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Résumeé

Introduction

La miniaturisation des composants électroniques a permis de considérablement aug-
menter la puissance et la capacité de stockage de nos appareils électroniques. Dans
le but de faire face aux besoins croissants dans le domaine des télécommunications,
I'industrie du silicium souhaite maintenir cette constante miniaturisation en suivant
une loi, dite de Moore, qui vise & doubler le nombre de composants sur une puce tous
les deux ans. Cependant, la miniaturisation des composants a base de silicium va trés
bientot se confronter & des limites physiques infranchissables d’origine quantique telle
que Deffet tunnel.

Pour aller au dela de ces limitations, il faudrait changer de matériaux ou bien
radicalement changer de concepts. Une des branches émergente et active allant dans
cette direction est I’électronique moléculaire dont le but est de réaliser des composants
électroniques & partir d’une molécule unique. De plus, les molécules représentent des
candidats prometteurs pour des concepts nouveaux tels que 1’électronique de spin,*
aussi appelée la spintronique, ainsi que I'informatique quantique.?

L’utilisation de molécules organiques pour la fabrication de dispositifs basés sur
la spintronique présente de nombreux avantages tels que le potentiel faible coup
de production et la longue durée de vie du spin attendu pour ce type de matéri-
aux. Au cours de cette derniére décennie, la communauté de la spintronique or-
ganique a considérablement ceuvré pour la réalisation de dispositifs opérationnels
et robustes opérant & température ambiante.!'® Cependant, malgré tous ces efforts
au niveau de la recherche fondamentale, le transport polarisé en spin dans ce type
de systémes souléve encore de nombreuses questions trés intéressantes d’'un point
de vue fondamental. Par exemple, des mesures sur des échantillons hybrides com-
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Résumé

posés d’électrodes ferromagnétiques a partir de matériaux inorganiques ainsi qu’un
espaceur organique, montrent une magneto-résistance tunnel bien supérieure aux pré-
dictions des modéles actuels.*® Un consensus a émergé mettant en avant I'importance
de linterface molécules/ferromagnétique pour linjection de courants polarisés en
spin de l'électrode ferromagnétique a l'espaceur inorganique. L’interface hybride
molécules/ferromagnétique est désormais vu comme un levier pour moduler la réponse
d’un dispositif spintronique.>* Par conséquent, une meilleure compréhension de la
physique prenant place au niveau de ces interfaces semble indispensable pour un
meilleur controle des propriétés des futurs dispositifs et fait ’objet de cette thése.

La premiére partie de cette thése est consacrée a ’étude des propriétés électron-
iques et magnétiques des interfaces molécules/métal. Pour cette étude, nous avons
utilisé des molécules de phtalocyanine de manganése (MnPc) déposées sur un sub-
strat de cobalt ferromagnétique. Des études antérieures ont montré que la premiére
monocouche de MnPc est ferromagnétiquement couplée au substrat de cobalt, et ceci
méme & température ambiante indiquant un couplage fort.® Par ailleurs, des mesures
de photoemission polarisée en spin réalisées & température ambiante mettent en avant
la création d’une “spinterface” fortement polarisée en spin proche du niveau de Fermi
suite a 'adsorption des molécules de MnPc.” Ces observations expérimentales ont été
confirmées par des calculs ab initio réalisés par nos collaborateurs. A noter que les
outils de calculs que nos collaborateurs utilisent semblent avoir atteint une certaine
maturité depuis I'inclusion des forces de Van-der-Waals.® Dans cette thése, a 'aide
de la spectroscopie d’absorption des rayons X, nous étudions l'influence du substrat
magnétique et de la spinterface sur les couches moléculaires de MnPc, au dela de
la premiére monocouche. Contre toute attente, ’adsorption de molécules de MnPc
sur le substrat de cobalt peut modifier les propriétés magnétiques de ce dernier. De
maniére alternative, nous avons également étudié le couplage magnétique entre la
premiére monocouche de MnPc et le substrat de cobalt a travers un espaceur non
magnétique.

La deuxiéme partie de cette thése porte sur ’étude de molécules fonctionnelles
sur des substrats métalliques. Comme cela a été précédemment relevé, nous pouvons
imaginer des futurs composants électroniques réalisés & partir de molécules uniques
qui incorporent des fonctions particuliéres. Ces fonctions peuvent étre ajustées a
souhaits en modifiant adéquatement les molécules a ’aide de la chimie. Cependant,
pour utiliser ces molécules & des fins applicatives, les molécules doivent étre déposées
sur des surfaces bien que leur adsorption puisse considérablement altérer leurs pro-
priétés ou fonctions. Dans cette thése, 'accent est porté sur une classe particuliére de
molécules fonctionnelles : les molécules & transition de spin.” Ces complexes sont des
commutateurs moléculaires qui peuvent étre commutés entre un état bas spin et un
état haut spin en utilisant différents stimuli. La question qui se pose naturellement
est de savoir si ce type de molécule peut garder ses propriétés de commutateurs dés
lors qu’elles sont déposées sur des surfaces. En combinant des mesures a 1’aide d’un
microscope a effet tunnel & basse température et de la spectroscopie d’absorption des
rayons X, nous avons mis en évidence que des molécules de Fe(phen)s(NCS), peuvent
étre déposées sur des surfaces métalliques et que des molécules dans les deux états
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de spin coexistent & basse température. Nous avons étudié cette coexistence plus
en détails puisque pour ce type de molécules nous nous attendrions & des molécules
uniquement dans un état bas spin. Nous avons également montré que ces molécules
peuvent étre commutés d’un état de spin a 'autre de maniére sélective et déterministe
via ’application d’impulsions de tension & l’aide de la pointe du microscope, pourvu
que les molécules soient suffisamment découplées du substrat métallique.

Etude de l'interface hybride MnPc/métal

La molécule utilisée pour ces travaux est la phtalocyanine de manganése (voir Fig.
Ta) déposée sur un substrat magnétique de cobalt. Le choix se justifie par les précé-
dentes observations d’un fort couplage magnétique entre 'ion de manganése et le
substrat, ainsi que la formation d’une spinterface trés fortement polarisée en spin.
Par ailleurs, les molécules de MnPc, et ceci semble général pour les dérivés de ph-
talocyanine, s’organisent en colonnes dans leur forme cristalline. Ceci méne a des
corrélations magnétiques a trés basse température entre des molécules voisines au
sein d’une méme colonne.'®'2 Les corrélations magnétiques peuvent étre antiferro-
magnétiques ou ferromagnétiques suivant la phase cristalline des molécules (forme «
ou f3). Dans cette thése, nous donnons des éléments de réponse a la question qui se
pose naturellement : peut-on, de maniére avantageuse, tirer profit des corrélations
magnétiques entre les molécules pour fabriquer des spinterfaces opérationnelles et ro-
bustes 7 Et quel serait I'impact de ces corrélations magnétiques sur les propriétés
magnétiques du substrat ?

a b
)
4 o\'ﬂ’/o )
@ veta @cC
O N v H
Figure I. — Molécule de phtalocyanine de manganése et schéma de

I’échantillon étudié.

Puisque l'organisation structurale des molécules a une forte incidence sur leurs
propriétés magnétiques, la premiére grande étape de I’étude a consisté & déterminer
lorientation des molécules de MnPc par rapport a la surface de cobalt, et ceci pour
des épaisseurs croissantes de MnPc. Pour ce faire, nous avons réalisé des échantillons
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Figure II. -~ Molécules de MnPc empilés montrant un ordre antiferro-
magnétique. La valeur des moments magnétiques des ions de manganése
issue des calculs ab initio est indiquée.

avec une épaisseur de MnPc variable allant de 0 a 3.6 ML (voir Fig. Ib) que nous avons
étudié a l'aide du dichroisme linéaire des rayons X sur le seuil de ’azote. Ces mesures
ont révelé que les deux premiéres monocouches de MnPc s’adsorbent & plat sur la
surface tandis que les molécules formant la troisiéme et la quatriéme monocouche
sont bien plus désordonnées.

Concernant les propriétés magnétiques de la premiére monocouche de molécules,
les mesures de dichroisme circulaire magnétique de rayons X (XMCD) ont montré
que les ions de manganése sont ferromagnétiquement couplés au substrat de cobalt, en
accord avec les expériences précédentes. Les ions de manganése des molécules formant
la seconde monocouche sont couplés de maniére antiferromagnétique au substrat, et
ceci méme a température ambiante (voir Fig. IT). Quant aux mesures XMCD sur les
ions manganése des molécules composant la troisiéme et quatriéme monocouche, les
résultats mettent en avant une dominance de molécules non-magnétiquement couplées
au substrat. Nous supposons que les molécules non-magnétiquement couplées sont
celles qui sont structuralement désordonnées. L’ordre antiferromagnétique dans les
colonnes de MnPc sur un substrat de cobalt est également prédit par des calculs ab
1mitio.

Ces résultats sont trés encourageants et permettent d’entrevoir des perspectives
pour le transport polarisé en spin au travers d’espaceurs moléculaires. L’ordre magné-
tique observé pour les premiéres monocouches moléculaires laisse supposer un impact
sur le transport polarisé en spin que I'on peut espérer moduler via une ingénierie
des interactions magnétiques entre les molécules.!® Par ailleurs, le systéme étudié
présente des similitudes avec des échantillons purement inorganiques composés d’une
couche antiferromagnétique en contact avec une couche ferromagnétique. Pour ces
derniers échantillons, en dessous d’une certaine température, la couche antiferromag-
nétique peut induire une anisotropie d’échange (exchange bias) et se manifester par
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Figure III. — Anisotropie d’échange induite par la couche molécu-
laire de MnPec. a, Cycles d’hystérése sur un échantillon de

Au(15ML)/MnPc(50 ML)/Co(20 ML) //Cu(100) obtenus a 32K apres
refroidissement sous des champs magnétiques de 1.2T et de -1.2T.
L’hystérese se retrouve déplacée dans la direction opposée au champ ap-
pliqué durant le refroidissement, ce qui est caractéristique de I’anisotropie
d’échange. b, Dépendence en température du déplacement de I’hystérese
indiquant une température de blocage d’environ 100 K.

un déplacement du cycle d’hystérésis. L’anisotropie d’échange'® est un effet qui a un
grand nombre d’applications, notamment pour les tétes de lecture magnétorésistives.
De plus, I'anisotropie d’échange suscite également un grand intérét d’un point de vue
fondamental pour comprendre les mécanismes physiques complexes mis en jeu et qui
a I’heure actuelle ne sont toujours pas complétement élucidés.

Dans le but de tester I’éventuelle présence de I'anisotropie d’échange qui n’a pas
encore été reportée pour des systémes moléculaires, nous avons fabriqué des échantil-
lons avec la composition suivante : Au(15ML)/MnPc¢(50 ML) /Co(20 ML)//Cu(100),
puis nous avons mesuré leurs propriétés magnétiques a 'aide de Ueffet Kerr magnéto-
optique. Les cycles d’hystéréses mesurés a basse température aprés refroidissement
sous champ montrent un déplacement dans le sens opposé au champ utilisé durant le
refroidissement (voir Fig. IITa). Ceci est caractéristique de Panisotropie d’échange.
En outre, ces mesures ont été répétées pour différentes températures montrant une
décroissance linéaire du déplacement avec la température, et 'effet disparait pour une
température de blocage d’environ 100K (voir Fig. IIIb).

