theory 23.15 13.37 68

Eaas(eV) Bl E/™ qe) | dA
1.26 1.02 0.43 0.18 2.4

Table 4.2: Zig-zag ferrocene network parameters, with same definitions as previous.

is observed, in which horizontal molecules always appear dimer in the images, although the
highest atom of horizontal molecules in this case is placed 0.4 A further from the surface
than the topmost atom of the vertical ones. Second, we also find that four H atoms of the
horizontal molecules have to point towards the surface in order to get a stable structure.
Third, a tilt in two opposite directions is also observed for the vertical molecules (side view
of Fig. 4.8a), even though it is slightly less pronounced (15°) than for the compact structure
(18°). This explains the experimentally observed asymmetry between vertical molecules
(Fig. 4.4d).

According to an analysis of the energetics of the zigzag configuration, the adsorption
energy per molecule is 1.26 eV, of which 1.02 eV comes from the contribution of vdW
forces. The interaction between the molecules and the copper surface is mainly related to
vdW forces, as may be concluded after comparing these adsorption values with the cohesion
energy of the free-standing monolayer (0.43 eV). There is a moderate charge transfer per
unit cell (0.18 e ™) which is also indicating a weak molecule-substrate interaction. Therefore,
we conclude that the molecules assembled in the zigzag configuration are physisorbed on the
surface.The energetics of the adsorption of both, compact (table 4.1) and zigzag (table 4.2),
configurations show that they are very similar, pointing in both cases to the same conclusion

of a physisorbed layer.

4.2 Spin doping : inducing magnetism

This part describes a method to modify the structure and magnetic moment of ferrocene
molecules by coupling them to a single transition metal atoms. Here, we present the results
obtained by doping ferrocene molecules with Co adatoms.
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Figure 4.9: Building process of an isolated CoFeCp,. (a) a FeCp; molecule at a step edge
is picked up with the tip (image acquired with a tunneling bias: —1 V, current: 20 pA; image
size: 7 x 7 nm?), (b) the presence of FeCp, at the tip apex is asserted by imaging Co atoms
(image acquired at —50 mV, 20 pA, 2.7 x 2.7 nmz), which then exhibit a molecular pattern,
(c) FeCp, is deposited on top of a Co atom by a tip-atom contact (image acquired at —1 'V,
20 pA, 7 x7 nm?). (d) Same image as panel (c) but with a Laplacian filter applied in order to
enhance the intramolecular contrast. (e) Chemical structure of CoFeCp,; white, yellow, and
red balls represent H, C, and Fe atoms of the FeCp, molecule respectively, and green balls
represent the Cu atoms of the Cu(111) surface. (f) Line profiles of isolated Co and CoFeCp,
on Cu(111).

4.2.1 STM investigation

In a first approach, we use a low ferrocene coverage, below 0.2 monolayers, to obtain step
decoration only. The cobalt atoms are then evaporated on the cold substrate (4.4 K) to obtain
a surface in which Co adatoms are located on the terraces (Fig. 4.9a).

The STM tip is then used as a tool to engineer isolated single CoFeCp, molecules, following
the procedure displayed in Fig. 4.9a-d and described hereafter. The first step towards the
formation of a new CoFeCp; molecule consists in positioning the tip on top of a single
FeCp, molecule and approaching it while keeping the bias constant (—150 mV) until an
abrupt drop is observed in the current. This jump in the current indicates that the molecule
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has been detached from the surface and is now attached to the tip [157], as revealed by
the after-images shown in Figs. 4.9b-c. In Fig. 4.9b, a closer view of the Co atom imaged
with the FeCp,-terminated tip is shown. The Co atom, which is round when imaged with
a metallic tip as in Fig.4.9a, exhibits now a molecular pattern which corresponds to a
reverse image of the molecular tip [158, 78, 159]. The ring-shape tip apex corresponds to
a Cp ring of a tilted FeCp; molecule [160]. Placing this molecular tip on top of the Co
atom and proceeding the same way, i.e., decreasing the tip-sample distance until a certain
threshold value, we are able to release the molecule from the tip. Fig. 4.9c shows how the
targeted FeCp, molecule has disappeared from the step edge and that a new stable molecule,
made up of Co-Cp-Fe-Cp (Fig.4.9¢), has been created at the place where the isolated Co
atom was located. The CoFeCp, molecule presents a ring-shaped feature (Fig. 4.9d). The
corresponding apparent height profiles of an isolated Co atom and a CoFeCp, molecule,
(0.740.1) A and (3.44+0.2) A respectively (Fig. 4.9f). This molecular building process is
fully reproducible, and the upstanding geometry obtained for CoFeCp, on the surface is
ideal for elaborating a single-molecule device, for example by a subsequent connection of
the nanowire to a top electrode.

In order to experimentally confirm that a new molecule is formed, we move the whole
CoFeCp, molecule by trapping it using a tip-induced local potential. The STM image
(Fig.4.10a) reveals that when changing the tunneling current from 50 pA to 2 nA (at a
constant bias of —30 mV) the CoFeCp; follows the tip movement and the image is then
acquired by dragging the CoFeCp, across the Cu(111) surface. Atomic resolution of Cu(111)
is obtained when CoFeCp; is dragged, supporting the idea a Co atom trapped under the
ferrocene molecule and rastered over the surface with the STM tip [161]. As expected, a
Cu-Cu distance of 2.5 A is found. Once the current is set back to 50 pA the molecule is
released. This supports the idea that CoFeCp, behaves as a unique entity, i. e., the interaction
between Co and FeCp; is strong enough to create a new molecular species. An isolated
CoFeCp;, is coupled stronger to the Cu surface compared to FeCp, because of the bonding
through the Co atom.

Indeed, DFT calculations show that the role of the surface is to passivate the otherwise
reactive CoFeCp; species. These calculations show that for ferrocene, binding through the
Co atom is more stable by 0.8 eV (—1.86 eV compared to —1.06 eV) than having the Cp
ring directly in contact with the substrate. Therefore, the surface stabilizes the CoFeCpa,
which results to be a molecular unit with a radical character, via passivation of the Co atom.
We noticed from calculations that the molecule is found to be more stable when an extra Cp
is added to form CpCoFeCp; [162], but no experimental data confirmed the existence of such

a configuration. Table 4.3 summarizes the computed chemisorption properties of a Co atom
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Figure 4.10: CoFeCp, dragging on Cu(111). (a) Image recorded during the process
(image size: 6.5 x 5.2 nm?). The dragging parameters are 2 nA and —30 mV. (b) dI/dV
spectra including Frota-Fano fits (solid red-line) of isolated Co, FeCp,, CoFeCp; and layer-
integrated CoFeCp,. The curves are shifted by 0 nS, 0.3 nS, 0.5 nS and -6.8 nS respectively.
The feedback loop was opened at -0.03 V and 0.05 nA for all spectra, except for the the
layer-integrated CoFeCp, were the feedback was opened at -0.05 V and 0.5 nA.

on an fcc site of the Cu(111) surface, and its evolution when a FeCp, molecule is placed on
top the Co atom. The Co atom gives more electrons when the FeCp, molecule is placed on
top describing a stronger binding of the Co atom. However, the adsorption geometry of the
Co atom is basically unaltered.

The dI/dV spectra near the Fermi energy for isolated Co, FeCp, and CoFeCp;,, are
shown in Fig.4.10b. While no spectroscopic feature is observed for FeCp, around zero
bias, a peak is detected at the Fermi level for CoFeCp,. Its narrow line shape suggests
that it corresponds to a Kondo resonance, as evidenced for other organometallic molecules
[26, 30]. The Kondo resonances exhibited by Co and CoFeCp, on Cu(111) are fitted using
a Frota-Fano function [129, 128], as shown in Fig.4.10(b). The line width of CoFeCp,
yields a Kondo temperature of 7x=33+7 K, which is higher than that of an isolated Co atom
(Tx=19+5 K).

The line shape evolution from a resonance to a dip (Fig.4.10a-b) is quantified by the
difference in the Fano fitting parameter found for CoFeCp; (¢=7) compared to Co (¢g=0.1).
This is an indication that the tunneling paths involved in the Kondo effect have changed, the
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Figure 4.11: Comparison of Co and CoFeCp; STS on Cu(100) and Cu(111). The dI/dV
spectra of Co and CoFc were acquired on Cu(111) and Cu(100). The solid red lines are Frota-
Fano fits (see main text). The bottom panel presents a STM image of Cu(100) where CoFc
molecules can be seen along with Co atoms and the Fc network (image size: 15 x 15 nm?,
0.5V, 0.2nA).

tip being more coupled to the orbitals of the CoFeCp; molecule and more coupled to the
conduction electron continuum for Co [118, 163, 124]. This is expected in view of the higher
corrugation of CoFeCp, compared to Co atom on Cu(111), which places the tip further away
from the surface and therefore weakens its coupling to the electron continuum of copper.

We compared the Kondo temperature of Co/Cu(111) and CoFeCp,/Cu(111) (Fig. 4.11a-
b) with Co/Cu(100) and CoFeCp,/Cu(100) (Fig. 4.11c-d) to analyse the influence of the
sample symmetry on the Kondo temperature. As expected [124, 120, 121], the difference in
hybridization of the Co with the substrate yields different Kondo temperatures for CoFeCp;
molecule and an isolated Co atom. On Cu(100) the Kondo temperature yields, respectively,
3545 K for Co and 11447 K for CoFeCp, (Fig.4.11). The different Kondo temperatures is
linked to different couplings between CoFeCp, and copper depending on the symmetry of
the crystal. This confirms the Kondo character of the resonance observed at Fermi level in
STS spectra. The tip-assisted assembling process of a CoFeCp; is the same for both Cu(111)
and Cu(100).
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d [ Co-Cu] (A) | p[Col (up) | u[Fel (up) | 8y (e-) | Eg (eV)
Co 1.73 2.09 - -0.16 -3.32
CoFeCp; (network) | 1.70 1.33 0.12 -0.34 -4.04
CoFeCp, (isolated) | 1.75 1.44 0.11 -0.34 -4.21

Table 4.3: Charge transfert and spin doping parameters of CoFeCp,. d stands for
different atomic distances, u for the magnetization expressed in Bohr magneton (ug), oy
for the amount of electrons transfered from the system to the surface and Ep refers to the
binding energy of the Co atom to the different systems.