Ci-dessus, nous avons reporté l'anisotropie d’échange, un des piliers de la spin-
tronique inorganique, induit par des systémes moléculaires. Le domaine de la spintron-
ique organique en ressort renforcé mais il y a encore un certain nombre de limitations
identifiées avant de pouvoir étre compétitif avec les dispositifs purement inorganiques.
En premier lieu, nous pouvons citer la température de blocage de 1'ordre de 100 K
qui est bien en dessous de la température ambiante. Nous pouvons potentiellement
remédier & ce probléme par une ingénierie des interactions moléculaires. D’autre part,
le choix des systémes moléculaires est relativement restreint. En effet, les propriétés
de la couche magnétique sont généralement trés sensibles & I’adsorption d’impuretés

inhérente a ’exposition de la couche a ’air ou & un solvant. Le choix du systéme
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Figure IV. — Schéma de I’échantillon fabriqué pour I’étude du couplage
d’échange au travers d’une couche de cuivre.

moléculaire se repose donc sur la possibilité de déposer les molécules dans une atmo-
sphére inerte (ou sous vide) en I’absence de solvant. Pour contourner cette limitation
nous avons étudié la possibilité de former une spinterface hybride au travers d’un
espaceur inorganique non-magnétique qui sert également de couche de protection a
Pélectrode magnétique. Pour les systémes inorganiques, un couplage d’échange (inter-
layer exchange coupling ; IEC) peut coupler deux couches ferromagnétiques séparées
par un espaceur non-magnétique. !5 16

Un des systémes de référence en spintronique pour 'TEC est Co/Cu/Co//Cu(100).
L’intensité et le signe du couplage magnétique oscillent avec I’épaisseur de cuivre.
Pour notre tentative de réalisation d’un systéme IEC hybride, nous avons opté pour
le systéme suivant : MnPc/Cu/Co//Cu(100), qui est relativement proche du systéme
de référence. Par ailleurs, pour un meilleur controle des épaisseurs de cuivre et une
meilleure comparaison du systéme de référence avec le systéme hybride, les deux sys-
témes sont fabriquées sur un méme échantillon avec une épaisseur de Cu variant de 0

a 14 ML (voir Fig. IV).

Pour le systéme hybride, a température ambiante, les mesures XMCD ont révelé
un couplage magnétique entre I'ion de manganése des MnPc et la couche de cobalt
séparés jusqu'a 4 ML de cuivre (voir Fig. V). Le couplage est ferromagnétique pour
0, 2 et 3 ML de cuivre tandis que pour 1.5 ML de cuivre, le couplage est antiferromag-
nétique. Ces observations sont en accord complet avec des calculs ab initio réalisés
par nos collaborateurs.

Nous avons observé ’évolution du couplage magnétique en fonction de I’épaisseur
de cuivre de maniére plus systématique sur le systéme hybride et sur le systéme de
référence (voir Fig. VI). Pour le systéme de référence, les oscillations de couplage
sont trés marquées et peuvent étre reproduites par une expression analytique du IEC.
Concernant le systéme hybride, & température ambiante, les oscillations sont plus
faibles et disparaissent pour des épaisseurs importantes de cuivre. Cependant, si la
température est abaissée & 4.8K, les oscillations perdurent pour des épaisseurs de
cuivre allant jusqu'a 14 ML. Comme attendu, les oscillations observées ont méme
période et phase que les oscillations du systéme de référence. En appliquant un
fort champ magnétique externe de 6.5 T, les oscillations sont toujours présentes mais
I’XMCD a révélé une plus large proportion de moments des molécules alignées suivant
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Figure V. — Spectres d’absorption et de dichroisme circulaire magné-
tique sur le seuil du manganése pour différentes épaisseurs de
cuivre. Le systéme étudié est le systéme hybride (MnPc/Cu/Co). Les
mesures ont été effectuées & température ambiante et montrent un cou-
plage entre le manganése et le substrat de cobalt d’intensités et de signes
variables.

le champ externe. Ceci suggére que les molécules restent paramagnétiques et sont
stabilisées avec un champ effectif venant de 'TEC. A T'aide de différentes mesures
XMCD effectuées sous différents champs magnétiques et a différentes températures,
nous avons pu estimer un champ effectif provenant du couplage d’échange de 80T
pour 1.5 ML de cuivre, et de 'ordre de 1T pour 7ML de Cu.

Concernant les propriétés de transport, ou du moins de la polarisation en spin
proche du niveau de Fermi, les calculs ab initio suggérent de trés fortes polarisations
en spin pouvant étre bien supérieures au systéme sans espaceur. Pour une épaisseur
de cuivre de 1ML, les calculs montrent une polarisation en spin de —-98%. Pour
2 ML la polarisation en spin baisse et change de signe (30 %) tandis que pour 3 ML de
cuivre, la polarisation en spin raugmente fortement pour atteindre 75 %. Ces fortes
polarisations en spin proche du niveau de Fermi devraient promouvoir un excellent
transport polarisé en spin au travers de l'interface.

En outre des perspectives de spinterface protégée de ’adsorption d’impuretés,
nous avons montré qu’utiliser une couche de molécules paramagnétiques permet de
mieux sonder I'intensité et le signe du couplage d’échange (IEC). Par ailleurs, 'absence
d’interactions magnétiques entre les centres paramagnétiques localisés au sein des
molécules permet de sonder le champ d’échange localement et ainsi d’étre insensible
aux rugosités des interfaces. Ceci permettrait, a priori, d’explorer plus en profondeur
la physique de I'TEC et des puits quantiques dans des systémes dont la compréhension
a été limitée, jusqu’a présent, par leur croissance imparfaite.
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Figure VI. — Oscillation du couplage d’échange en fonction de

I’épaisseur de 1’espaceur pour le systéme de référence et pour le
systéme hybride. Evolution du couplage d’échange pour a, le systéme
de référence et b, pour le systéme hybride.

Molécules a transition de spin sur des surfaces
métalliques

Les spinterfaces formées notamment & partir de molécules de phtalocyanine montrent
des perspectives relativement intéressantes pour des applications futures. Nous pou-
vons par exemple entrevoir la fabrication de jonctions a deux états composées de
deux électrodes magnétiques et d’un espaceur moléculaire. L’état de la jonction peut
représenter la conductance de cette derniére, et dépendre de 'orientation magnétique
des électrodes. Si les molécules de Pc composants 1’espaceur sont remplacées par
des molécules fonctionnelles, nous pourrions éventuellement obtenir des dispositifs
spintroniques avec des jonctions de plus de deux états.

Les molécules a transition de spin sont une classe de molécules fonctionnelles qui
présentent un grand intérét. Ces molécules sont des commutateurs pouvant commuter
entre deux états : un état haut spin et un état bas spin.? Puisque la commutation est
accompagnée par un changement de conformation des molécules, nous pouvons nous
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Figure VII. - Molécules de Fe-phen sur une surface de Cu(100). a,
Topographie d’une sous monocouhe de Fe-phen sur Cu(100) obtenue a
4K. L’image a une taille de 17nm x 8.5nm. b, Schéma de la géométrie
d’adsorption de la molécule de Fe-phen sur Cu(100).

attendre & une conductance des molécules qui dépend de leur état de spin. Dans le
but d’utiliser ces molécules & des fins applicatives, il est nécessaire de les déposer sur
des surfaces. La question que nous tentons d’adresser dans ces travaux est de savoir
si 'interaction des molécules avec le substrat a une influence sur la fonction de ces
derniéres.

La molécule a transition de spin utilisée dans ce travail est la Fe(phen)s(NCS),
(Fe-phen) qui, dans sa forme massive, est dans I’état bas spin S=0 & basse température
et peut transiter dans I’état haut spin S=2 en augmentant la température au dessus
de 175K.'" Nous avons déposé une sous monocouche de molécules de Fe-phen sur
une surface de Cu(100) dans un environnement ultra vide et étudié la surface a I’aide
d’un microscope a effet tunnel (STM) a basse température (4K). Les topographies
obtenues ressemblent & celle représentée dans la Fig. VII ot 'on voit des pairs de
lobes isolés. L’orientation des molécules est telle que les groupements NCS sont dirigés
vers le substrat tandis que les groupes phenanthrolines pointent dans la direction
opposée.

Lorsque le taux de couverture de Fe-phen est augmenté, nous pouvons observer
une belle croissance couche par couche (voir Fig. VIII). Par ailleurs, les molécules
restent “isolées” pour la premiére monocouche tandis qu’elles forment des ilots et
des structures organisées pour la seconde monocouche. Cette différence de crois-
sance refléte trés certainement différentes énergies d’activation pour la diffusion, et
par conséquent différentes amplitudes d’interactions avec le substrat. Par ailleurs,
les topographies présentées dans la Fig. VIII, montrent une déposition de Fe-phen
relativement pure (sans impuretés). Une étude plus détaillée de la croissance des
molécules de Fe-phen suggére que les molécules composant la seconde monocouche
sont renversées par rapport aux molecules de la premiére monocouche, i.e. les groupes
phenanthrolines font faces a la surface. Nous avons également étudié la croissance de
molécules de Fe-phen sur une surface de Cu(111).

Aprés avoir étudié la croissance de la Fe-phen sur du Cu(100), nous nous sommes
intéressés a I'état de spin des molécules déposées sur la surface. Les topographies en
haute résolution montrent deux différentes conformations pour les molécules, se visu-
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Figure VIII. — Croissance couche par couche de molécules de Fe-phen
sur une surface de Cu(100). Topographies obtenues pour des taux de
recouvrement de a 0.1 ML, b 0.4 ML, ¢ 1.4 ML and d 1.8 ML. Les images
ont une taille de 40 nm x 40 nm.

alisant au niveau de la distance entre les deux lobes d’une méme molécule (voir Fig.
IX). Pour obtenir davantage d’informations sur les deux différentes conformations
nous avons effectué des mesures de spectroscopie tunnel (voir Fig. X). Les spec-
tres de conductance sont relativement différents d’une conformation a l'autre. Les
molécules dans la conformation avec la distance entre les lobes la plus grande mon-
trent une résonance localisée au niveau de Fermi tandis que les molécules dans 'autre
conformation ne montrent aucune caractéristique spectroscopique dans l'intervalle
d’énergie considéré. Par ailleurs, la résonance au niveau de Fermi est spatialement
localisée au niveau de I'ion de Fe (voir Fig. Xc). Nous avons attribué cette résonance
a une résonance Kondo, qui ne peut se manifester que pour des ions avec des spins
non appariés, i.e. que pour 1’état haut spin.

Pour confirmer ces propos, nous avons réalisé des mesures d’adsorption des rayons
X sur le seuil du fer. Le spectre d’absorption X dépend grandement de I'état de
spin des molécules (voir Fig. XI). Pour un échantillon de 2 ML de Fe-phen sur un
substrat de Cu(100), le spectre d’absorption peut étre reproduit par une combinaison
linéaire des spectres de référence pour les états haut et bas spin. Ceci implique une
coexistence des états de spin pour I’échantillon de 2 ML de Fe-phen, en total accord
avec les données STM.