4.2.2 DFT analysis of isolated CoFeCp,;

The presence of a Kondo effect indicates that isolated CoFeCp, has a magnetic moment.
DFT calculations show in particular that the Co atom loses electrons to the benefit of the
Cu crystal and the Fe atom, see Table 4.4. Such an hybridization polarizes the Fe atom in
the molecule and we found that the magnetic moment of the Co atom is strongly reduced
when bound to FeCp, due to the increase of the d-shell occupation. In the isolated CoFeCp,
molecule, the occupied peaks for the majority density of states (DOS) of Co shift to higher
energies compared to an isolated Co. The majority spin DOS of the FeCp, splits, so that they
can hybridize with splitted states coming from Co (Fig.4.12).

Similar changes occur for the minority spin. The transformation of the DOS due to
the Co—FeCp; interaction, reveals the hybridization of the electronic structure forming a
molecular unit and the partial depletion of Co levels leading to a reduction of the magnetic
moment. In the CoFeCp, molecule adsorbed on surface, the computed magnetic moment
of the Co atom is in fact 1.44 ug (see Table 4.3), which is much higher than the magnetic
moment of Fe in the same molecule (0.12 ug). The magnetic moment of Co on Cu(111) is in
contrast 2.09 ug, which shows that after the formation of CoFeCp;,, the Co atom undergoes
a transition from S ~ 1 to S =~ 1/2 revealing the above changes in electronic structure. There
is a ferromagnetic (FM) coupling between the Fe and Co atoms of CoFeCp,, which is also
apparent in the spin density of the molecule (Fig. 4.12b); moreover the Co—Fe hybridization
leads to peaks in the DOS projection on Co atom that coincide in energy with peaks of
the Fe atom (Fig. 4.12a). Gas phase calculations of CoFeCp, show that the FM solution is
98 meV more stable than the antiferromagnetic (broken symmetry) one. The Kondo effect of
CoFeCp, and of isolated Co are therefore different, in agreement with the measured spectral
signatures of Tx.
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Figure 4.12: Calculated DOS and spin density of CoFeCp; on Cu(111). (a) Calculated
DOS projected on different atoms of the CoFeCp, molecule (up arrow: majority DOS; down
arrow: minority DOS). The dashed lines correspond to the DOS projected onto Co (green),
Fe (magenta), and FeCp; (red) when they are part of the new CoFeCp, molecule.The solid
lines show the DOS for Co in the absence of FeCp, (i.e. isolated Co) and for FeCp, in the
absence of Co (i.e. isolated FeCp,). (b) Spin density for a CoFeCp, molecule at the Fermi
level (majority spin: red; minority spin: blue).

4.2.3 CoFeCp; in molecular networks

A different procedure to form the same CoFeCp; molecule is found when increasing the
amount of deposited molecules on the surface and sublimating Co atoms afterwards. In this
case, we can obtain a spontaneous on-surface reaction of cobalt atoms with a molecular layer
of ferrocene. A Co coverage above 0.35 ML starts degrading the ferrocene layer. This is due
to the lattice mismatch between the adsorption site of Co adatoms and the distance between
vertical molecules in the networks. Thus, we limited ourselves to a low coverage regime for
the following experiments. Fig. 4.13a shows densely-packed two dimensional FeCp; islands
after exposure to a small amount of Co atoms (0.05 ML).There is no significant difference
between both network configurations regarding the adsorption of the Co atoms. Hence, in
the following we will only focus on the compact arrangement on Cu(111).

Adsorbed CoFeCp; molecules appear as bright protrusions in the molecular layer with
an apparent height of (0.7£0.1) A with respect to vertical FeCp; molecules and (3.7£0.2)
A compared to Cu(111), as deduced from the line profile along the dashed line displayed
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Figure 4.13: CoFeCp; imbedded in ferrocene networks studied by STM. (a) Self-
assembly of FeCp, on Cu(111) (—0.05 V, 0.5 nA,35 x 35 nm?). The compact and zigzag
arrangements are denoted C and Z, respectively. The bright spots reveal the presence of
Co on the molecular layer. Inset: Close up view of the CoFeCp, integrated in the compact
configuration. A FeCp, model structure is superimposed on the image to highlight the
adsorption geometry of the ferrocene layer. Note that the Co deposition in panel (a) was
done at 77 K, as a consequence the Co atoms on copper have diffused to the step edges. (b)
Line profile along the red dashed line shown in (a). (c) dI/dV spectra of Cu(111), FeCp,
and CoFeCp,. The curves are shifted by 0 nS, 0.3 nS and 0.5 nS respectively (feedback loop
opened at —1 V and 0.5 nA). (d) CoFeCp, image and (e) corresponding constant-current
dI/dV map (—0.1 V, 0.5 nA, 20 x 20 nm?).

in Fig. 4.13b. After a careful inspection of the surface, it can be unambiguously concluded
that Co atoms are exclusively adsorbed at the sites of vertically oriented ferrocenes. A closer
view into the molecular layer (inset of Fig. 4.13a) shows that a new molecule is formed upon
Co adsorption, which appears as a ring with a pronounced asymmetry.

To see whether there is any difference between the isolated and the layer-integrated
CoFeCp;, the electronic properties of the latter one have also been investigated. The dI/dV
spectra of Cu(111), FeCp, and CoFeCp; are displayed in Fig.4.13c. The onset of the Shockley
surface state (noted SS in Fig. 4.13c) of Cu(111) can be easily identified at —0.44 eV; for
the physisorbed ferrocene layer, this state is transformed into an interface state (noted IS)
with an onset around —0.26 eV [145].The scattering of the interface state of the CoFeCp,
(Fig. 4.13d-e) reveals a different coupling of CoFeCp, and FeCp, with the substrate. In fact,
in the dI/dV spectrum of CoFeCp, a broad resonance is observed around —0.35 V, which
corresponds to a localization of the interface state (noted ISL) [163, 164, 72, 165]. More
noticeable is the narrow peak detected near zero bias, which as in the previous case can be
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Figure 4.14: Simulation of CoFeCp, formation. (a) Simulated STM image integrating the
local density of states 1 eV above the Fermi energy. The unit cell of the calculation contains a
single Co atom per 12 vertically standing FeCp, molecules. (b-c) Top- and side-view scheme
of the compact arrangement with a single Co atom giving rise to a single CoFeCp; molecule
in the unit cell. For clarity only molecules in the middle row of the top view are shown in the
side view.

referred to the Kondo effect presented by CoFeCp;. The resonance is again fitted using a
Frota-Fano function (Fig. 4.10b), from which we obtain 7x=(38+6) K and ¢g=6. Compared to
the results obtained for the isolated CoFeCp, we see that both molecules, isolated and layer-
integrated, present an experimentally indistinguishable electronic and magnetic behavior

with a Co atom placed between the molecule and the copper surface.

To confirm this experimental observation, we performed DFT calculations. We compared
the stability of Co + FeCp; systems on Cu(100) subtrate by varying the relative position of
Co with respect to FeCp, (Co on top of the molecule, below the molecule, aside the molecule,
...) and the different position of the anchoring species on the crystal possible adsorption sites.
From total-energy calculations we conclude that Co atoms prefer to be on an fcc position

with respect to the Cu substrate and below FeCp,, i.e. in direct contact with the Cu(111)
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Figure 4.15: Co adsorption on FeCp, networks possibilites models. (a) Simulated STM
image obtained when all vertical FeCp, of a compact network are topped with Co atoms.
The apparent shape of such a CoFeCp, appears round whereas the experimental picture
displays a ring shaped protusion. (b) Simulated STM picture of a compact network with
Co atoms placed under each vertical molecules. The apparent ring shape corresponds to the
experimentals observations.

surface as shown in Figs.4.14(b-c). This conformation is 3 eV more stable than the one with

Co on top of ferrocene.

The simulated STM topographic image (Fig.4.14a), obtained by applying the Tersoff
and Hamann theory [61, 62] using the method described by Bocquet and coworkers [166],
shows how a compact molecular layer would look like if we had several CoFeCp, molecules
integrated in the ferrocene layer. The ring-like brightest protrusions correspond to CoFeCp;
and the dimer ones to FeCp,. Horizontal molecules are observed as rod-like features between
the vertical ones. The striking agreement between simulated and experimental STM images
of the CoFeCp; allows assigning the bright ring-like shape in the images to the top Cp ring
of the CoFeCp, molecule. This ring is moreover tilted approximately by 11° with respect
to the surface normal (Fig.4.14c) due to the packing of the molecules [160]. Note that if
the Co atom were on top the FeCp, molecule, according to simulated images (Fig. 4.15) no

ring-like shape would be observed in the STM images.

The computed adsorption properties given in Table 4.3 also show a small variation

when going from the isolated CoFeCp; to the monolayer. The Co atom better stabilizes
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u (single entity Charge transfer
on metal surface) | u (CoFeCp, complex) | (CoFeCp, complex)
Co 2.09 up 1.18 up -0.26e"
FeCp, (Fe atom) | O up 0.11 pp +0.1e”
Cu (crystal) - - +0.16 e~

Table 4.4: Comparison of magnetic momenta between isolated CoFeCp, and same
molecule in a molecular network. p stands for different the magnetic moment and up
refers to the Bohr magneton.

the new entity in the monolayer (5% lower binding energy). As a consequence, the Co
atom approaches the FeCp, molecule and separates from the Cu (111) surface by 0.05 A.
However, both magnetic moment and charge transfer are similar for the isolated and the
monolayer case, showing the calculated DOS a negligible downshift of the Co peaks when
going into the monolayer case. Hence, DFT results show that as in the experiment, isolated
and layer-integrated cases present a very similar electronic and magnetic behavior, with a
magnetization of the iron atom by charge transfer. This indicates that the coupling of the
molecule with the substrate is similar in both cases and that the neighboring ferrocenes
around CoFeCp; in the layer do not interact strongly, leaving their electronic properties
mostly unchanged.