Puisque nous avons observé les deux états de spin de la Fe-phen sur Cu(100), nous
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Figure IX. — Les deux différentes conformations observées pour les

molécules de Fe-phen sur une surface de Cu(100). a, Topographie
de molécules de Fe-phen montrant deux différentes conformations notées I
et II. L’image a une taille de 13nm x 13 nm. b, Profils de hauteur pour des
molécules dans les conformations I et II suivant I’axe long des molécules.
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Figure X. — Spectroscopie sur des molécules de Fe-phen. a, Topogra-
phie montrant deux différentes conformations de Fe-phen sur Cu(100). b,
Spectres dI/dV mesurés au centre et sur les lobes des molécules présen-
tées en a. ¢, Carte dI/dV qui montre que la résonance est spatialement
localisée au niveau de l'ion de fer de la molécules dans la conformation I.
Les images ont une taille de 6.7 nm x 2.7 nm.

avons tenté de commuté une molécule donnée d’un état a 'autre. Malgré I’application
de fortes tensions et de forts courants, nous n’avons pas eu d’évidence de commutation.
Une des raisons pour cette absence de commutation peut étre la trop forte interaction
de la molécule avec le substrat de cuivre. Pour vérifier cette hypothése, nous avons
déposé une monocouche de nitrure de cuivre sur la surface de Cu(100) avant de
déposer les molécules de Fe-phen. La monocouche de nitrure de cuivre a pour effet de
partiellement passiver la surface et donc a priori de découpler les molécules de Fe-phen
du substrat. Dans la Fig. XII, nous montrons une topographie de molécule de Fe-phen
sur une surface de CulN/Cu(100). L’apparence des molécules est trés différente de
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Figure XI. - Coexistence des états haut et bas spin des molécules

de Fe-phen révélée par des mesures d’absorption des rayons X
sur le seuil du fer. a, Spectres XAS mesurés sur de la Fe-phen massive
dans I’état haut spin (panneau du haut), dans 1’état bas spin (panneau du
milieu) et sur un échantillon de 2 ML de Fe-phen déposées sur un substrat
de Cu(100). Reproduction du seuil b, L3 et ¢, Lo du fer du spectre obtenu
pour I'échantillon de 2 ML de Fe-phen a partir des spectres de référence
obtenus sur la Fe-phen massive.

celles des molécules sur Cu(100), probablement dit au découplage de la molécule. En
regardant de plus prés la topographie (voir Fig. XIIa), nous pouvons constater que les
deux molécules présentées différent légérement en leur centre. L’une des molécules a
une hauteur apparente plus élevée en son centre. A nouveau, pour obtenir davantage
d’informations sur les molécules, nous avons effectué des mesures de spectroscopie
tunnel. L’une des deux molécules montre une résonance proche du niveau de Fermi
tandis que la molécule dans I'autre conformation ne montre aucune caractéristique
spectroscopique dans l'intervalle d’énergie sondé. Par analogie a I’étude de Fe-phen
sur Cu(100), nous attribuons la molécule avec une résonance dans 1’état haut spin,
et la molécule sans caractéristique spectroscopique dans 1’état bas spin. Par ailleurs,
la résonance Kondo localisée proche du niveau de Fermi a une largeur plus faible que
celle observée sur Fe-phen/Cu(100). Cette largeur est liée a la température de Kondo,
qui est une grandeur caractérisant I’amplitude du couplage entre 'ion magnétique et
les électrons de conduction du substrat. Comme attendu, les molécules de Fe-phen
sont moins couplées avec le substrat de CuN/Cu(100) qu’avec le substrat de Cu(100),
augmentant les chances d’observer une transition de spin.

L’étape logique suivant I'identification de ’état de spin des molécules est la ten-
tative de commutation de ces derniéres. Pour ce faire, nous avons placé la pointe STM

XXiV



Résumé

c
— T T
1.0
_09
£
[v]
g
'c
2 | |
>
kS
= L |
0.8 _
i BS
b - |
T T T
€ 200} . - g
e
5 100} - I ]
9] — HS
5 — BS 0.7 CuN
(O
T O P B B I i
0.0 1.0 2.0 3.0 T TR BTN RS RS S
Longueur (nm) -40 -20 0 20 40 60

Voltage (mV)

Figure XII. — Identification des états de spin des molécules de Fe-phen
sur une surface de CulN/Cu(100). a, Topographie montrant deux
molécules de Fe-phen dans des conformations différentes. b, Profils de
hauteur permettant de mieux visualiser les deux différentes conformations.
¢, Spectres dI/dV mesurés sur les deux molécules présentées en a et sur
le substrat de CuN/Cu(100). L’image a une taille de 3.0nm x 5.5 nm.

au dessus du centre d’une molécule de Fe-phen, et avons mesuré le courant tunnel en
fonction de la tension appliquée sur le substrat (voir Fig. XIIIa). Une telle mesure
montre clairement deux états de conductance de la molécule de Fe-phen sondée et
les commutations entre les deux états de conductance sont totalement réversibles.
Nous avons ensuite identifié les états de haute et basse conductance (voir Fig. XIIIb-
e). L’état de haute conductance montre une petite protrusion en son centre (Fig.
XIITb,d) ainsi qu’'une résonance dans la courbe dI/dV localisée proche du niveau de
Fermi (Fig. XllIle), tandis que 'état de faible conductance, la molécule ne montre
pas de protrusion en son centre (voir Fig. XIIle,d) et aucune caractéristique spectro-
scopique dans U'intervalle d’énergie sondé (Fig. XIIle). Par conséquent, les données de
la Fig. XIIT montrent qu'une molécule de Fe-phen sur une surface de CuN/Cu(100)

XXV



Résumé

a
< T T T T ™HS
= ok ﬁ\_ |
] <----- BS
€
2 — -1.0Va+1.4V
= -500+ <----- +1.4Va -1.0V 7
@©
5
(e} 1 1 1 1 1
o -1.0 -0.5 0.0 0.5 1.0 1.5
Voltage (V)
e
14
£
@©
o 12
5
d ’é T T T T T ; 1.0
S 200f 138
3 100:/HS\ 8BS \ 4 * o8
-
2 0 I I ” I I N I I
T 0 1 2 30 1 2 3 -80 -40 0 40 80
Longueur (nm) Longueur (nm) Voltage (mV)

Figure XIII. - Commutation de I’état de spin et 1’état de conductance
d’un molécule de Fe-phen sur une surface de CulN/Cu(100). a,
Courbe I(V') mesurée sur une molécule unique. La courbe montre deux
états de conductance avec une hystérése. Topography de la molécule
sondée lorsqu’elle est dans 1’état de b, haute conductance et c, basse
conductance. Les topographies suggérent que la molécule est dans b,
I’état haut spin et c, I’état bas spin, respectivement. d, Profils de hauteur
de la molécule représentée dans les topographies b et c. e, Spectres dI/dV
de la molécule lorsqu’elle est dans 1’état de haute et basse conductance.
Toutes ces données permettent d’attribuer I’état de haute conductance
(basse conductance) a l’état haut spin (bas spin). Les images ont une
taille de 3.7nm x 3.7 nm.

peut étre commutée d’un état haut spin caractérisé par une haute conductance a un
état bas spin de plus faible conductance. Nous avons ainsi montré que 1’état de spin
d’une molécule de Fe-phen peut étre commuté et il est possible de lire ’état de spin
en mesurant la conductance de la molécule.

Dans le but d’obtenir davantage de renseignements relatifs aux mécanismes de
la commutation et dans le but de rendre le systéme plus attractif & des fins applica-
tives, nous avons tenté de commuter des molécules de Fe-phen a I’aide d’impulsions de
tension. Dans la Fig. XIV, nous présentons les mesures de courant tunnel obtenues
suite a Iapplication d’une série d’impulsions de tension sur une molécule unique en
fonction du temps. Nous pouvons observer que si la molécule de Fe-phen est pré-
parée dans I’état haut spin, une impulsion positive permet de commuter la molécule
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Figure XIV. — Commutation de ’état de spin d’une molécule de Fe-

phen induite par une impulsion de tension. a, Série d’impulsion de
tension appliquée sur la molécule en fonction de temps et le courant tunnel
correspondant. L’état de spin de la molécule peut étre commuté par
I'application d’une impulsion de tension et la conductande de la jonction
permet de lire I'état de spin. b, Experience similaire & celle présentée en
a qui montre I'importance de la polarité du pulse.

dans I’état bas spin. La commutation inverse est également possible via I’application
d’une impulsion de tension de polarité négative. La polarité de I'impulsion joue un
role primordial puisqu’elle détermine la direction de la commutation. En effet, si la
molécule est initialement préparée dans ’état haut spin et commuté dans I'état bas
spin via une impulsion de polarité positive, une deuxiéme impulsion de polarité pos-
itive ne permet pas de changer I’état de la molécule de Fe-phen (voir Fig. XIVDb).
Les commutations ont pu étre répétées un trés grand nombre de fois sur un certain
nombre de molécules, ce qui permet de conclure que les commutations présentées sont
reproductibles, robustes et déterministes.

Par ailleurs, en regardant de plus prés le courant tunnel pendant 'application
d’une impulsion de tension, nous avons pu extraire des taux de transition en fonction
du courant tunnel (voir Fig. XVa). La relation liant le taux de transition au courant
tunnel dépend de la direction de commutation et suggére des mécanismes physiques
différents. A partir de ces relations et des données spectroscopiques, nous avons pu
construire un modeéle impliquant un état excité de la molécule (voir Fig. XVb) et
reproduisant les résultats observés.'®

Les résultats précédants ont montré qu’il est possible de commuter 1’état de spin
de la molécule de Fe-phen lorsque cette derniére est suffisamment découplée du sub-
strat & I’aide d’une couche de nitrure de cuivre. De maniére alternative, les molécules
de Fe-phen composant la deuxiéme monocouche de molécules sont naturellement dé-
couplées du substrat de Cu(100) par la premiére monocouche de molécules. Par
conséquent, nous pouvons a priori supposer que les molécules composant la seconde
monocouche peuvent commuter, et nous avons expérimentalement vérifié ce point.
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Figure XV. - Taux de transition en fonction du courant et mécanisme
proposé pour la transition de spin d’une molécule de Fe-phen sur
un substrat de CulN/Cu(100). a, Taux de transition mesuré en fonc-
tion du courant tunnel pendant 'impulsion de tension. La relation liant
les deux quantités dépend de la direction de la commutation suggérant
différents mécanismes physiques. b, Schéma du mécanisme proposé pour
la transition de spin impliquant un état excité.

Une combinaison de données topographiques et spectroscopiques ont permis de déter-
miner que la seconde monocouche de molécule est principalement dans I’état haut
spin. Lorsqu’une topographie de la méme région est prise avec une tension plus
élevée, les lobes appartenant & une méme molécule se rapprochent (voir Fig. XVI).
Le rapprochement des lobes en augmentant la tension appliquée sur les molécules peut
traduire soit la transition de spin attendue pour ces molécules ou la visualisation d’une
orbitale différente.

Pour pouvoir trancher entre les deux scénarios possibles, nous avons effectué
toute une série de mesures complémentaires. En premier lieu, pour mieux déterminer
la tension a laquelle les changements topographiques se produisent, nous avons config-
uré le programme d’acquisition de la fagon suivante : le programme a continuellement
balayé la méme ligne orientée suivant l’axe long d’une molécule sélectionnée. Pour
chaque nouvelle ligne imagée, la tension a été augmentée d’un incrément. L’image
obtenue permet de visualiser les variations topographiques de la molécule en fonction
de la tension appliquée (voir Fig. XVIIa). A partir d’une telle image, chaque ligne est
extraite et est ajustée avec une double gaussienne pour précisément localiser la posi-
tion des lobes (Fig. XVIIb). La distance entre les deux lobes est ensuite représentée
en fonction de la tension appliquée (Fig. XVIIc) et ajustée avec une fonction sig-
moide, qui permet de déterminer la tension a laquelle la moitié de la transition a lieu,
nommeée seuil de tension. Toute cette procédure est répétée pour un trés grand nom-
bre de courants tunnel et la Fig. XVIId montre la dépendance du seuil de tension avec
le courant tunnel. Cette dépendance nous permet d’exclure un possible changement
d’orbital sondée puisque I'on ne s’attendrait pas a une variation du seuil de tension
avec le courant tunnel. Par ailleurs, nous avons proposé un mécanisme de transition
prenant un compte un état excité et une barriére énergétique séparant les états haut
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Figure XVI. - Changements topographiques de la seconde mono-

couche de molécules de Fe-phen sur un substrat de Cu(100).
Topographies de molécules de Fe-phen composant la second monocouche
obtenus pour une tension de a, 0.4V et b, 0.7V. Topographies faisant un
agrandissement sur deux molécules de Fe-phen de la seconde monocouche
obtenus pour une tension de a, 0.25V et b, 0.60 V. e, Profils de hauteurs
le long de I’axe long de la molécule du haut représentés dans les topogra-
phies c et d. Les images ont une taille de a, b 5.50 nm x 5.80nm et c, d
2.40 nm x 1.25 nm.

et bas spin. Le modéle proposé est en parfait accord avec les données expérimentales
(voir ajustement Fig. XVIId). Nous avons observé des résultats similaires lorsque les
molécules de Fe-phen sont déposées sur une surface de Cu(111).

A basse température, les molécules de Fe-phen dans leur forme cristalline sont
dans I’état bas spin. Cependent, les résultats suggérent que les molécules de Fe-phen
composant la deuxiéme monocouche ont un état de base haut spin & basse température
(4K). Par ailleurs, les molécules de la premiére monocouche sont présentes dans les
deux états de spin & basse température. Cette coexistence de 1’état de spin est assez
surprenante, et nous l’avons davantage étudié. En analysant ’ensemble des données
sur des systémes similaires dans la littérature, il apparait que la coexistence dépend
de la paire molécule/substrat.!® C’est pourquoi, nous avons étudié la dépendance
de la coexistence de ’état de spin en fonction du substrat. Dans la Fig. XVIII,
nous pouvons observer des topographies haute résolution de molécules de Fe-phen sur
différents substrats : Cu(100), Cu(111) et Au(111). Sur les topographies obtenues sur
les trois substrats nous pouvons identifier des molécules dans les états haut spin et
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Figure XVII. - Dépendance en tension et en courant des changements
topographiques. a, Evolution du profil de hauteur d’une molecule de
Fe-phen de la deuxiéme monocouche sur un substrat de Cu(100) pour des
tension appliquées croissantes. b, Profil de hauteur extrait de a pour une
valeur particuliére de tension. c, Distance entre les lobes en fonction de la
tension appliquée permettant d’extraire le seuil de tension, i.e. la tension
a laquelle la moitié de la transition a lieu. d, Seuil de tension en fonction
du courant tunnel. L’image a une largeur de 2.06 nm.

bas spin. Par conséquent, la coexistence de I’état de spin est observable sur les trois
substrats. A noter que la coexistence semble disparaitre pour la seconde monocouche
de molécules et est “controlable” pour les molécules déposées sur du CuN/Cu(100).
Ceci suggere que la coexistence de ’état de spin provient de l'interaction avec le
substrat et/ou d’interactions intermoléculaires.

Les molécules a transition de spin sont sensibles & la pression et notamment & la
“pression” élastique venant de leurs plus proches voisins. C’est pourquoi nous avons
également étudié la dépendance de la coexistence de ’état de spin en fonction du taux
de couverture de la premiére monocouche de Fe-phen sur Cu(100). Cependant, nous
n’avons observé aucune corrélation évidente entre la proportion de molécules dans
I’état haut spin et le taux de couverture de Fe-phen. Les interactions intermoléculaires
ne sont donc pas responsables de la coexistence de ’état de spin.

Par élimination, la coexistence devrait provenir de l'interaction des molécules
avec le substrat. Dans la Fig. XIX, nous montrons des topographies de molécules de
Fe-phen dans ’état haut spin et bas spin sur un substrat de Cu(100) que l'on peut
observer avec une résolution atomique. Le site d’adsorption du soufre appartenant &
la Fe-phen ne peut pas étre expérimentalement déterminé, mais nous pouvons voir
que lion de fer a un site d’adsorption dépendent de I’état de spin de la molécule.
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Figure XVIII. - Coexistence de ’état de spin de la Fe-phen sur trois
différents substrats. Topographies en haute résolution de Fe-phen sur
des substrats de a, Cu(100) b, Cu(111) et ¢, Au(111). Les images ont
une taille de 14.1 nm x 14.1 nm.

Figure XIX. — Sites d’adsorption de la Fe-phen sur une surface de
Cu(100). Topographies de molécules de Fe-phen dans I’état a haut spin
et b, bas spin sur une surface de Cu(100). Le site d’adsorption de l'ion
de fer dépend de I’état de spin de la molécule. Les images ont une taille
de 2.8 nm x 5.0 nm.

Nous extrapolons que les sites d’adsorption du soufre sont différents. De plus la
distance entre les deux soufres d’une molécule de Fe-phen détermine ’état de spin de
la molécule. Par conséquent, nous pensons que 1’état de spin de la molécule est fixé
par le site d’adsorption. Il en suit que, suivant I'importance des interactions avec le
substrat, il est plus ou moins facile de changer le site d’absorption de la molécule et
ainsi changer son état de spin.

Au travers des résultats présentés, nous montrons 1'utilité de combiner des mesures
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XAS et STM pour étudier les propriétés électroniques et magnétiques de molécules
sur des surfaces métalliques.
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Introduction

Over the history of computing hardware, the number of transistors in an integrated
circuit approximately doubles every two years. Since this “trend” was already pre-
dicted in 1965 and then revised in 1975 by Gordon E. Moore, it is usually referred to
as Moore’s law. Over the time, Moore’s law turned from an observation or prediction
into a target for the entire industry. Moore’s law conjointly stimulated the capabil-
ities of many digital electronic devices such as the memory capacity, the size of the
sensors and even the pixel density in the cameras.

Since 2012, we can find commercially available chips fabricated using the 22 nm
process. In these chips, half of the distance between identical features is about 22 nm.
In the beginning of 2015, chips manufactured using the 14 nm process should be com-
mercialized and the semiconductor companies plan to go down to 5nm in the horizon
2020. Downsizing the electronic components to these scales not only represents a
technological challenge for the large scale production but also approaches the phys-
ical limits of semiconductors technology. Indeed, for feature size about 5nm, the
traditional complementary metal-oxide-semiconductor (CMOS) technology will face
problems of the quantum word such as tunneling leading to impracticable devices.

In order to go beyond these limitations, we need to use different materials or
even different concepts. One of the emerging and active field towards this direction is
molecular electronics where the electronic components could be ultimately fabricated
out of a single molecule. In addition, (organic) molecules seem to be ideal candidates
in novel concepts such as spintronics' and quantum computing.?

Building spintronic devices using organic molecules present a certain number of
advantages, such as their potential low cost and the expected long spin lifetime in
organic materials. In the last decade, the organic spintronic community put consider-
able efforts in order to fabricate efficient and robust organic-spintronic devices working
at room temperature.!*®> While pursuing this objective, the community realized that
the adsorption of organic molecules on metallic surfaces can considerably change their
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properties, and the transport properties of the device may be completely driven by the
physics occurring at the interfaces.®* One therefore needs a better understanding of
the physics that takes place at molecule-metal interfaces and particularly concerning
the magnetic properties.

The first part of this thesis is devoted to the study of the electronic and mag-
netic properties of the molecule-metal interfaces. We used manganese phthalocyanine
molecules deposited on a ferromagnetic Co substrate. From previous studies, we
know that the magnetic moment of the manganese ion within first-monolayer (ML)
phthalocyanine is strongly ferromagnetically coupled to the substrate even at room
temperature.® Furthermore, the hybridization of the first-ML molecules on the ferro-
magnetic substrate leads to the creation of a strongly spin-polarized spinterface close
to the Fermi energy and observed at room temperature.® Additionally, the theoret-
ical framework used by our collaborators seems to have reached a certain maturity,
notably by the inclusion of the van-der-Waals forces.” In this thesis, we investigated
the influence of the magnetic substrate on the subsequent phthalocyanine layers us-
ing X-ray absorption techniques. We surprisingly observed that the adsorption of
molecules on the ferromagnet’s surface can alter its magnetic properties. Alterna-
tively, we studied the magnetic coupling of first-ML manganese phthalocyanine with
the ferromagnetic substrate through a non-magnetic spacer.

The second part of this thesis is focused on functional molecules on metallic
surfaces. As stated before, one can imagine electronic components built out of a
single molecule that incorporate a given function. In turn, one can consider tuning
the properties or functions of the molecules by adequate chemistry. However, for
application perspectives, the functional molecules should be deposited on surfaces and
their properties may be altered upon adsorption. In this thesis, we concentrate on a
particular class of functional molecules: spin-crossover molecules. These molecules are
molecular switches that can be switched between a low- and a high-spin state using
various stimuli. The striking question to address was whether the spin-crossover
property of the molecules survives upon adsorption on metallic surfaces. Using a
combination of scanning tunneling microscopy (STM) at low temperature and X-ray
absorption spectroscopy, we observed that both spin states of the molecule coexist
on the different investigated substrates. We investigated the spin-state coexistence in
more detail since it is unusual for these molecules at low temperatures. We finally
show that we can selectively and deterministically switch the spin state of the spin-
crossover molecules with the probe tip, provided that the molecules are sufficiently
decoupled from the metallic substrate.

This thesis is organized in three parts. In a first part we give the experimental
and theoretical background necessary for the understanding of the results. The second
part is devoted to the investigation of the hybrid spinterface formed by the manganese
phthalocyanine molecules on a Co substrate, while in the third part we focus on the
investigation of organic functional molecules on surfaces.

The first part of the thesis starts with a brief overview of ligand field theory.
The molecules used in this thesis contain a transition-metal ion surrounded by organic
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ligands. We will see that the presence of the ligands lift the energy degeneracy of the d
orbitals in a way that depends on the symmetry of the ligand arrangement and on the
ligand-field strength. This chapter is particularly useful to understand spin crossover.
It is followed by chapter 3 fundamentals of magnetism focused on three effects ex-
perimentally observed in this thesis: exchange bias, interlayer exchange coupling and
Kondo physics. In the chapter 4 X-ray absorption spectroscopy, we describe the
principle of the technique and fundamentals of light-matter interaction. We will then
see that from photon-polarization-dependent absorption measurements it is possible
to retrieve element-specific magnetic information. Chapter 5 is devoted to the under-
lying principles of Scanning tunneling microscopy and spectroscopy. We will
briefly introduce the history and the concept of this high-precision technique, followed
by tunneling models that helps to interpret data acquired with a scanning tunneling
microscope. Finally we give a short overview of scanning tunneling spectroscopy and
inelastic electron tunneling spectroscopy. The last chapter of this part gives details
and characteristics of the methods and experimental setups used for this work.

The second part of the thesis focused on the investigation of the hybrid spin-
terface formed by manganese phthalocyanine molecules and the Co substrate begins
with an introduction to spintronics that describes the motivations specific to
this part. Chapter 8 aims at giving the state-of-the-art information about phthalo-
cyanine molecules and phthalocyanine-based spinterfaces important for the
understanding of the results. The next chapter reports on the observation of room
temperature magnetic order in molecular layers that even leads to exchange
bias at lower temperatures. The final chapter of this part presents a metal-molecule
spinterface stabilized by interlayer exchange coupling where the molecule is
magnetically coupled to the ferromagnetic substrate through a non-magnetic spacer.

The third and last part is devoted to the investigation of organic functional
molecules on surfaces and more particularly to spin-crossover molecules. Chapter
11 is the first chapter of this part and is intended to give a brief introduction to
functional molecules. It is followed by the chapter focused on spin-crossover
molecules that describes the investigated molecule and gives a thermodynamical
description of spin crossover, followed by the possible spin-transition triggers and
applications. Chapter 13 presents the growth of Fe(phen)s(NCS), on Cu(100)
and Cu(111) substrates from single molecules up to 2ML. In the next chapter, we
show how we were able to identify the spin state of the Fe(phen)s(NCS)s molecules on
the surfaces, followed by the study of spin-state switching with a STM tip. Since
the molecules were present in both spin states on the surface, we also investigated in
more details the spin-state coexistence in chapter 15.