The experiments and computations of this chapter showed an associative adsorption of
ferrocene on copper crystals. Depending on the deposited amount, the isolated ferrocene
molecules either move to the edges of the copper steps or form self-assembled networks with
two equiprobable patterns both based on alternating horizontal and vertical molecules. The
adsorption energy is mainly due to Van der Waals interaction and indicates a physisorption
of the molecules on the sample. We have then demonstrated that it is possible to build new
customized ferrocene-based molecules in a controlled way via STM manipulation and that the
same molecule is formed spontaneously by atomic doping of a ferrocene layer, highlighting
the stability of this molecule. In particular, we have shown that CoFeCp, exhibits a magnetic
behavior, as revealed by the observed Kondo resonance. These result can be generalized to
other atoms and metallocene molecules, opening a path to create and study a new family of

metallocene nanowires coupled to metal electrodes.



Chapter 5

Enhanced spin-flip excitations in
nickelocene

Recent advances in addressing and controlling the spin states of a surface-supported object
—atom or molecule— have further accredited the prospect of quantum computing [167, 168]
and of an ultimate data-storage capacity [169]. Information encoding requires that the object
must possess stable magnetic states, in particular magnetic anisotropy to yield distinct spin-
dependent states in the absence of a magnetic field together with long magnetic relaxation
times [170-172, 96]. Scanning probe techniques have shown that inelastic electron tunneling
spectroscopy (IETS) within the junction of a scanning tunneling microscope is a good
starting point to study the stability of these spin states. STM-IETS allows for an all-electrical
characterization of these states by promoting and detecting spin-flip excitations within the
object of interest [4, 5, 101, 97, 173, 174]. It can also provide an electrical control over
these states [175], simplifying the information readout process. As spin excitations need
however to be preserved from scattering events with itinerant electrons, single objects are
usually placed on non-metallic surfaces such as thin-insulating layers [176, 172, 177, 96] or
superconductors [29].

In this sense, new approaches to improve the detection of spin-flip excitations are
desirable. One possibility we explore in this chapter is the molecular functionalization of the
STM tip. Organic molecules have been used in scanning probe techniques to functionalize
tips with the purpose of obtaining high-resolution images [178—181] and, more recently, to
improve the detection of molecular vibrations [182]. We use in this chapter a similar approach
to boost the spin-sensitivity of an IETS measurement by exploiting the spin-flip excitations
exhibited by a simple double-decker molecule, nickelocene (NiCp;), attached to the tip. Prior
to this study, however, we must investigate how nickelocene interacts with a metal. Regarding

the adsorption of NiCp; on metallic surfaces, few nanoscale results can be found, and most
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investigations of nickelocene deposition on surfaces were macroscopic studies. A study of
NiCp; adsorption with Angle Resolved Photon Emission Spectroscopy (ARPES) [183] has
suggested a weak chemisorption of canted-oriented nickelocene molecules on Ag(100) at
low temperature (130 K). The molecules appear to be preserved and a desorption temperature
of 212 K was recorded. A study focusing on the desorption process [184] identified instead
organic residues after a thermal desorption at 212 K on the same substrate, evidencing a
degradation of the molecule. A later study by photolysis [185] suggested two adsorption
possibilities on Ag(100): a vertical molecule and a canted-oriented one. All these studies call
for an atomic scale study to clarify the interaction between nickelocene and metallic surfaces.

This chapter is organized in three different parts. We will first present how NiCp,
molecules adsorb in two different surfaces Cu(100) and Cu(111), and show how the gas
phase properties of NiCp, are mainly preserved when adsorbed on such metallic substrates.
Then we will investigate the magnetic properties of NiCp, on these surfaces by means of
IETS and XMCD. We will see that the molecules exhibit an inelastic excitation due to the
presence of magnetic anisotropy. Finally, by attaching a nickelocene to the tip apex of a
STM, we will show that two spin-flip excitations can be sequentially triggered, resulting
in a large enhancement of the inelastic signal as illustrated by the IETS acquired above a
surface-supported NiCp, molecule. This unique situation can be achieved due to the chemical
stability, the presence of magnetic anisotropy and full preservation of the NiCp, spin on
the tip apex (or more generally in a metallic environment) and the extremely efficient spin
inelastic effect exhibited by this molecule.

5.1 Nickelocene deposition and adsorption on copper sur-

faces

The NiCp, molecular deposition was performed following the same method as for ferrocene,
with molecules that sublimate under vacuum conditions. In this case however, the NiCp,
molecules were purified in vacuum for approximately 12 hours to reach 10~® mbar before
the deposition to prevent impurities from being adsorbed on the sample. The deposition was
performed through a valve onto cold (below 100 K) copper crystals and the sample was then
directly inserted in the low temperature STM stage (4.4 K).

5.1.1 Deposition on Cu(100)

NiCp, can adsorb on copper surfaces as isolated molecules or self-assembled monolayers

(Fig. 5.1), depending on the molecular coverage and deposition conditions. Since DFT
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(@) (b)

Figure 5.1: Nickelocene adsorption on Cu(100). (a) Self-assembled layer (paired confgura-
tion) and isolated NiCp, on Cu(100) (image size: 50 50nm?, sample bias: 20 mV, tunneling
current: 50 pA). (b) zoom on the top left corner of the same area (20x20nm?).

calculations have been performed for Cu(100), we will mainly present in this chapter the
detailed results on this surface. First, we will analyze the adsorption of isolated molecules

and afterwards we will carefully inspect each of the networks observed in the copper surfaces.

Isolated NiCp;

Fig 5.2 shows a Cu(100) surface with a molecular coverage of 0.045 monolayer. Such a low
amount of molecules does not enable layers to form, so the surface is occupied by isolated
NiCp,. From the STM images we can clearly distinguish ring-like shape features which
correspond to NiCp, vertical molecules, i.e. molecules adsorbed with one Cp ring facing
the sample surface and the other one facing the vacuum. The line profile of an isolated
nickelocene (Fig. 5.2b-c), reveals that the apparent height of the molecule is 3.5 £ 0.1 A.

In order to experimentally determine the adsorption site of those isolated molecules, we
compared the NiCp; position to the already-known location of adsorbed Cu adatoms (hollow
position). We deposited Cu atoms directly from the Cu coated tip (Fig. 5.2d). The crystal
orientation was obtained by contact measurements on a small area as presented in the inset.
From the STM images, it appears that the molecule is adsorbed on a hollow site of the copper
crystal.

The preferential adsorption of NiCp, in a hollow position of the Cu(100) surface, was
confirmed by DFT calculations (Fig. 5.3a). The eclipsed symmetry was found to be the more
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Figure 5.2: STM images of isolated nickelocene on Cu(100). (a) Large area with isolated
molecules only (650 x 1000 A2, 10 mV, 50 pA). The white cross indicates the crystallo-
graphic directions of the Cu(100) surface. (c) Height profiles of both isolated and layer
of isolated NiCp,. The profiles are acquired along the dashed lines indicated in (b). The
arrow in (c) highlights a NiCp, molecule at the edge of the layer. (d) STM image of isolated
NiCp; (40 x 40 A%, 20 mV, 50 pA) and simulated (100) lattice revealing the adsorption of
nickelocene. Two Cu atoms are also visible. Inset: Image of the Cu(100) surface obtained by
a tip-assisted manipulation of a Cu atom on a pristine area of the surface (16.5 x 16.5 A?,
10 mV, 80 nA). The copper lattice parameter is 2.52 A.

distances (10%) NiCp, /Cu(100) | FeCp, /Cu(100) | NiCp, (gas phase)
Zrext1 1.77 1.64 1.79

Zrext? 1.78 1.62 1.81

Ztext3 2.35 3.15 -

Table 5.1: Distances between different parts of the nickelocene and sample surface, as
labelled in Fig. 5.3a.

stable by 23 meV per molecule with respect to the staggered configuration. Furthermore,
the adsorption distance is lower than what we obtain for the layers. Details of the bonding
distances are given in Table 5.1. The molecules appear to be moderately chemically adsorbed

with an adsorption energy E,;, defined as

Eaa’s — Efullsystem — Lmolecule — Esurface (5 1)

and estimated between -0.93 meV (PBE approximation) and -1.33 meV (DFT-D2 method)

per molecule.

The computations also provided a projected Density of States of the single NiCp,
adsorbed on Cu(100) (Fig. 5.3b). The shaded light-grey area corresponds to the sum of the s,
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Figure 5.3: DFT results for the adorption of isolated nickelocenes on Cu(100). (a) Top
and side view of structural model of eclipsed NiCp; on Cu(100) (green: Ni, grey: C, white:
H). Top (T), bridge (B) and hollow (H) adsorption sites are depicted in the top view image.
(b) Projected density of states (PDOS) of NiCp, onto different molecular and atomic orbitals
(up arrow: majority spins; down arrow: minority spins). The light-grey area corresponds
to the entire molecule projected on s, p and d orbitals. The nickel d orbital is grouped as
dy; + dy; (solid red line) and as dyy +d 2 + dxz,yz (solid blue line). The dashed black line
corresponds to the contribution of all p carbon orbitals. The box between —1 and 1 eV shows
the spin-polarized LUMO.

p and d orbitals of the entire molecule, whereas the red line groups dy, and d,, and the blue
line considers dyy, d > and dxz,yz.

The lowest unoccupied molecular orbital of NiCp, (LUMO; box in Fig. 5.3b) can be
qualitatively represented by the mixing of C and Ni contributions placed around the Fermi
level and is clearly spin polarized, giving a magnetic character to the molecule. The rest of the
Ni(3d) shell (blue line) is occupied and does not contribute to the magnetism of the molecule
because both up and down spin states are below the Fermi level. The magnetic moment
of NiCp; amounts to 1.96 ug (1.18 up for the nickel atom) and is practically unchanged
compared to the gas phase (2 ug). Upon adsorption, the magnetic moment of nickelocene is
preserved (S ~ 1) and the electronic structure corresponds to the schematic picture given for
the gas phase molecule in Fig. 5.8.

NiCp; networks

Nickelocene adsorbs associatively forming two different self-assembled NiCp;, networks
called "paired" and "compact" that coexist equiprobably on Cu(100). We have investigated
and characterized both NiCp, networks with the support of DFT computations, and compared

these results to the ones previously obtained for ferrocene.
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Figure 5.4: STM image of the compact layer on Cu(100). (a) STM image of the compact
layer (70 x 70 Az, 20 mV, 20 pA). The unit cell is shown by a solid white solid line. The
layer is tilted by an angle ¢ relative to the crystallographic directions of Cu(100), which
is depicted by a cross int the top left corner. The dashed circle highlights a defect in the
compact layer. (b) Image of the compact layer acquired with a low tunneling bias (28 x 46
A2, 1mV, 10 pA). The molecular arrangement is sketched in orange. (c¢) Corrugation profiles
acquired in compact network. (d) STM image of the edge of a compact network image at 20
rOnV. (e) Height profile of the edge of the compact network. The apparent height is about 3.5
A.

Compact network. The first type of self-assembly observed on Cu(100) is very similar
to the compact network of ferrocene, as can be seen in the closer view STM images (Fig. 5.4a-

b). The vertical molecules can be straightfowardly identified as bright circles.

The [010] and [001] directions of the Cu(100) surface are given by the white cross in the
top left corner of the image, indicating that the molecular network does not follow the crystal
symmetry. Four possible orientations of the molecular layer relative to the crystal orientation
underneath can be found with angles y = 53 +3°, an angle —y, 90° + v and 90° — y.
The parameters of the rectangular unit cell of the molecular assembly (marked in white
in Fig. 5.4a) were estimated to be a; = 8.8 +0.4 A and a,=15.1+£0.5 A with an angle
0 = 90+ 2° from the experimental images. Such values are very similar to measurements

performed on ferrocene, as shown in Table 5.2.

The fact that the intermolecular arrangement is so similar to that encountered for fer-
rocene, where horizontal and vertical molecules are present in the layer, suggests that
horizontal NiCp; molecules are also present in this case. The detection of horizontal nick-
elocenes is however experimentally demanding. To visualize them, we acquired low-bias
images (Fig. 5.4b) in order to improve the corrugation of the image. This way, we are able

to distinguish some features between vertical molecules, which we identify as horizontal
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compact aj (A) aj (A) 0 (deg)
NiCp,/Cu(100) | 8.8 204 | 151 £0.5 | 90+ 2
FeCpy/Cu(111) | 89 +£0.3 | 155£0.3 | 90+ 3

Table 5.2: Comparison between the unit cells parameters of the compact networks of
NiCp, and FeCp,.

molecules. The mechanism responsible for such a corrugation change with bias will be
explained later in this chapter. The horizontal molecules are imaged as elongated rod-like
protrusions flanking NiCp; vertical molecules and are aligned in alternated directions. The
presence of horizontal molecules can be also inferred from the asymmetry of the ring bright-
ness of vertical molecules that reflects that there is a small tilt of the molecular axis with
respect to the surface normal. This tilt appears due to the presence of the horizontal molecules
in between vertical molecules.

There are a total of 4 molecules, 2 horizontal and 2 vertical ones, per unit cell and the
packing density is 0.030 molecules per A2, which is remarkably close to the packing density
of found for the same assembly with ferrocene molecules (0.029 molecules per A2). Taking
into account the similarity of this network with the results obtained on ferrocene, we can
already state that the NiCp, layer is stabilized by T-shape van der Waals interactions between
horizontal and vertical molecules.

The compact assembly of nickelocene exhibits a maximum corrugation of 0.5 A (Fig. 5.4c¢),
different from ferrocene networks (0.1 A) and the layer has an average height of 4.0 + 0.2 A
with respect to the Cu(100) surface (Fig. 5.4e). However, the molecules at the edges of the
network exhibit a lower apparent height of 3.5 + 0.1 A, the same as isolated NiCp,. This
0.5 A difference between the layer and the edge molecules of the network is attributed to the

fewer horizontal neighbours at the edges pushing up the vertical molecules.

In order to study the stability of the structures proposed for the molecular layer on
Cu(100), we have performed extensive DFT+D?2 calculations. They show that, while the
carbon-surface distance for NiCp; is shorter than for FeCp,, the compact structure is strictly
analogous to the one we previously proposed for ferrocene on Cu(111). The adsorption
energy for the molecular layer is 1.49 eV, close to the 1.35 eV and 1.26 eV found for the
ferrocene networks.

The compact network presents sparse defects that are imaged as dim spots in the layer
(highlighted by a dashed circle in Fig. 5.4a). The profiles taken around such defects (dashed
line in profile in Fig. 5.4c), show a 0.2 A corrugation which is not matching with artificially
created molecule vacancies (1.5 A corrugation). We can therefore exclude that they corre-

spond to a missing horizontal molecule. The exact nature of these defects is still unclear and
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will need further work to be determined.

Paired network. As the compact assemblies, the paired network on Cu(100) (Fig. 5.5a)
can be found forming 4 possible angles, y = 53 +3°, an angle —y, 90° + y and 90° — v,
with respect the Cu(100) orientation. In the paired layer, vertical NiCp, molecules are
arranged following dimer-like pairs with variable NiCp,-NiCp, spacing. We identified two
kinds of pairs of vertical molecules organized in alternating rows (evidenced in Fig. 5.5a by
continuous and dashed line profiles). The spacing between paired molecules is evaluated as
7.940.3 A for the first kind of pair (continuous line profile) and 6.5 4+-0.3 A for the second
one (dashed line profile). The distance between two pairs is 9.0 £ 0.3 A. The corrugation
is at most 0.6 A, but some differences are evident among the two type of pairs. In the pairs
with the smallest NiCp;-NiCp; spacing, the ring-like protrusion of the Cp rings has nearly
same corrugation. The molecules are practically vertical and, therefore, in a configuration
similar to that of isolated molecules. On the contrary, for larger NiCp,-NiCp, spacing, the
corrugation increases by 0.15 A in the center of the pair and decreases by the same amount
at the edges of the pair, indicating then that the two molecules are tilted with opposite angles.
As the two types of pairs are arranged in alternating rows, the unit cell is a parallelogram with
lattice parameters a; = 12.6+0.3 A, a» = 32.3+0.8 A and an angle 6 = 41 + 3 degrees
(solid white line in Fig. 5.5a).

The dimer-like pairing of nickelocene recalls that of ferrocene, and ferrocene-derived
molecules on copper surfaces. The intermolecular arrangement is also similar to that en-
countered for ferrocene, where horizontal and vertical molecules are present in the layer. To
visualize the horizontal NiCp, molecules we acquired low-bias (2mV) images (Fig. 5.5b).
The horizontal molecules are then imaged as elongated rod-like protrusions flanking NiCp,
molecules and aligned in the same direction. There are a total of 8 molecules, horizontal
and vertical, per unit cell and the packing density is 0.030 molecules/A2, which is the same

density that the one of the compact network.

The DFT computations performed for such a layer confirm the higher stability of the
network including horizontal molecules, as it can be seen in the optimized structure found
by the calculations (Fig. 5.5d). The adsorption energy for this layer, 1.52 eV, is close to the
one found for the compact network, supporting the fact that we can find both configurations
on the surface with the same probability. The tilt of vertical molecules that we observed in
STM images (Fig. 5.5a) were reproduced by simulated pictures (Fig. 5.5e-f) thanks to the
horizontal molecules which are inducing a geometrical constraint on the vertical ones. This
results in a 3° vertical tilt for the lower pairs (blue circled pair) and a 8 ° tilt in the others

(red circled pair).
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Figure 5.5: STM image of the paired layer on Cu(100). (a) STM image of the paired layer
(70 x 70 A2, 20 mV, 20 pA). The unit cell is shown by solid lines. The layer is tilted by
an angle ¢ relative to the crystallographic directions of Cu(100), which is depicted by a
cross. The dashed circle highlights a defect in the paired layer. (c) Height profiles acquired in
compact network. (b), (f) Image of the paired layer acquired with a low tunneling bias (28 X
46 A2, 1 mV, 10 pA). The molecular arrangement is sketched in orange (circles standing for
vertical NiCp2 and hourglasses for horizontal NiCp2). (d) Top view of the optimized paired
layer (only one layer of copper is represented), and (e) side view of the paired structure
showing the tilt of the vertical molecules (horizontal molecules are omitted for clarity). The
two type of NiCp; -NiCp; pairs are highlighted in blue and red, respectively. (f) Simulated
STM image of the paired layer.

5.1.2 Deposition on Cu(111)

The structure of NiCp; molecules and layers on Cu(111) was found to be the same as on
Cu(100). Isolated molecules were visible aside both compact and paired networks, and the
different kinds of molecular assemblies were found with the same rate of occurence at the
sample surface (Fig. 5.6).

The parameters of the units cells of the nickelocene networks are compared in Table
5.3 with respect to the crystal geometry. It appears that, as it is the case for ferrocene, the
symmetry of the copper crystal does not have a strong influence on the molecule adsorption.

This again suggests a physisorption of the molecule on the sample surface.

5.2 Molecular spin excitations

The following section will be devoted to the study of the spectroscopic signatures observed

for NiCp, molecules for both isolated and self-assembled NiCp, molecules.
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Figure 5.6: Nickelocene adsorption on Cu(111). Self-assembled layers (paired and compact
configurations) NiCp, on Cu(111) (image size: 20x20nm?, sample bias: 20 mV, tunneling
current: 50 pA)

compact aj (A) ap (A) 0 (deg)
NiCp,/Cu(100) | 8.8 04 | 151 +0.5 | 90 £2
NiCp,/Cu(111) | 854+04 | 157+04 | 90+3
FeCp,/Cu(111) | 89+0.3 | 155403 |90+3
Paired ar (A) a (A) 6 (deg)
NiCp,/Cu(100) | 12.6 £ 0.3 | 323+ 0.8 | 41 £3
NiCpy/Cu(111) | 129+ 04 | 319+04 | 42+3

Table 5.3: Unit cells parameters for the different networks of NiCp, and FeCp,.