Finally, the last chapter of the thesis entitled conclusions summarizes the most
striking results and present possible perspectives.






Part I.

Experimental and theoretical
background






Ligand Field Theory

Coordination complexes are compounds composed of a metallic cation, known as
electron pair acceptor, coordinated with electron pair donors, the ligands. The ligand
field theory (LFT) can predict, to a certain extend, the modification of the electronic
and magnetic properties of the metallic cation by the presence of the ligands. LFT
combines the crystal field theory that takes into account the electrostatic interactions
between the metal orbitals and the ligands, and the molecular orbital theory. In a
first part, I will describe the basis of molecular orbitals theory while in a second part,
I will discuss the results of the LE'T for an octahedral coordination symmetry.

2.1. Molecular orbitals

The derivation of Schrédinger equation applied on a hydrogen atom leads to the
atomic orbitals indexed by three quantum numbers: n the principal, [ the angular
and my; the angular momentum vector component quantum numbers. Orbitals with
angular quantum numbers [ = 0,1,2, 3 are referred to as s, p, d and f, respectively.
When we graphically represent an orbital, we usually specify the sign of the wave
function solution of the Schrodinger equation. The five different d orbitals are rep-
resented in Fig. 2.1, and each of them exhibit an alternation of the sign of the wave
function. Note that the d orbitals are represented in a Cartesian basis obtained by a
linear combinations of the d orbitals in the m; basis. For instance, the d,, orbital is
composed of four lobes, the wave function being positive for two of them and negative
for the two others. While the density of probability of presence of an electron is the
same in the four lobes, the wave function sign alternation will have consequence for
inter-atomic bondings.

For molecules, the wave function, and thus the orbitals cannot be analytically
derived from Schrodinger equation. However good approximate of these molecular
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Figure 2.1. — The five different d atomic orbitals. The figure is adapted
from Ref. 8.

orbitals can be obtain by linear combinations of the atomic orbitals. For diatomic
molecules, the wave function has the following form?:

v = Ca\I/a + Cb\Ifb (2.1)

where WU is the molecular wave function, ¥, and ¥, are atomic wave functions and
¢, and ¢, are the linear-combination coefficients. The coefficients must be chosen
such that W2 integrated over the whole space is equal to unity (normalized wave
function).

The overlap of the atomic orbitals can lead to bonding, anti-bonding and non-
bonding orbitals. There are three important conditions to fulfill in order to have
bonding from the overlap of orbitals:

e the atomic wave functions must have the same sign in the overlap region
e the atomic orbitals must have similar energies

e the distance between the atoms must be short enough relative to the spacial
extension of the orbitals.

The first point implies that atomic orbitals from the two atoms have compatible
symmetries. Furthermore, the gain in energy by the formation of the bond decreases
when the difference in energies of the initial atomic orbitals increases (second point).
Finally, a short distance between the atoms insure a good overlap of the atomic
orbitals (third point).

Bonding orbitals are usually denoted o and 7 for symmetric (anti-symmetric)
orbitals to rotation about the connection line. Anti-bonding orbitals are referred to
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Bonding interaction Bonding interaction Nonbonding (no
between between interaction)
two ligand orbitals four ligand Orblt<':2]|S four ligand orbitals
and metal d,2 orbital and metal d,.., and metal d,, orbital
orbital
Figure 2.2. — Orbital interactions in octahedral complexes. The sign

of the wave function is different for shaded and non-shaded areas. The
figure is adapted from Ref. 9.

as 0 and 7. As a general rule, the number of molecular orbitals must equal the
number of initial atomic orbitals.

2.2. Molecular orbitals for octahedral complexes

There is a large variety of coordination complexes and they are usually grouped by
set of symmetries operations known as point group. The LFT will be introduced in
the case of octahedral-symmetry compounds as it corresponds to the symmetry of
most of the coordination compounds and most of the spin-crossover complexes.

For octahedral complexes, if the atomic orbitals are in the center of a Cartesian
system of reference, the six ligands are positioned at each extremities of the x, y and z
axes. From the d orbitals, only the d,>_,> and d.2 orbitals can form bonding orbitals
with the ligands while the d,, d,. and d,. form non-bonding orbitals. These results
can be intuitively understood by observing the overlap of the atomic orbitals together
with the sign of the wave functions in Fig. 2.2. For the d,>_,» and d.» orbitals, the
overlap with ligand orbitals is performed with wave functions of same sign leading
to molecular bonding orbitals. In the case of the d,, orbitals (as well as for d,
and d,., not shown), the overlap with ligand orbitals is alternatively with positive
and negative sign of the metal wave function leading to a zero integral of the wave
functions in the overlap region, and thus no interaction. The resulting molecular
orbitals are non-bonding orbitals.

In order to form an octahedral complex, in addition to the d,2_,2 and d.= orbitals,
the metallic cation has to provide four other orbitals compatible with the symmetries
of the ligand orbitals. The 6 orbitals from the ligands as well as the 6 orbitals from
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Figure 2.3. — Molecular orbitals of an octahedral complex obtained
by hybridization of metal and ligand orbitals. The figure is taken
from Ref. 8.

the cation hybridize into 6 bonding and 6 anti-bonding orbitals as represented in
Fig. 2.3. The molecular orbitals are labeled according to their symmetry (irreducible
representation). to, corresponds to the non-bonding dg,, d,. and d,. orbitals, while
e, are the anti-bonding orbitals coming from the hybridization of the d,z_,2 and d.»
orbitals.

2.3. Energy splitting and spin

As described in the previous section, from the ligand field theory in an octahedral
symmetry, we have 5, and ey sets of orbitals. The energy difference between these
two sets of orbital is often referred to as 10Dq or A, (o for octahedral). In turn,
we will see that the electron filling of the {5, and ej orbitals depends on the energy
splitting 10D¢q, and thus on the ligand-field strength. The ligand-field strength is
directly linked to the interactions and overlap of the central-metal and ligand orbitals.
The stronger the orbital interactions the larger the ligand-field strength. We usually
distinguish between weak- and strong-field ligands depending on the energy difference

10Dgq induced by the ligands.’

In an octahedral symmetry, for transition-metal ions that have between 4 to 7

10



2.4 Influence of the metal-ligand distance

electrons in the valence d orbitals, depending on the ligand-field strength induced by
the ligands, there are two different possibilities to fill the {2, and the ey orbitals. To
explain the two possible electronic configurations, we have to introduce the pairing
energy I, which corresponds to the energy cost for filling two electrons into the same
orbital. This energy cost arises from the Coulomb repulsion between the two electrons

and the exchange interactions.

Yet, we consider the two possible cases for d* through d” metal ions. (i) For I
lower than 10Dg, the to, orbitals are totally filled (two electrons with opposite spin
per orbital) before the filling of the e orbitals. (ii) For 10Dq lower than II, the ¢5, and
then the ej orbitals are partially filled with one electron before starting to pair elec-
trons in the to4 orbitals. The two different electronic configurations (case (i) and (ii))
lead to different spins and different molecular sizes. Indeed, the spin is smaller in the
electronic configuration (i) as the electron pairing is favorable. Concerning the size of
the complex, the population of the anti-bonding e orbitals, favored for configuration
(ii) leads to an increased distance between the metal ion and the ligands.

To summarize, transition metal ions in an octahedral symmetry with 4 to 7
electrons in the valence d orbitals can have two different electronic configurations
depending on the ligands. When the ligands induce a weak (strong) field on the
metal ion, the latter is in its high-spin (low-spin) state. In turn, the high-spin state
is characterized by a larger size of metal complex than the low-spin state.

2.4. Influence of the metal-ligand distance

The splitting between the {5, and the ey sets of orbitals, referred to as 10Dg, strongly
depends on the distance between the central metal ion and the ligands. We have
seen in the previous section that, depending on the strength of the ligand field, the
metallic ion has two possible ground-state electronic configurations: high-spin (°7%)
and low-spin (A7) configurations. Other electronic configurations are also possible
but are energetically less favorable (see Fig. 2.4).

In Fig. 2.4, we show the calculated energy diagram of different ligand-field states
as a function of the energy splitting 10Dgq, for a metal ion with six d valence elec-
trons.’® The ground state is the HS state (°T3) for low 10Dgq and switches to the
LS state (*A;) for larger 10Dg. The change of the ground state occurs when 10Dq
equals the pairing energy II.

For some complexes, 10Dg may be close to the pairing energy, such that external
stimuli can trigger a ligand-state switch (see Chap. 12). For a given 10Dq, the
Tanabe-Sugano diagram represented in Fig. 2.4 informs us also about the required
energy to excite the metal ion from the ground state (5T or ' A;) to an excited state
(e.g. °E), which plays an important role for spin-crossover complexes (see Chap.
12).
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Figure 2.4. — Tanabe-Sugano diagram for a transition metal ion in

an octahedral symmetry. The diagram shows energy (in units of the
Racah parameter B) of the excited ligand-field states as a function of the
ligand-field strength 10Dgq (also in units of the Racah parameter B) for a
metal ion with six d valence electrons. The figure is taken from Ref. 10.



Fundamentals of magnetism

In this chapter we shortly review the fundamentals of different phenomena that we had
to take into account considering molecular layers in interaction with a ferromagnetic
substrate. We will start by a description of exchange bias followed by a discussion of
interlayer exchange coupling. Finally, we will give insights of the Kondo physics.

3.1. Exchange bias

Exchange bias, also referred to as unidirectional anisotropy, occurs in systems where
an antiferromagnetic (AF) material is in contact and interacting with a ferromagnetic
(FM) material. The exchange bias effect causes a shift of the hysteresis loop of the
system along the magnetic field axis. The phenomenon was discovered by Meiklejohn
and Bean in 1956 when studying Co particles surrounded by a CoO shell.!''12 Since
then, exchange bias was observed in many different systems and already found many
applications such as magnetic recording media, magnetic sensors, magnetoresistive
memories and magnetic read heads (see Refs. 13-15 and references therein). In this
section, we will start with a phenomenological intuitive picture of exchange bias. In
a second part we consider a simple model of exchange bias that give some insights
about the origin of exchange bias.

3.1.1. Phenomenological intuitive picture

The FM (AF) layer has a characteristic Curie (Néel) temperature To (Ty) and for
temperatures below T (Tn) the FM (AF) layer is magnetically ordered. In Fig.
3.1, we illustrate an exchange bias system where the system satisfies the condition
Tc > Tn. For temperatures ranging from the Néel temperature to the Curie tempera-
ture (Tv < T < T¢), the FM layer is magnetically ordered while the AF layer remains

13
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Figure 3.1. — Phenomenological picture of exchange bias for an AF-

FM bilayer. Step 1 for Tny < T < T¢, the FM layer is magnetically
ordered while the AF layer is disordered. The corresponding hysteresis
loop resembles that of a normal FM layer with the magnetic field H
aligned along the easy axis of the FM layer. Step 2 shows the magnetic
state of the bilayer after cooling below T in a positive external magnetic
field. Both AF and FM layers are magnetically ordered and both layers
are magnetically coupled between them. The negative magnetic field to
apply for rotating the magnetic moments of the FM layer is relatively
large due to the interactions with the AF layer, as represented in step 3.
Step 4, the magnetic moments of the FM layer can be fully reversed while
the magnetic moments of the AF layer stay similar to that of step 2 and
3. In step 5, the magnetization reversal of the FM layer can occur for
a negative external field as the AF-FM interactions favor the magnetic
configuration of step 2. The resulting hysteresis curve for 7' < Ty is
shifted by Hgp due to exchange bias. The figure is taken from Ref. 16.

disordered. When the external magnetic field is applied along the easy axis of the FM
layer, the magnetic-field dependence of the FM-layer magnetization presents an hys-
teresis loop typical for FM materials (see Fig. 3.1 step 1). Moreover, the amplitude of
the magnetic field required to reverse the FM-layer magnetization, i.e. the coercivity,
does not depend on the magnetization-reversal direction (|H}| = |[H?2|) leading to a
fully symmetric hysteresis loop. From a temperature 7" that satisfies Ty <T < T¢, a
strong positive magnetic field H g is applied to saturate the FM layer and the sample
is subsequently cooled below T while keeping the strong field Hpe. This procedure

is usually referred to as field cooling.