5.2.1 Isolated molecules

Fig. 5.7a presents the differential conductance dI/dV versus bias V spectrum of an isolated
NiCp, molecule. This spectrum was obtained by positioning the tip above the Cp ring of the
molecules to ensure a maximum signal to noise ratio. The differential conductance dI/dV
exhibits a gap around zero bias with symmetric steps up to 600% times higher in conductance

at an energy of [3.24+0.1| meV (the uncertainty reflects the tip-dependency observed). Such
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Figure 5.7: STS of NiCp». STS spectrum obtained at low bias above isolated nickelocene.
(a) dI/dV spectrum with inelastic signal. (b) Corresponding dI/dV?. (c) Sketch illustrating
the elastic tunneling process and inelastic excitation of the single molecule (d). Spectra were
acquiered with a lock-in amplifier (150 u'V modulation) by opening feedback loop at 50 pA
and -15mV at 2.4 K.

an increase in conductance has to be compared to the weaker rises measured on Fe/Cu,N or
Co/Cu;N (see chapter 2 and 3) which is about 30% and Mn/Cu;,N with a rise about 100%
[176] (with magnetic field). The second derivative of the spectrum (Fig. 5.7b) is also used
in order to make easier the threshold values extraction. With such a low excitation energy,
vibrational excitations of nickelocene adsorbed on the surface can be a priori discarded in
this energy range [186].

Former experimental studies on nickelocene powder and gas phase molecules showed that
it exhibits a magnetic anisotropy, leading to a zero-field splitting of the ground state [187, 6].
As shown on the energy diagram of NiCp, (Fig. 5.8), the 4 degenerated states describing
the filling possibilities of the antibonding states are first split by the crystal field what
discriminates spin § = 0 and spin S = 1 states. Then, among the triplet S = 1, the magnetic
anisotropy separates different spin orientations. Here, we only took into account the vertical
anisotropy parameter D (the in-plane anisotropy E is assumed to be negligible compared to
D for symmetry reasons [5]). We can see from the diagram that the anistropy D corresponds
to the energy difference between the spin moment orientation in-plane |S = 1, Mg = 0) and
out-of-plane |S = 1,Mg = +1). Earlier measurements on NiCp, powder gave a value of
D = 4.2 meV [187] and measurements on crystallites yielded D = 3.2 meV [6]. This energy
range matches with the excitation energy observed in IETS. The excitation here is attributed
to a spin-flip process between the ground state |S = 1,M = 0) and the doubly-degenerated
|S =1,M = +1) state of the molecule.
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Figure 5.8: Energy diagram of NiCp, molecules including spin-orbirt coupling. The
z direction is taken along the molecular axis. First, the crystal field induces a splitting
between the singlet state S = 0 and the triplet S = 1. Then, among the triplet state, the spin-
orbit coupling lifts the degeneracy between the states |S = 1,Mg =0) and |S = 1,Mg = +1),
leading to a Zero Field Splitting (ZFS) of energy levels.

Figure. 5.7c-d describes the inelastic tunneling process when an electron flows from the
tip to the sample. In the elastic regime, the energy of tunneling electrons is not sufficient
to activate the spin-flip process and thus no event occurs during the tunneling. However,
when the bias applied to the junction becomes higher than the threshold energy, it becomes
possible for the electron to excite the molecule. The tunneling electron loses an amount of
energy A to populate the S = £1 state of the nickelocene. This phenomenon can be described
with the following hamiltonian :

5.2)

This hamiltonian describes the single-particle spin behavior [5, 167] considering the axial
symmetry of the molecule. The first term accounts for to the magnetic anisotropy, where
D is the so-called zero-field splitting. The second term corresponds to the Zeeman energy,

where B is the applied external magnetic field, g = 2 the gyromagnetic factor, ug the Bohr
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Figure 5.9: XAS and XMCD obtainded on isolated nickelocenes deposited on Cu(100).
(a) XAS obtainded at 4.7 K under a magnetic field of 6.5 T (incidence angle 8 = 60°) on
isolated nickelocenes deposited on Cu(100). The black and red curves respectively show the
right and left polarization of the magnetic field. (b) Normalized XMCD signal obtained by
difference between right and left polarization. (c) Spin moments obtained by normalization of
XMCD data on isolated nickelocene. The black and red dots represents the the measurement
for a 0° incidence angle (normal) and a 60° incidence angle (grazing) respectively. The
continuous line represents the modelled signals (see Appendix B) for a spin § = 1.

magneton, S the spin operator vector and S its projection along the molecular z-axis. In a
zero-field situation (B = 0), such as the one we have in the STM measurements, the excitation
threshold evidenced in the IETS spectra corresponds to the energy transition between the
ground state |S = 1,M = 0) and the first excited state |S = 1,M = £1) and hence yields
directly D.

To further characterize the magnetic origin of the excitation, we performed X-ray mag-
netic circular dichroism (XMCD) measurements in a magnetic field of 6.5 T on a collection
of individual NiCp; molecules on Cu(100). The measurements were carried out at the
DEIMOS beamline, at synchrotron Soleil. The XMCD principle is briefly described in ap-
pendix A. The deposition of nickelocene molecules was performed using the same geometry
(distance between evaporator and substrate, same incident angle of molecular flow) as for
STM measurements.

Figure 5.9a shows X-ray adsorption spectra (XAS) recorded at the L, 3 edges of Ni for
left and right circularly polarized light. The panel below (Fig. 5.9b)presents the difference
between them, the so-called XMCD spectrum. Having a clear dichroic signal is already
an indication of the magnetic character of nickelocene on Cu(100). Figure 5.9c shows the
evolution of the maximum signal at the Ni L3 edge as a function of the temperature for
grazing (red dots, 8 = 60°) and normal (black dots, 68 = 0°) incidence of the X-ray beam.
At low temperature, the signal shows a clear angular dependence revealing the existence
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Figure 5.10: Data points and models of XMCD measurements on Isolated nicke-
locene.The sphere dots represents the measurement for a 0° incidence angle and the square
dots a 60° incidence angle. The continuous line represent the modelled signals (see appendix
B) with respect to the hypothetic spin values of the molecule.

of an easy magnetization direction, more specifically of an easy plane perpendicular to
the molecular axis. We have included in the graph the simulated magnetization of a S =1
system under an external field of 6.5 T and possessing a magnetic anisotropy of D = 3.2 meV.
This thermodynamical model, is described in appendix B. The simulations show a very
good agreement between the experimental data and the simulated behaviour for the grazing
incidence. The signal is weaker for a normal incidence, as expected, but the signal to noise
ration is quite high. The behavior is nevertheless compatible with the calculations for normal

incidence.

For the sake of comparison, we have simulated the magnetization behavior of systems
with spin § = 1/2, S = 1 and S = 3/2 under an external field of 6.5 T and possessing a
magnetic anisotropy of D = 3.2 meV (Fig. 5.10). The modelled spectrum based on a spin
S = 1/2 does not match the experiemental points, because such a model is insensitive to the
orientation of the magnetic field. Then, the spin § = 3 /2 model follows the angle dependency
of the data but exhibits a non zero value at 0 K which is uncompatible with our measurements.

This comparison shows that the spin S = 1 is the best model we can use here to fit our data.
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Additionally, the XMCD measurement gave us an information about the easy orientation
for the spin of nickelocene. As explained in Appendix A, the XMCD signal corresponds to a
measurement of the magnetic moment of the sample projected along the beam axis. In the case
of an incident angle of 60°, the XMCD signal is more intense than for a normal incindence.
This means the spins of nickelocene molecules are oriented in majority perpendiculary to
the normal incident beam axis, that is to say perpendicularly to the molecule axis. Thus,
we can say the magnetic anisotropy leads to an easy plane (xy plane here) configuration,
corresponding to a positive value of D according to Eq. 5.2. This positive value of D was
confirmed by our model (see Appendix B) and M = 0 corresponds to the ground state of
nickelocene, whereas M = +1 is the excited state. This means it is possible to switch the
spin in-plane orientation of molecule ground state to an out-of-plane state by applying a bias
of 3.2 meV.

5.2.2 Self-assembled NiCp, molecules

We analyse the influence of the network on the magnetic inelastic signal by performing STS
spectra above the NiCp, islands adsorbed on Cu(100). On both compact and paired networks,
the dI/dV spectra exhibit an inelastic excitation signal located at 3.2 meV (Fig. 5.11),
identical to what was observed above isolated molecules. This indicates a negligible influence
of neighbour molecules on the magnetic state of the NiCp,. The absence of influence of the
molecular network on the magnetic properties of the molecule is consitent with measurements
carried out on NiCp; powder and crystallites [187, 6] or matrix embedded samples [188].

The STS on networks adsorbed on Cu(111) also presents a spectrum with an inelastic
excitation located at 3.2 meV, indicating that the crystal orientation of the substrate does not
influence the magnetic anisotropy of the molecule.

5.3 Conductance

Let us now compare STM images with two different biases. In the first case, we use a bias of
20 mV (higher than the energy threshold) and we then lower it to 2 mV (below the energy
threshold). The results obtained above an isolated molecule are shown in Fig. 5.12a-c. With
the only contribution of the elastic current, the apparent size of NiCp, is 3.1 A, identical
to the height of FeCp, (see chap. 4). The contribution of the inelastic current changes this
height to 3.7 A. Furthermore, the inelastic contribution of the current causes the appearence
of a ring shape which was barely visible on ferrocene. The STM images of compact network

taken at bias below and above the excitation energy (Fig. 5.12d-f) show that, as for the
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Figure 5.11: Comparison of inelastic spectra obtained above isolated and networked
NiCp;,. We compare here d?I/dV? spectra to obtain a more accurate position of inelastic
transition. The blue curve represents the spectrum obtained above an isolated molecule and
the green one represents the signal measured above the molecular network. In both cases, the
energy threshold is located at 3.2 meV. Spectra acquiered with a lock-in amplifier (150 uV
modulation) by opening feedback loop at 50 pA and -15 mV at 2.4 K.

isolated molecule, the inelastic tunnel current contribution also rises the apparent height by
0.7 A. The rise in conductance is here also in the order of 600%, with small variations of this

value depending on the specific STM tip employed in the measurements.

We tried to model the behaviour of the NiCp, conductance using the same method as in
Chapter 3. In the case of isolated atoms deposited on Cu, N [5], the amplitude of conductance
increase was modelled using Eq. 5.3 :

livsp = [ Wrrl S Wi 12+ Cyrrl Sy [wi) |2+ (wrrl Sz i) 2 5
1 A 1 A A °
= SIS T 1P+ 51 (wrl S Lwi) [P+ ([ Se wi) |

This model gives results in agreement with Fe and Co adatoms deposited on a Cu,N surface,
thus we applied it to the NiCp, molecule. Considering the spin S = 1 of nickelocene, we
defined the initial state as |¢;) = |S = 1,M = 0) and the final states are the degenerate many-
fold |¢s) = |S=1,M ==1). The calculation yields a ratio between elastic and inelatic
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Figure 5.12: Effect of inelastic conductance in STM pictures. Difference between STM
images taken below and above the excitation threshold. (a) Isolated nickelocene STM image
taken at 20 mV. (b) Same molecule imaged at 2 mV. The current was adapted to keep the
same tip/sample distance (conductance). (c) Comparison of the two line profile without and
with the inelastic contribution in the tunneling current. The grey volume shows the profile
obtained only with the elastic tunneling current and the dark line shows the profile with
the inelastic current contribution. (d) STM image of a compact network edge taken at 20
mV. (e) Same area imaged at 2 mV. The current was adapted to keep the same tip/sample
distance (conductance). (f) Comparison of the two line profile without and with the inelastic
contribution in the tunneling current.

conductance /;_, y = 1, far from the experimental ratio of 6. This illustrates the necessity of

using a more sophisticated model to describe the conductance through inelastic channels.

To rationalize our experimental results, we need a quantitative estimate of the ratio
between the inelastic and elastic conductances, which is not straightforward to do with
common theoretical approaches [94, 130]. We therefore use here a strong coupling theory
developed by Lorente and Gauyacq [91, 131] to explicitly introduce spin symmetries which
lead to a simple formulation of the problem. As we show hereafter, by exploiting the
multichannel 7-matrix approach, we can express this ratio in terms of contributions to the

square modulus of the 7-matrix elements.

We start by remarking that the tunneling of an electron from the STM tip into the
nickelocene molecule is equivalent to a three-step collision. First, a single electron is injected
into the empty state of the molecule. Then, a transient negatively charged molecular ion is
created and finally the negative ion decays by ejecting one electron into the substrate. We
may assume that the magnetic anisotropy (see Eq. 5.2) is nonactive during the collision as the

rotation of the adsorbate spin due to the magnetic anisotropy is slow compared to the time
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Figure 5.13: NEGF-DFT calculation. Upper panel: Spin-resolved electron transmission
as a function of electron energy with respect to the Fermi energy, in a tunneling junction
described by two semi-infinite Cu(100) surfaces, and a nickelocene molecule adsorbed on
one of the surfaces. The transmission shows two clear peaks corresponding to both spins.
Each of the peak corresponds to the peak in the projected density of states (PDOS) depicted in
the lower panel. There, the peaks are traced back to the molecular orbitals of the nickelocene
molecule originating from the d,, and d,, nickel orbitals.

scale of electron tunneling. Despite this so-called sudden approximation, we stress that the
magnetic anisotropy is “active” at the beginning and at the end of tunneling process. Under

these assumptions, the electronic current takes the form [131]:

I=C Y [(9i,milT|¢s,my)|*8(E;i—Ey), (5.4)
mj,mp,i, f
where T is the scattering matrix, |¢;) and |¢,) are, respectively, the initial and final states
of the electron and of the molecule, E; and E the total energy of these states. For nicke-
locene, we have a spin S = 1 and an easy-plane anisotropy, hence, the initial state is |¢;) =
|s=1/2,£m=1/2;8 = 1,M = 0), where s is the electron spin and m its projection on the
quantization axis. The final states are instead degenerate |¢y) = |s = 1/2,Fm =1/2;5 = 1,M = £1).
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Using the sudden approximation, we split the contribution to the 7-matrix in collision chan-
nels of total spin ST where the spin of the tunneling electron couples to the spin of the
molecule. There are only two possible channels, one corresponding to Sy =1—1/2=1/2
and the other to S7 = 1 + 1/2 = 3/2, resulting in two matrix elements 757 = T''/2 and T3/2.

Using Eq. (5.4) and following the procedure described in [91, 131], we find that the

elastic contribution to the conductance is proportional to:

2
G, o §sz?’/2+T1/2|2, (5.5)

while the inelastic conductance is proportional to:

G; o g|T3/2— T'/22. (5.6)

The relative change in conductance at the inelastic threshold is:

Gi+G, 2|T32 -T2

To evaluate the ratio of Eq. (5.7), we need to put numbers into T'/2 and T3/2. To do
so, we recall that in the spherical approximation underlying the sudden approximation, the
T-matrix can be expressed as [94, 100]:

T=Ty—TS 5 (5.8)

where T and 77 can be easily written in terms of T1/2 and T3/2. Following [131], we have

732 = Ty+0.5T;,
T2 = T,—-T. (5.9)

The advantage of this expression is that by using the Schrieffer-Wolf transformation [100] we
can estimate 7'/2 and T3/2 from the elastic transmission. Indeed, from the Schrieffer-Wolf

transformation we have that

U
T ~ —2T
1 0U+28d7

where U is the Hubbard term entering the Anderson Hamiltonian and &; is the energy

(5.10)

of the occupied impurity level (here the occupied molecular level). This result is readily

obtained by assuming the Born approximation for the 7-matrix and using the Schrieffer-Wolf
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transformation for the potential and the spin-flip terms. To evaluate the elastic transmission,
we perform a non-equilibrium Green function calculation based on density functional theory
(NEGF-DFT). Figure 5.13 shows the results of this calculation for a nickelocene molecule
between two Cu(100) electrodes. A double-zeta basis set is used together with PBE version
of the generalized gradient approximation to DFT. The TRANSIESTA code [189] is used to
perform the calculation. We find that all the conductance takes place through the d,,- and
dy,-based molecular orbitals. Due to the § = 1 state of the molecule, there is an electron
in each of these two molecular orbitals leading to an exchange splitting U of the two
resonances(Fig. 5.13), hence to a transmission at the Fermi energy that is dominated by the
contribution of the minority states. We see from Fig. 5.13 that U = 0.9 eV and g; = —0.6
eV. Turning now back to Schrieffer-Wolf transformation, the relative change in conductance

at the inelastic threshold after the Schrieffer-Wolf transformation becomes

Gi+G.  2U?
Ge — (U+2e)?

+1, (5.11)

which yields 1900%, roughly 3 times larger than the experimental value. However, it is
well known that DFT grossly underestimates the energy position of the molecular orbitals.
Indeed, excellent agreement with the experiment is obtained if the empty molecular orbital
were placed at U + &; = 0.5 eV instead of 0.3 eV with U = 0.8 eV instead of 0.9 eV for the
present DFT calculation.

This calculation shows that the spin inelastic effect in nickelocene is utterly efficient due
to the interference effect of the two spin-channel symmetries, S7 = 3/2 and S; = 1/2, an
effect that has not been seen in previous experiments that were understood by the prevalence

of one of the collisional symmetries [131].

5.4 NiCp, functionalized tip

5.4.1 Molecular tip characterization

The high robustness of metallocenes enables us to transfer them from the surface to the tip by
contacting them while performing an I(z) spectrum at low bias. With nickelocene, another
method is possible. We obtain an easy and reproducible molecular tip by scanning a target
molecule at very low negative bias (-ImV) on the tip and few tenth of pA (20 pA usually).
A way to re-deposit the molecule on the surface consits in repeating this operation using a
positive low bias (+1mV) on the tip. Once a NiCp, molecule is adsorbed on the tip apex, we

can check the presence of the molecule by performing reversed images (Fig. 5.14). On these
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(a)

Figure 5.14: Molecular STM tip creation. (a) Image (-15 mV, 100 pA) of a nickelocene
trimer adsorbed on Cu(100) before catching a NiCp, on the tip. (b) STM image of the same
area after catching a single molecule. The inset expands the counter image of the tip on the
copper adatom on the bottom left corner.
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Figure 5.15: Molecular tip IETS. Comparison of d*I/dV?spectra obtained with respect to
the position of the molecule between the tip and surface sample. The red curve shows the
case of a nickelocene molecule is adsorbed at the apex of the STM tip and the blue curve
represents the spectrum above an isolated nickelocene on copper crystal. Spectra acquiered
with a lock-in amplifier (150 4V modulation) by opening feedback loop at 100 pA and -40
mV at 2.4 K.

reversed images, a single adatom on the surface exhibits a partial ring shape, showing the
molecule is adsorbed at the apex of the tip and slightly tilted.

The dI/dV spectra (Fig. 5.15) obtained on bare copper with the molecular tip show a
single excitation located at 3.7 £ 0.3 meV, slightly different from the 3.2 meV observed for
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Figure 5.16: Molecular tip characterization. (a) Spin density (majority spin in red, negli-
gible minority spin) and total electron density (grey transparent) of gas phase NiCp, with
MAE = —1.54 meV. (b) adsorbed NiCp, on Cu(100) with MAE = —1.27 meV and (c)
adsorbed Cu-NiCp; on Cu(100) with MAE = —1.49 meV (c). The isosurface of the spin
(total electron) density is 0.02 (1.3) electron per A3, Vertical heights are given in A and the
magnetic anisotropy (MAE) resulting from a spin-orbit coupling calculation is also indicated.
The numbers give the distances between the centers of the C, Ni an Cu atoms, expliciting the
differences in molecule size induced by charge transfer.
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a molecule adsorbed on a crystal. Here, the conductance increase can reach 900% when
the inelastic tunneling path is opened. The difference in conductance increase between the
molecular tip and the isolated molecule adsorbed at the sample surface corresponds to the
influence of the adsorption on magnetic anisotropy. We computed the Magnetic Anisotropy
Energy (MAE) for different adsorption of the molecule, modelling the tip apex by a single
atom located on a hollow position of a Cu(100) surface. Calculations were performed within
DFT framework by including the Spin-Orbit Coupling (SOC) in computations with MAE
defined as

MAE = EﬁOC — ESOC (5.12)

where E H? OC correponds to the energy obtained including the spin-orbit interaction for a spin

parallel to the metallic surface and E ioc to the case of a spin perpendicular to the sample
surface. A non zero value of the MAE expresses the presence of an easy axis. Here, a positive
value (i.e. E iOC <E H?OC ) of MAE will indicate an easy axis out of plane (perpendicular to
the surface) whereas a negative value reveals an easy axis parallel to the metal surface.
Figure 5.16 shows the results of the computation for spin densities and magnetic

anisotropy energy with respect to adsorption possibilities. The computed MAE corresponding
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to the case of nickelocene in gas phase is -1.54 meV. When the molecule is adsorbed on a
metal surface, the MAE is lowered to -1.27 meV. In this case, the molecule size decreases to
3.54 A due to the depopulation of the antibonding states. The associated charge transfer is
estimated to 0.1 electron from the molecule to the substrate. If we now focus on the model of
the molecule adsorbed on a Cu atom of the tip, we obtain different charge transfer and MAE.
The charge transfer due to the adsorption is estimated to 0.14 electron from the Cu atom to
the molecule, leading to a small size increase from 3.60 A t0 3.62 A. This reversed charge
transfer compared to the molecule adsorbed on the crystal leads to the more intense MAE,

opening a slightly wider gap in STS spectra (Fig. 5.15).