3.1 Exchange bias

In exchange-bias systems, after field cooling, the proximity of the AF and FM
layers leads to exchange interactions at the interface and the AF layer is magnetically
ordered relative to the FM layer. In the case depicted in Fig. 3.1 (step 2), the
magnetic moments of the first ML of the AF layer are pointing in the same direction
than the moments of the FM layer. Note that here, we will consider a uniform
magnetization of the FM layer. When the external magnetic field is reversed, the
magnetic moments of the FM layer will try to rotate in the plane to the opposite
direction. The strength of the external magnetic field required for the magnetization
reversal (H) is larger than that of the FM layer alone since the magnetic coupling
to the rigid AF layers represents an additional force to overcome (see step 3 in Fig.
3.1). For strong negative magnetic fields, the FM layer has a reversed magnetization
compared to that of step 2 in Fig. 3.1, while the AF layer is supposed to stay
unmodified as illustrated in the step 4 in Fig. 3.1. Note that at the FM-AF interface,
the magnetic moments of the FM layer are in an opposite direction to that of the AF
layer while the exchange interactions would favor a FM coupling. When decreasing
the strength of the external magnetic field, the favored ferromagnetic configuration
at the interface between the AF and the FM layers facilitates the rotation of the
magnetization to its initial direction (see step 5 in Fig. 3.1). The magnetization
reversal to the initial direction can even happen for (small) negative magnetic fields
(see Fig. 3.1) depending on the strength of the exchange interactions at the interface.
Yet, if we look at the corresponding magnetization hysteresis loop, it is quite different
from typical ferromagnets. Notably, we see that the coercive fields depend on the
magnetization-reversal direction (|H}|# |H?|) leading to a shift of the hysteresis loop
by Hpp = (H? + H!)/2, referred to as the exchange bias field.

In the picture presented in Fig. 3.1, the exchange bias field Hgp is negative since
the external magnetic field during the cooling process Hpc was positive. By applying
a negative magnetic field Hpc during the cooling through T, it is possible to obtain
a positive exchange-bias field Hgp. Note that for some experimental systems, the
exchange shift can be in the same direction as the magnetic field during the cooling

process.!7 20

3.1.2. Rigid antiferromagnet model

Based on the phenomenological observations and on the Stoner-Wohlfarth model,?!
Meiklejohn and Bean'!'? gave elements to develop a model predicting exchange bias.
We will consider this model under the following drastic conditions!4:16:22:23;

e The magnetization of the FM layer rotates uniformly, as a whole (i.e. Stoner-
Wohlfarth approach).

e The AF and FM layers are considered to be in a single domain state.
e The interface between the FM and the AF layers is atomically flat.

e The FM and AF layers have in-plane uniaxial anisotropy and both axes are
parallel.

15
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e The magnetic moments of the AF layer are rigid.

e The AF and FM layers are magnetically coupled by exchange interaction at the
interface.

e The field applied during the cooling process is along the AF and FM easy axes.

Under the above assumptions, we consider a bilayer exchange bias system that
has been field cooled in a positive magnetic field. The energy per unit interface area
can be expressed as'® 416,22

E= —,uoHMFMtFM CcOSs (ﬂ) + KFMtFM sin (5)2 - JINT COS (ﬂ) s (31)

where H denotes the applied magnetic field in the direction of the AF- and FM-layer
easy axes, Kpjs is the bulk anisotropy of the FM layer and J;np the interfacial
exchange energy per unit area. Mpp; is the magnetization of the FM layer that
makes an angle § with its easy axis and tpj; is the thickness of the FM layer. The
stable positions of the FM magnetization Mgy, can be obtained by minimizing the
energy as a function of the angle 5. One finds two possible solution: (i) 8 = 0 if
QKFM +/L0HMFMtFM+J]NT >0 and (ll) ﬂ =7 if 2KFM_,UOHMFMtFM_JINT > 0.
Yet, to find the magnetic field at which the magnetization is reversed, one has to look

at the limit of the stability of solutions (i) and (ii) and find the corresponding coercive
fields:

H - _2Kpmteym + JINT o 2Kpmtrym = JiNT

) 3.2
oMpeptem ¢ oMpentem (3:2)

Using the definition of the coercive field H,. = (HZ-H.)/> and the definition of the
exchange bias field Hgp = (H:+H.)/2, one reads:

2K
H, = 22EM (3.3)
toMpar
JINT
H = 3.4
Br moMpnrt e (3:4)

From Eq. 3.4, we observe that within this simple model, the exchange bias field is
inversely proportional to the FM-layer thickness, which is the case of a large number
of experimental investigations.!®23 Eq. 3.4 also suggests that Hpp is proportional
to the interfacial exchange energy Jyyr, parameter that is usually unknown. We
generally assume that the strength of the exchange coupling at the interface is equal
to or higher than the bulk AF exchange coupling Jar but lower than the bulk FM
exchange coupling Jgy,. However using such values for J;yr in Eq. 3.4 leads to Hgp
orders of magnitude larger than that of the experimentally observed one.!3 16,2425
Note that if the anisotropy of the AF layer is low in comparison to the interface
exchange energy (Kaptap < Jinr), it is energetically more favorable that the AF

16
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layer rotates together with the FM layer. In this case, there would be no shift of the
hysteresis loop but only an increase of the coercive field.

There is a variety of models that include additional degrees of freedom, and most
of them overestimate the exchange bias field Hg . 14716,23 Additionally it seems that
most of the exchange bias physics takes place at the interface between the FM and the
AF layer. The novel models try to have a microscopic understanding of the magnetic
properties at the FM-AF interface.'® 1622 There are additional effects ascribed to
interfaces effects such as: (i) The shift in the hysteresis loop vanishes above a system-
dependent temperature referred to as the blocking temperature Tz, which can be
much lower than the bulk Néel temperature of the AF layer.!? (ii) The exchange field
Hgp can depend on the number of measurements that has been carried out. This
property is often referred to as training effect.!?

3.2. Interlayer exchange coupling

3.2.1. Introduction

Interlayer exchange coupling (IEC) allows to magnetically couple two ferromagnetic
layers separated by a non-magnetic spacer. In 1986, the effect was identified in rare-
earth multilayers by Salamon et al.?® and by Majkrzak et al.?’” and in Fe/Cr/Fe
samples by Griinberg et al.?® Later, in 1990, Parkin et al.?° experimentally evidenced
that the strength and sign of the IEC evolves in an oscillatory manner with increasing
spacer thickness. Additionally, Parkin performed a systematic study and showed that
the oscillatory exchange coupling occurs with almost all transition or noble metals.3°

To the first order, one can express the exchange coupling energy per unit area

between two FM layers F4 and Fp separated by a non-magnetic spacer as!:

Ea p=Jcost (3.5)

with 6 the angle between the magnetizations of the two FM layers. J describes
the strength and the sign of the magnetic interaction. Note that here we use the
following convention: a positive (negative) J favors an AF (FM) coupling. In Fig.
3.2, we present the evolution of the IEC of two NigyCoog magnetic layers separated by
a variable thickness of Ru. The oscillatory nature of the coupling is clearly visible.

From a theoretical point of view, various models have been developed to describe
IEC3L:33:

e the Ruderman-Kittel-Kasuya-Yosida (RKKY) model
e the free-electron model

e the hole confinement model

the Anderson (sd-mixing) model
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Figure 3.2. — Illustration of the evolution of interlayer exchange cou-

pling with increasing spacer thickness. By increasing the thickness
of the Ru spacer, the exchange coupling between the NiggCozo magnetic
layers evolves in an oscillatory manner. The figure is taken from Ref. 32.

All of these models can predict the period of the oscillatory exchange coupling based
on the Fermi surface of the bulk spacer material. However, experimental studies
revealed that the exchange coupling strength also depends on the thickness of the
FM layers.?* Furthermore, the exchange coupling can be influenced by a capping
layer deposited on top of a FM layer.?* These latter results suggest a quantum well
nature of the IEC3* and IEC can indeed be interpreted as quantum size effects.?'33:35
Additionally, it has been shown that all the listed models can be unified into the
quantum-size-effect approach.?® In this approach that we briefly describe in the next
section, we consider electrons in quantum wells formed by the interfaces between the
non-magnetic and ferromagnetic layers.3!33 3%

3.2.2. Quantum-well states to explain interlayer exchange
coupling

In this section, we briefly describe the confinement of electrons in a metallic layer in
terms of reflection at the interfaces. We will see that the confinement of electrons
alters the density of states (DOS) and apply it to IEC systems. Finally, we will give
more information about the archetypal Co/Cu/Co(100) system.

3.2.2.1. Electron confinement in a metallic overlayer
We consider the case of a thin metallic overlayer on top of a substrate. The electrons

of the overlayer are (partially) confined by the vacuum barrier on one side and by the
substrate on the other side. The electrons have a wave vector k = kj + k,, k, being
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3.2 Interlayer exchange coupling

along the surface normal. As we assume an in-plane translational invariance, the pro-
jected wave vector qu is unmodified upon reflection at an interface. Thus for a given
15”, the problem can be reduced to a one-dimensional problem. For the perpendicular
wave vector, we distinguish between k} and 151 for states with positive and negative
perpendicular wave vectors, respectively. We define r, and r, the reflection coeffi-
cients of the electrons on the vacuum barrier and on the overlayer-substrate interface,
respectively. They can be expressed as3!:

Ty = |ry|exp (i®,) , 75 = |rs|exp (i) , (3.6)

where ®,, and @, are the phase shifts upon reflection of the electrons at the overlayer-
vacuum and overlayer-substrate interfaces, respectively. Note that |r,| = 1 for elec-
trons having an energy below the vacuum level and in general |rs| < 1 (partial con-
finement). Usually, r, and rs depend on the electron energy ¢ and on the electron
projected wave function lﬂ‘.

In the case of a total confinement of the electron in the overlayer (rs = 1), the
phase shift of an electron after a complete round trip can be expressed as3!:

o=9,+P,+ (ki -k])D, (3.7)

where D represents the thickness of the metallic overlayer. The stationary condition
imposes ® = 27n, with n an integer. In turn, this confinement of the electrons along
the surface normal leads to a modification of the kT”—projected DOS n(k;],e). For a
given set of € and 15”, n(k;”,e) exhibits sharp peaks at given spacer thicknesses. The
periodicity of the peaks is given by3!:

2

A: == .
[atin

(3.8)

Note that k‘} and k;ﬂl are folded into the first Brillouin zone since periods shorter than 2
atomic layers are physically meaningless. Bruno®! carried out calculations for partial
electron confinement in the overlayer. He evidenced that the k?‘|—projected DOS stays
periodic with the periodicity also given by Eq. 3.8.

The oscillations in the DOS can be revealed by direct and inverse photoemission
experiments (see Refs. 31,34 and references therein). In Fig. 3.3, we show a direct-
photoemission measurement performed on a Cu overlayer of varying thickness on top
of a Co(100) substrate. At a given binding energy, we clearly observe oscillations in
the photoemission signal, i.e. the density of states, for increasing Cu thickness.