5.4.2 Double transition

Finally, we use the molecular tip to probe the magnetic effects at work when two different
molecules are present in the STM junction. The main aspect of the STS spectrum acquiered
with a molecular tip above a second NiCp, molecule (Fig. 5.17a-c) is the double inelastic
signal when two molecules are facing each other in the junction. The two excitations energies
are here 3.4 + 0.2 meV and 6.9 £ 0.4 meV. The spectra can be divided into 3 different
regions: the region labelled 1 below the lower excitation energy, the region labelled 2 between
the two inelastic steps and the region labelled 3 above the higher excitation energy. Those
three regions correspond to different excitation processes (Fig. 5.17e-g). The sketch labelled
(e) corresponds to the region 1 of the spectra, when the tunneling electron do not have enough
energy to excite any nickelocene in the junction. The sketch (f) presents the phenomenon
occuring in region 2. Here, the electron can give up energy while tunneling to excite one
of the molecules only. Now, we have no clue to identify if the excited molecule is the
nickelocene adsorbed on the tip or on the sample. Finally, the last sketch corresponds to
region 3, when the tunneling electron excite both molecules of the junction.

The most prominent effect associated to the double spin excitation is the drastic enhance-
ment of the conduction step height observed at the second excitation (a factor 60 with respect
the elastic signal in the spectrum of Fig. 5.17b) that we explain as follows. Considering that
the excitations of the molecule on the tip and on the sample are independent processes, we
can assume that the conductance measured in each region is the product of two probabilities.
In particular, let us suppose that the conductance is proportional to the probability of taking
one electron from one electrode (tip) into the other electrode (surface), in other words that
the conductance is proportional to the 7-matrix modulus squared [131].

Since the T-matrix has now spin degrees of freedom in the tip and on the sample, we
denote the new matrix elements as 7}, ,, where n is the number of excitations of the tip and

m the number of excitations of the sample. Then, the conductance will be proportional to
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Figure 5.17: Double spin excitation in IETS. Double spin-flip excitation (a) dI/dV spec-
trum of a NiCp,-terminated tip above Cu(100). Panel (b) shows the dI/dV spectrum of
a NiCp; molecule measured with a NiCp;-terminated tip. Three tunneling regimes are
highlighted (see text) indicated by R1, R2 and R3. The feedback loop was opened at 100 pA
and -40mV. (¢c) d%I / dV? versus V in a smaller bias range than panels (a) and (b). Panel
(d) presents the (V') curve showing the opening of the inelastic channels. Panels (e) to (g)
present a sketch of the different tunneling mechanisms: (e) there is only elastic tunneling
of electrons; (f) the spin of only one of the molecules is excited. In this case the excitation
of the molecule on the tip from M = 0 to M = +1 is shown, (g) both molecules undergo
spin-flip excitations.

Yam |Tn’m|2, with a sum on the excitations since the channels are supposed independent. In
this case, Tp o corresponds to the elastic transmission of an electron from the tip to the surface
or vice versa (region 1). T o and Ty | correspond to the case in which there is one inelastic
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event during the process, i.e. in the molecule on the tip, or on the surface. Finally, 77 ; is
related to the probability of an electron being transmitted inelastically between the electrodes
exciting both molecules.

Hence, if the applied bias is high enough to open the first excitation channel for the
molecules on the tip and on the sample (region 3), we obtain that the conductance is
proportional to

To0* +|Ti0/> + |Toa >+ | T | (5.13)

The observed inelastic versus elastic ratios show tip dependency. Considering the maximum
step height values we observed, we have for the NiCp; on the tip that

(IT101> + [Too*)/|Tool* ~ 9 (5.14)

and for the NiCp; on the surface

(ITo.1 > + To0l?) /| Tool* ~ 6. (5.15)

Since the excitations of the molecule on the tip and on the sample are independent, the
transmission probability of a double spin-flip excitation to occur is approximately

Ty o Toa /| Tool* = |T1117 /| Tool* ~ 8- 5 = 40, (5.16)

The conductance is then in region 3,

(ITo0* +1T10* + 1 Toa 1> +|T111%) /| Tool* = 145+ 8+ 40, (5.17)

this is 54 times higher than the elastic conductance alone (region 1).

Along this chapter, we investigated the adsorption of nickelocene deposited on copper.
We showed by XMCD that even when adsorbed on sample surface, the NiCp, maintains its
spin S = 1 and its magnetic anisotropy. The STS performed above such a molecule showed an
inelastic tunneling process caused by the excitation of a new spin orientation in the molecule.
Tunneling with a bias |V| superior to the excitation energy (3.2 meV) leads to a change of the
spin orientation of the molecule, from an in-plane configuration to an out of plane orientation.
Such an excitation opens a new path 5 times more conductive than the elastic channel. We
then transferred the molecule to the tip in order to obtain a molecular magnetic tip. The
excitation property is transferred to the tip, and the difference in adsorption geometry causes

an increase of 15% in MAE, enlarging the excitation energy in IETS.
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We finally used the molecular tip to probe a second molecule at sample surface, creating
a junction incorporating two metallocenes. We observed in the conductance spectra a double
transition corresponding to the excitation of one and two molecules at a time respectively.
If the excitation energy thresholds are added, the conductance is dramatically enhanced
compared to the elastic tunneling regime. We expect to use such a molecular tip to enhance
the detection of inelastic phenomena, such as the detection of the inelastic transitions of
isolated Fe atom deposited on Cu,N.



Chapter 6
Conclusion and Perspectives

Motivated by the theoretical results showing the spin filtering efficiency of devices based on
metallocene chains, we started to experimentally study these molecules in contact with metal
electrodes. According to theoretical results, the length of the chains and the nature of the
metal atoms incorporated into them have a strong effect on the spin filtering effect that we
are looking for. However, before engineering spintronic devices at a single molecule level,
we needed to understand how metallocenes behave when deposited on (non magnetic) metal
electrodes and if a chain can be built using such molecules. The molecules we started to
study in particular were FeCp, (non magnetic) and NiCp, which has a spin § = 1.

We used a Scanning Tunneling Microscope to investigate both the adsorption geometry
and the electronic properties of single metallocenes when deposited on metallic surfaces.
Then, we compared the experimental results with DFT computations performed by our
collaborators. We first focused on the adsorption of FeCp, and NiCp; on copper crystals,
Cu(100) and Cu(111). Aside isolated molecules, we observed spontaneously formed networks
and a careful investigation of STM pictures suggested that metallocenes are networking
by alternating vertical and horizontal molecules. No dramatic difference in adsorption or
networks configurations were visible when changing the crystal orientation, indicating a
physisorption of the molecules. DFT results confirmed that the molecules are physisorbed
and that the networks are based on T-shape interaction between molecules. Furthermore,
the computations showed that van der Waals forces are the main contribution in molecule-
molecule interaction but also in adsorption energy ( molecule-surface interation). Considering
also preliminary results obtained on cobaltocene molecules (CoCp,, not included in my
PhD thesis), we can assume that the tendency to form networks including both vertical and
horizontal molecule is a general property of metallocenes. The results we obtained here
show that it is possible to build and study a system based on single metallocenes at low

temperature, opening the way to device engineering.
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To tailor metallocene chains, we explored the spin doping of FeCp, by a single Co
atom. This Co adatom appeared to be more stable when located between a vertical molecule
and the sample (FeCp,/Co/Cu(100) configuration) rather than staying on top of a ferrocene
(Co/FeCp,/Cu(100) configuration). To experimentally confirm this assumption, we artificially
created the FeCp,/Co/Cu(100) system using the STM tip: starting from a single Co atom
adsorbed on copper crystal, we picked up a ferrrocene with the STM tip and deposited it on
the Co atom. Both topographic and spectroscopic results obtained in this single molecule
case were similar to what was observed in the molecular network, showing the Co atom
effectively adsorbed below the layer. Computations showed that a part of the Co charge is
transferred to the Fe atom of the molecule. The appearance of the Kondo effect shows that
the FeCp,/Co system is magnetic, DFT calculations indicating that the system has a spin
S=1/2.

The main difference between FeCp; and NiCp, is the spin S = 1 of nickelocene in the
gas phase due to the two supplementary electrons of the Ni atom. Earlier results obtained on
nickelocene powders and crystallites also demonstrated that a magnetic anisotropy exists in
this molecule. Using XMCD, we first confirmed that the spin S = 1 character of the molecule,
adsorbed on metallic crystal, is preserved. Then we showed that the magnetic anisotropy
favoring an in-plane spin orientation survives the adsorption. The dI/dV spectra acquired
above such a molecule revealed an inelastic feature corresponding to the excitation of a
zero-field spin-flip process, due to the magnetic anisotropy. This means that we can control
the spin orientation of the molecule by applying a low bias. When the inelastic tunneling path
is opened, the conductance increases up to 600% compared to the elastic tunneling regime.
Such an intense rise in conductance for single molecule was explained using a collision

model between a single electron (spin S = 1/2) and the nickelocene (spin S = 1).

We could then transfer this molecule to the STM tip by low bias contact. The spectra
obtained with the molecular tip on bare copper showed the same kind of inelastic excitation
as for isolated molecule on crystal. We however observed an increase of the excitation
energy from 3.2 meV to 3.7 meV, indicating the adsorption geometry plays a role in magnetic
anisotropy. We finally used the molecular tip to probe the magnetism of a second molecule. In
such a junction, several paths are possible for electrons: elastic tunneling, inelastic tunneling
leading to the excitation of one molecule and inelastic tunneling leading to the excitation of
two molecules.These excitations are visible in the dI/dV spectra as double steps. To excite
the two molecules in the junction, the threshold energies are adding to each other, while the
increase in conductance reaches 6300% of the elastic conductance. Based on this result, we

expect to use a molecular tip to boost the detection of spin-flip events.
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Figure 6.1: Ni adatoms on NiCp,. (a) STM image of NiCp; layer with Ni adatoms (20
mV). The apparent height of this new molecule is 2 A higher than the surrounding layer and
the ring shape is preserved. (b) Measured (blue) dI/dV spectrum of the Ni atom adsorbed
on NiCp, layer and second derivative of the current with respect to bias (c). The 3 inelastic
transitions are located at 4.1 meV, 35.5 meV and 38.2 meV. The correponding fitted curves at
2.49 K are given in red. (d) STM image of isolated NiCp, and manually assembled NiCp,
on Ni atom (20 mV). (e) STS spectrum obtained above NiCp,/Ni system.

Future work will be devoted at doping NiCp, with magnetic atoms, for example Ni.

The results of the evaporation of Ni atoms on cold NiCp; networks is given in Fig. 6.1(a-c).
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Figure 6.2: Possible configurations to be used in spin polarized measurements. (a)
Characterization of metallocenes on magnetic substrate. (b) Contact measurements. (c) Tip
functionnalisation.

The protusions caused by the adsorption of an extra Ni atoms exhibit here a ring shape, and
the spectra acquired above such a new molecule present 3 inelastic features. We compared
this system with a manually created NiCp, molecule adsorbed above a single Ni atom on
the crystal surface, see Fig. 6.1(c-d). If the apparent height and shape of this single object
are similar to the networked NiCp; + Ni system, the conductance spectrum here exhibits a
Kondo resonance. An early hypothesis concerning the differences in dI/dV spectra is that
neighboring NiCp, molecules in the network tend to pull up the NiNiCp,, thereby reducing
its coupling to the metal surface. Complementary analyses are requiered here to understand
the different phenomena involved in the spectroscopy results.

Following the idea of creating single-molecule based spintronic devices, the next step
will consist in studying the behaviour of metallocenes interacting with magnetic electrodes
(Fig.6.2). The next thesis in the group will develop this aspect by depositing molecules on Co
surfaces and investigating their properties using a magnetic tip. A detection of spin-polarized
current is expected, either through SP-STM(see chapter 3), and/or IETS. In the latter case,
a shift of the excitation energy of single molecule is expected because of the magnetic
interaction with the Co surface. We then intend to spin dope this system in an attempt to
build an ideal single-molecule spin filter.



Appendix A

XMCD principle

(2]

n

Electron yield 7,/1,

760 780 800 820
Figure A.1: Principle of XMCD. Method and principles of recording absorption spectra by
electron yield (or total electron yield) detection. The absorbed photons create core holes
that are filled by Auger electron emission. The primary Auger electrons cause a low energy
cascade through inelastic scattering processes on the way to the surface. The total number of
emitted electrons is directly proportional to the probability of the Auger electron creation,
that is the absorption probability. The emitted electron yield is simply measured with a
picoammeter that measures the electrons flowing back to the sample from ground. The

electron yield spectrum I./Iy shown on the right is that of Co metal. Picture adapted from
[190].

To experimentally confirm the magnetism of the NiCp,, we used X-ray Magnetic Circular
Dichroism technique. The experiments were performend at synchrotron SOLEIL facilities,
on the beamline DEIMOS. Those measurements consist in measuring the absoprtion of a
circularly polarized light (x-rays) by the sample. The incident x-ray photons excite the core
electrons of the metal of interest from the 2p orbitals to the unoccupied 3d orbitals. When
those electrons de-excite, their energy is transferred to neighbour electrons which leave the

material as Auger electrons. Those leaving electrons are flowing through the sample and
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Figure A.2: Geometry of the XMCD experiment. The x and z directions are taken in 2
dimensions along the normal of the sample and its plane respectively. The angle 6 describes
the incidence angle of the x-ray light with respect to the molecule axis.

collected as an emitted current. The intensity of this collected current is directly proportionnal
to the absorption of X-rays by the studied sample (Fig. A.1).

It has been shown that, for a fixed helicity ("right" or "left" polarization) of the incoming
X-ray beam, spins polarized up and down with respect to the beam axis will have a different
absorption rate [191, 192]. Thus, switching from a left to right polarization, we can investigate
the average spin orientation of atoms on the sample, projected along the beam axis. The
difference between the two adsorption spectra gives the so called XCMD signal. Using a
proper method of analysis (sum rules [193]), one can then extract from this XMCD spectrum
a value of the magnetic moment of the considered entity. Note that this kind of experiment
has to be carried out under a magnetic field B (also oriented along the beam axis in our
case), and that reversing the direction of this magnetic field would lead in an inversion of the
XMCD spectrum sign.

In our case, we illuminated NiCp, molecules vertically adsorbed on a metallic crystal and
defined the main axis of vertical molecule as z quantification axis (Fig. A.2). We obtained
adsorption spectra with two peaks (similar to those presented for Co in the righ part of
Fig.A.1) corresponding to the L3 and L, edges of Ni, respectively located at 864 and 882 eV.



Appendix B

XMCD models

We present here a thermodynamic model of the behaviour of nickelocene molecule studied
by XMCD. The model describes the magnetization of a spin § = 1 system with respect to
temperature and magnetic field orientation and is compared to the experimental XMCD

results (Fig. B.1). We started our model with the Hamiltonian described in chapter 5 :

A =DS? — gupB-S. (B.1)

where D represents the vertical anisotropy parameter (zero field splitting) and where the
second term refers to the Zeeman splitting induced by the magnetic field B. Here, g =2 is
the gyromagnetic factor and up is the Bohr magneton. According to the geometry of the
XMCD experiment (appendix A), we projected the equation B.1 in an xz plane and obtained

Hs :D§§—guB(B-§Zcos(9)+B-§xsin(9)). (B.2)

Using the transformation

A~ 1 4 N
Si= (S +50), (B.3)
it is possible to write the Hamiltoninan in the base {|S = 1,m;=—1>,|S=1,m;=0>,/S =
l,mg=1>}as
D+ Bcos(0) ngin(G) 0
@Bsin(@) 0 @Bsin(@) : (B.4)
0 \/TEBsin(G) D — Bcos(0)

XMCD measurements provide information about the average projection of the magneti-

sation along the beam axis < W,eq5ured >, as detailled in the following expression:
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Figure B.1: Data points of XMCD measurements on Isolated nickelocene. The magnetic
moment data (dots) are extracted from XMCD signals for each temperature. The black dots
represents the the measurement for a 0° incidence angle and the red dots a 60° incidence

angle.
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In our case, the averaging can be modelled within statistical physics. Let us introduce a
3D base {lj>} composed of eigenvectors of the hamiltonian Hg (Eq. B.2) and the correspond-
ing eigenvalues {E,}. The partition function associated to the thermal averaging of those

energy states is

—E,
7 — B.6
Lew(i7) (B.6)
and the magnetization is given by
OF oln(Z

where F' is the free energy of the system and Z the partition function expressed in Eq. B.6.
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- On surface spin detection and
doping of metallocenes

Résumeé

Le sujet principal de cette thése est I'étude de métallocénes déposés sur une surface de cuivre.
Leurs adsorptions et propriétés électroniques sont expérimentalement étudiées par microscopie a
effet tunnel (STM) et spectroscopie par effet tunnel (STS). Nos résultats ont été validés par des
calculs se basant sur la théorie de la fonctionnelle de la densité (DFT).

Plus précisément, nous avons étudié la fagcon dont le ferrocéne FeC4oH1g et le nickelocéne NiCqoH1
s’adsorbent sur le cuivre. Nous avons découvert que ces métalloceénes forment spontanément des
réseaux alternant molécules horizontales et verticales. Nous avons ensuite modifié la structure du
ferrocéne par I'ajout d’'un atome de cobalt et caractérisé les propriétés magnétiques de la nouvelle
molécule ainsi créée, notamment l'apparition d'un effet Kondo témoignant de I'apparition de
propriétés magnétiques au sein de la molécule.

L’étude spectroscopique du nickelocéne a révélé une excitation de la molécule a basse énergie.
Cette excitation se traduit par une réorientation du moment de spin de la molécule, passant d’une
orientation perpendiculaire a I'axe principal de la molécule a une orientation paralléle a cet axe.
Nous avons finalement transféré un nickelocéne sur la pointe STM et utilisé cette pointe moléculaire
pour sonder les états d’'une seconde molécule. Nous avons alors obtenu une double excitation de
spin dans notre jonction tunnel, avec une augmentation significative de la conductance due aux
excitations.

Mots clés : STM, STS, IETS, magnétisme, électronique moléculaire, excitation de spin, molécules
uniques, métallocéne.

Résumé en anglais

The main subject of this PhD thesis is the study of metallocenes deposited on copper surfaces. Their
adsorptions and electronic properties are experimentally studied by scanning tunnelling microscopy
(STM) and scanning tunnelling spectroscopy (STS). Our results were confirmed by density functional
theory (DFT) computations.

More precisely, we studied how ferrocene FeC4oH1o and nickelocene NiCqoH1o are adsorbed on
copper. We found that these metallocenes spontaneously create networks alternating horizontal and
vertical molecules. We added a cobalt atom to the ferrocene in order to modify its structure and we
characterized the magnetic properties of the new molecule we created, in particular the appearance
of a Kondo effect showing that magnetic properties appeared in the molecule.

The spectroscopic study of nickelocene revealed an excitation of the molecule at low bias. This
excitation consist in a change in the spin orientation of the molecule, going from an orientation
perpendicular to the main molecule axis to an orientation parallel to this axis. We finally transferred a
nickelocene to the STM tip and used this molecular tip to probe the states of a second molecule. We
consequently obtained a double spin excitation in our tunnel junction, with a significant increase of
the conductance due to excitations.

Key words: STM, STS, IETS, magnetism, molecular electronics, spin excitation, single molecules,
metallocene.