When considering electron confinement involving a ferromagnetic overlayer or
substrate, one has to consider that the reflection coefficients can be spin dependent.?!
In these cases, one generally define the spin asymmetry reflection coefficient:
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Figure 3.3. — Evidence of quantum-well states in the Cu overlayer on
Co(100). Photoemission spectra of Cu/Co(100) taken for kj = 0. The
spectra evidence an oscillatory behavior as a function of the Cu thickness
and electron binding energy. The figure is taken from Ref. 34.

Tl
Arg= = 5 Uy (3.9)

where 7! and 7} are the reflection coefficient for spin up and down, respectively.

3.2.2.2. Interpretation of interlayer exchange coupling

Above, we have seen that electron confinement in a metallic layer leads to a variation
of the DOS n(e). We now define An(e), the total change in DOS of the system (per
unit area), and AFE the change in total energy that has the following form3:

AE = f (e - er) An(e)de, (3.10)

where €p is the Fermi energy.

Typical IEC systems are composed of a non-magnetic layer of thickness D sand-
wiched between two FM layers. It results that the reflection coefficients at the inter-
faces, and subsequently the total change in DOS An(e¢) are spin dependent. In turn,
the total energy variation AFE as expressed in Eq. 3.10 depends on the relative mag-
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netic orientations of the two FM layers. Bruno derived the energy difference between
a FM and an AF configurations of the FM layers3!:

1 -
EFNI_EAFz—ﬁIm{fd2k||fATAArBeXp[i(kI_kI)D]de}- (3.11)

The integration on k:] is performed over the first two-dimensional Brillouin zone. A
and B label the spin-asymmetry reflection coefficient on the FM layers F4 and Fp,
respectively. It results that the FM layers are FM or AF coupled depending on the
sign of the above integral. We can also observe that the spacer-thickness dependence
of IEC is determined by kT — k7, which is a property of the spacer material.

In the limit of large spacer thickness D, the exponential factor in Eq. 3.11
oscillates rapidly with ¢ and with 15”. It results that the effects of quantum well
state (QWS) are canceled out. However, since the energy integral is abruptly stopped
at the Fermi energy epr, the QWS at ep give a predominant contribution to IEC.
Note that Eq. 3.11 takes implicitly into account the thicknesses of the FM layers and
possible capping layers in the Ar, and Arg coefficients.

3.2.2.3. The archetypal Co/Cu/Co(100) system

In the following, we focus on the Co/Cu/Co(100) system. There are several reasons for
this choice of system: (i) it is a representative system for IEC3! (ii) we experimentally
investigated this system (see Chap. 10), (iii) Cu has a rather simple Fermi surface and
(iv) sample of very good quality can be achieved (low roughness of the interfaces).

As stated above, the dominant contributions come from the QWS at the Fermi
energy. In fact, one can even predict the oscillation period(s) by looking at the Fermi
surface. In Fig. 3.4, we show a cross section of the copper Fermi surface. The pairs of
wave vectors k+ and k- that give rise to oscillation are located on the Fermi surface
and their difference is along the [100] direction (k| must stay constant). Additionally,
the associated phase velocities must have equal amplitudes and opposite signs.?” By
looking at the Cu Fermi surface (see Fig. 3.4), one can see three different solutions, two
of them being equivalent. The predicted periods are A; = 2.6 ML and Ay = 5.9 ML.36
In Fig. 3.5, we show magnetic-coupling measurements of the Co/Cu/Co(100) system
for increasing Cu thicknesses. As predicted, we can observe long- and short-period
oscillations of the interlayer exchange coupling.

Additionally, Qiu and Smith®* derived an analytic formula for the thickness de-
pendence of the TEC strength:

A 27D A 2nD
J:—D—;sin(ﬂ—+¢1) DZsin(7T—+Q>2)7

12
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Figure 3.4. — Cross section of the copper Fermi surface. The solid
points give the vectors of the reciprocal lattice. The arrows indicate the
stationary spanning vector along the [100] direction. The figure is taken
from Ref. 36.
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Figure 3.5. — Oscillation of the magnetic coupling of Co/Cu/Co(100)
for increasing Cu thicknesses. Magnetic coupling measurements on
Co/Cu/Co(100) using X-ray magnetic linear dichroism. High dichroic
values indicate an AF ordering of the Co layers. The data are taken from
Ref. 34.

where ®; (A1) and @2 (Az) are the phases associated to the long- and short-period
oscillations (periods), respectively. A; and Ay are the amplitudes of the oscillations
and their ratio depends on interfacial roughness.>* From Eq. 3.12, we observe that
the TEC strength decreases with the inverse squared Cu thickness.
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3.3 Kondo physics

3.3. Kondo physics

Generally, the electrical resistance of a metal decreases with temperature as the num-
ber of scattering events decreases. However, already in the 1930s, Messner et al.>®
and then de Haas et al.3” have observed that the resistance of a metal incorporating
magnetic impurities can increase again at very low temperatures. It is only 34 years
after these observations that Kondo*® could attribute the increase of the resistance
at low temperature to scattering events on the magnetic impurities.

Kondo used perturbation theory to describe the scattering of the metal conduc-
tion electrons by a magnetic impurity. The conduction electrons of the metal are
perturbed by an exchange interaction J with the spin in the impurity. For a single
impurity, the perturbation Hamiltonian is given by*:

H= Y ewazsars —J Y. (agman —apan)S:—J Y. (ajmanS™ - apanST),
[ Jo k! Jo k!

conduction electrons spin-conserving scattering spin-flip scattering

(3.13)

where €, is the one-electron energy of the conduction electron with wave number k and
spin component s along the z-direction, axs and aj, are the annihilation and creation
operators. S is the spin operator of the impurity and its projection along the z-axis
is S, while S* = S, +4S,. The Hamiltonian can be separated into three different
parts: the first part accounts for the conduction electrons that are not interacting
with the impurity, the second and third terms describe the interaction (scattering)
of the conduction electrons with the magnetic impurity without and with spin-flip
processes, respectively. Adapting the Hamiltonian expressed in Eq. 3.13 for a given
concentration of impurities , Kondo derived the following resistivity*!:

p(T) :p0+aT5+len(%), (3.14)
where a, b and c are constants. Note that for high temperatures the phonon scattering
processes dominate with 7° and for low temperatures the logarithmic dependence
prevail. Yet, the resistivity increase at low temperatures can be explained by an
antiferromagnetic coupling between the impurity spin and the conduction electrons
(J < 0). However, the perturbation series breaks down below a critical temperature
referred to as the Kondo temperature Tk .%? Strictly speaking, the Kondo approach is
only valid in the weak coupling regime for T'>> T . Later in 1975, Wilson?? treated
the Kondo problem for a single spin impurity (S = 1/2) for temperature close or below
T using the renormalization group transformation. Wilson’s approach revealed that
for an antiferromagnetic coupling between the conduction electrons and the impurity
spin, the latter is completely screened by the conduction electrons at T' = 0 K, forming
a many-body non-magnetic singlet state.
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3 Fundamentals of magnetism

In the last two decades, the access to atomic scale sparked a revival of the Kondo
effect. In quantum-dot systems, the confinement of electrons between metallic elec-
trodes can mimic the system of a cobalt impurity in bulk copper, and lead to the
observation of the Kondo effect by transport measurements. The quantum-dot sys-
tem allows an easy control of the parameters of the virtual magnetic impurity, and
thus permits a better investigation of the Kondo physics.** 46 Alternatively, STM
allowed to image and manipulate single magnetic impurities on metallic surfaces, and
consequently to observe Kondo resonance at the Fermi level. In turn those STM-
based studies help to better understand the Kondo physics.*” 52 The Kondo effect
has also been observed for single-metal atoms embedded in a molecule deposited on
a metallic surface.’®®® This gives, to a certain extend, the possibility to tune the
coupling between the metallic center to the substrate through an adequate choice of
the ligands. The Kondo effect could also be detected in fully organic molecules, where
the impurity spin arises from charge transfer processes.?? 6!

The Kondo physics is a rather complicated topic, nicely discussed in Ref. 41,
42,62-65. In the following we will only qualitatively consider the simpler Anderson
model that illustrates the many-body phenomenon.

3.3.1. The Anderson model

The Anderson model® describes the conditions under which a magnetic impurity
with spin S = 1/2 embedded in a metal retains its magnetic moment. It is only 5 years
later that Schrieffer and Wolff discovered the link between the Anderson model and
the Kondo effect.5” In the simplified Anderson model, the electronic structure of the
magnetic impurity is limited to a single d or f orbital. The considered orbital can
contain up to two electrons and is interacting with the conduction electrons of the
host metal. In order to be magnetic, the orbital has to be singly occupied and the
corresponding d' state must lie below the Fermi energy with a binding energy e. Due
to the Coulomb repulsion, adding a second electron into the orbital costs an extra
energy U. The associated d? state is located above the Fermi energy to ensure a single
occupation of the orbital (see Fig. 3.6a). The hybridization of the d states with the
continuum of electronic states of the metal leads to a broadening of the d states by
A = po|V|? where pg is the DOS of the metal at the Fermi energy and V' the matrix
element that describes the coupling between the d state and the metal conduction
electrons.

Note that Schrieffer and Wolff have demonstrated the correspondence between
the Kondo approach and the Anderson model in the limit of small s—d hybridization.%”
The exchange interaction J of the Kondo Hamiltonian can be expressed as a function
of the Anderson variables®7:

U

=V —.
T=2vi e(e+U)

(3.15)
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Figure 3.6. — Spin-flip processes in a single magnetic orbital within

the Anderson model. Schematic drawing of the energy-dependent DOS
of a single d orbital in interaction with the metallic substrate. The singly
occupied state is located at an energy € below the Fermi level, and at an
energy U below the doubly occupied state. Due to the interactions with
the metallic host, the orbital levels have a half-width at half maximum
of A. a, The d orbital is initially occupied by a single electron with spin
|. Virtual processes can flip the spin of the singly-occupied orbital, either
by b and ¢, emptying the d orbital or by d and e, double occupation of
the d orbital. f, The conduction electron at the Fermi energy involved in
the spin-flip virtual processes form a resonance at the Fermi level. The
figure is taken from Ref. 42.

There are two possible paths to flip the spin of the singly-occupied orbital with
the help of the conduction electrons (see Fig. 3.6). The d orbital can first be emp-
tied and then re-filled by a conduction electron of opposite spin (see Figs. 3.6b,c).
Alternatively, the d orbital can at first be doubly occupied, and the initial electron
is then transferred to the metal (see Figs. 3.6d,e). In a classical description, these
processes can only occur when the system receive an energy of at least —e for the
first process and at least U + € for the second process. Although no external energy is
exchanged with the system, the processes are still possible in a quantum mechanical
picture by virtue of the Heisenberg uncertainty principle. Indeed, if the uncertainty in
energy is of the order of the excited state energies, the excitation is permitted during
a short time interval, and the spin-flip process referred to as a virtual process. The
corresponding excitation times must thus be shorter than ?/|¢| or /|u+¢|. Taking into
account a multitude of these virtual processes, they modify the energy spectrum by
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3 Fundamentals of magnetism

generating a new many-body state, the so-called Kondo resonance, close to the Fermi
level.%3 In turn, the Kondo resonance is at the origin of abnormal physical properties,
such as the conductivity variation, of metals embedding magnetic impurities

3.3.2. Fano resonance

The above Anderson model has been initially treated for magnetic impurities embed-
ded in a non-magnetic metal but remains valid for magnetic adatoms on non-magnetic
metallic surfaces. When such a system, e.g. Co/Ag(111), is measured using scanning
tunneling spectroscopy, the Kondo resonance can appear as a dip in the conductance
spectrum (see Fig. 3.7). Since the dI/dV spectrum measured by scanning tunneling
spectroscopy should be closely related to the density of states (see Chap. 5), one
would rather expect a peak feature.

T T T
0 '
= 0.6 ! R
S '
E 0.4F 5 -
= k
3 0.2+ ! R
T i

1 " ; " 1

-20 0 20
Sample bias (mV)
Figure 3.7. — Lineshape of the Kondo resonance using scanning tun-

neling spectroscopy. Kondo resonance of a Co adatom on a Ag(111)
surface observed by scanning tunneling spectroscopy. The Kondo reso-
nance increases the density of states close the Fermi level but the reso-
nance has a dip-like shape. The experimental data are taken from Ref.
68.

In fact, when a STM tip is brought close to the system composed of a magnetic
impurity lying on a metallic substrate, electrons from the tip can elastically tunnel
to the sample using different paths. They can tunnel directly into an empty bulk
state above Fp with a probability ¢;, or into the Kondo resonance close to Er with
a probability ¢5. Since tunneling is a coherent quantum effect, the tunneling current
is determined by quantum interference between the two paths.®> Note that here we
assume a weak tip-sample coupling. By taking the interference effects into account,

Fano showed that the measured energy spectrum has the following form®?:

(g+¢)
F) =< —_ 1
p(B) o< po + D (316)

that we call the Fano equation, where the normalized energy reads:
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Figure 3.8. — Influence of the ¢ parameter on the Fano shape. Set

of Fano resonances (Eq. 3.16) for different values of q. The curves are
shifted for clarity. The figure is taken from Ref. 62.

==K (3.17)

I' = kgTk corresponds to the half-width at half maximum of the Kondo resonance,
Ty is the so-called Kondo temperature and Ex corresponds to the position of the
Kondo resonance relative to the Fermi energy Ep.

The factor ¢ in Eq. 3.16 is linked to the ratio of the tunneling probabilities t;

and to, and can drastically change the shape of the resonance. The expression for ¢
- 70
is™:

" wpoVt1

+A(e), (3.18)

with A(e) a slowly varying parameter in energy and V the hybridization matrix el-
ement between the localized states and the continuum of the metal.%? For electrons
dominantly tunneling into the Kondo resonance (t3 > t1), the ¢ factor is large and
the Fano function has the shape of a Lorentzian peak, while for t5 <« t1, the ¢ factor
is close to zero and the Fano function has a dip shape (see Fig. 3.8). For intermediate
values of ¢, the Fano function has an asymmetric shape as illustrated in Fig. 3.8.

In general, it is difficult to predict the value of g, but experimental results suggest
that ¢ depends both on the investigated magnetic impurity and on the substrate. For
example, Wahl et al.’! studied a Co adatom on different substrates, which led to
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3 Fundamentals of magnetism

different values of ¢q. Alternatively, Jamneala et al.”' studied different transition-
metal impurities onto the same substrate, also observing different ¢ factor.

Note that in some recent work on the Kondo effect,” "> the Fano function (Eq.
3.16) was exchanged by a Frota function that better fits the solution of the numerical
renormalization group theory and has the following form*% 776,77

P(E) o J[ze V eV—ek+z’F:|’ (3.19)

where T is the width parameter (I' = 1.43kpTx).”™ e accounts for the position of the
resonance and ¢ is the line shape parameter.™

3.3.3. Dependence of the Kondo resonance on external
parameters

Influence of the temperature

At 0K the half-width at half-maximum I' of the Kondo resonance, or the charac-

teristic Kondo temperature Tk = I'/kp, within the framework of the Anderson model,
is given by*!62:

U s
(T =0K) =kpTyx ~ 2A — -
( ) =kpTi =/ 7TeXp[ 2A(

For increasing temperatures, the width of the resonance I' broadens and follows:

1

€

N er‘)_l]' (3.20)

50,52, 62

o =\/(akpT)® + (2kpTx ). (3.21)

Strictly speaking Eq. 3.21 is only valid for T' <« T (Fermi-liquid model), but is also
often used for higher temperatures. Eq. 3.21 nicely fits experimental data, such as
represented in Fig. 3.9 and « is experimentally found to be equal to 5.4 by Otte et
al.?? Additionally the peak height of the Kondo resonance also evolves with increasing
temperatures. For T << Ty, the peak height decays as 1 — ¢(7/1x )?, while for T > Tk
the peak height decays logarithmically.?

Influence of the magnetic field

For T' «< Tk, the Kondo screening form a singlet state resulting in a non-magnetic
ground state. The singlet state is unaffected by small magnetic field. However,
Costi™® predicted that above a critical magnetic field B = k8T« /2gu5, i.e. when the
Zeeman energy is comparable to the Kondo interactions, the Kondo resonance is
split. The shift of the split peaks scales with the Zeeman energy in agreement with
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Figure 3.9. — Temperature depedence of the Kondo resonance. STS

measurements of a Co adatom on CulN as represented in the left inset.
The current derivatives show the dependence of the Kondo resonance on
temperature. The resonance broadens and the peak intensity decreases
with increasing temperature. The right inset presents the resonance width
as a function of the temperature. The solid black line represents a fit of
the experimental data with Eq. 3.21. The figure is taken from Ref. 52.

experiments.?> 7% 780 Ty illustrate the Kondo-resonance splitting, we show in Fig.
3.10 the magnetic-field dependence on the Kondo resonance for a Co adatom on
CulN/Cu(100).

Note that the presence of one or more additional magnetic impurity near the
impurity of interest can similarly modify the Kondo resonance, through (indirect)
magnetic interactions.30 82

Finally, the temperature and magnetic-field dependence of the Kondo resonance
is often used as a signature of the Kondo effect in experimental studies.
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Figure 3.10. — Magnetic field depedence of the Kondo resonance.

dI/dV spectra acquired at 0.5 K on Co/CuN for different magnetic fields.
With increasing magnetic fields, we observe a splitting of the Kondo res-
onance. The figure is taken from Ref. 52.
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X-ray absorption spectroscopy

In this chapter, we will start by briefly explaining X-ray absorption spectroscopy
(XAS) using a classical description. In a second section, we shortly discuss the electric-
dipole selection rules using a quantum mechanical picture. The selections rules help
us in the third section to explain the origin of the X-ray magnetic circular dichroism
(XMCD) effect. We also present the sum rules that allow to extract the spin and
orbital magnetic moments of a given element by using polarized X-rays.

4.1. X-ray absorption spectroscopy

4.1.1. Absorption and cross sections

In this thesis we use X-ray absorption spectroscopy (XAS) to gain information about
the electronic and magnetic properties of molecules on surfaces. The X-rays used for
this investigation may interact with matter in different ways with different probabili-
ties. In Fig. 4.1, we present the cross sections as a function of the photon energy for
a Cu sample. For low photon energy (E, < 10keV), X-ray photons may be elastically
scattered by free charged particles (electrons). The upper limit of this Thomson scat-
tering process is the Compton scattering process where the X-ray photon transfers
part of its energy to the free charged particle. Compton scattering has its highest
cross section for photon energy between 10keV to 1000 keV. For even higher photon
energies, X-ray photons may generate electron-positron pairs. The photon could also
be absorbed by the nucleus that would result in the ejection of a proton or neutron.
In this thesis, we experimentally used X-rays with energies ranging from 350eV to
1000 eV and from Fig. 4.1 we can see that, in this photon-energy range, photoelectric
absorption is the dominating interaction by orders of magnitude. In the following, we
will only consider photoelectric absorption.
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Figure 4.1. — Photon-energy dependent cross sections. Cross sections

of the photoelectric absorption, Thomson scattering, Compton scattering,
electron-positron pairs and photonuclear absorption for Cu as a function

of energy.

In the soft X-ray range, the photoelectric-absorption cross

section is orders of magnitude higher than the other cross sections. The
figure is taken from Ref. 83.

An X-ray beam that goes through a sample is strongly attenuated due to all the
possible interactions between X-ray photons and matter. An X-ray beam with an
initial intensity Igh that travels a distance z within the sample has an intensity®*:

"M (z) = Igh’ exp (—jgz) = Igh exp (—paaabsz)

where 1, is the linear X-ray absorption coefficient and o’

(4.1)

S

is the X-ray absorption

cross section per atom. The two quantities are linked by p,, the atomic number
density, i.e. the number of atoms per unit of volume.

The photoelectric-absorption cross section o

bs shows absorption edges at element-

dependent distinctive energies, that arise from core-level electron excitations. The ab-
sorption edges are labeled K, Ly, Lo, L3, My, Ms, etc. for photon-induced excitations
from the 1s, 2s, 2p1/2, 2p3/2, 35, 3p1/2, etc. levels.

For electrons excited above the ionization potential, the final state is represented
by a plane wave propagating in vacuum. For a fixed X-ray photon energy, one can
study the kinetic-energy distribution of the photoelectrons, which gives rich informa-
tion about the occupied core-level initial states. This technique, referred to as X-ray
photoemission spectroscopy, is element specific as the binding energy of the core-level
electrons depends on the element we consider. One can similarly retrieve information
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about the valence band. X-ray photoemission spectroscopy is used to determine the
composition and chemical properties of samples. In this thesis, we did not analyze
the photo-electrons but focused our efforts on the absorption coefficient described
below.

4.1.2. X-ray absorption spectroscopy detection techniques

Historically, absorption measurements were performed on ultra-thin samples by mea-
suring the X-ray intensity that travels through the sample (see Fig. 4.2a). The
corresponding transmitted intensity as a function of the photon energy shows dips
at the absorption edges. There are two other detection modes for X-ray absorption:
X-ray fluorescence and electron yield. The former consists in measuring the pho-
tons arising from the electron/core-hole recombinations, while the latter measures an
electron current subsequent to the photon absorption (see Fig. 4.2b). In the center
panel of Fig. 4.2b, we briefly describe how such an electron current can be induced.
The absorption of an X-ray photon leaves a given atom with an unoccupied core-level
state. The electronic relaxation of the atom leads to X-ray fluorescence or Auger
electrons. In turn, the Auger electron, while propagating within the sample, induces
secondary electrons through inelastic scattering. A proportion of the Auger and sec-
ondary electrons that have a kinetic energy larger than the sample’s work function
escape from the sample. The number of secondary electrons is proportional to the
number of primary Auger electrons, that in turn is directly proportional to the sam-
ple’s absorption. To measure the absorption intensity one can equivalently (i) count
the electrons that leaves the sample or (ii) measure the electron current that goes
from the ground to the sample (in order to balance the flow of out going electrons).
Experimentally, method (i) can be realized by having an electron detector in front of
the sample. In this case, one can only count the emitted electron within a limited
solid angle, while method (ii) has no solid-angle constraint and can be experimentally
easily implemented as sketched in Fig. 4.2b.

Since the Auger decay channel after the X-ray absorption dominates that of the
X-ray fluorescence in the soft X-ray regime, electron-yield detection techniques usually
lead to larger signals.®> A typical electron-yield absorption spectrum for a Co sample
is presented in Fig. 4.2b, and in the following, we will only consider X-ray absorption
spectra in total electron yield mode.

We stated above that the number of emitted electrons is proportional to the
X-ray absorption, but can we still link the electron yield to the X-ray absorption
coefficient 0?*? To answer this question, we write down the X-ray absorption using
Eq. 4.1 in the limit of thin samples d << 1/,5%:

TP — 1P (d) = 1" [1 = exp (—pad) ] ~ 1B dpuy = 10" podo®. (4.2)

From Eq. 4.2, we can see that the number of absorbed photons, and thus the electron-
yield intensity is proportional to the X-ray absorption coefficient provided that d <«
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Figure 4.2. — Two different common techniques for measuring X-ray
absorption. a, (Left) Typical transmission geometry where the pro-
portion of X-rays that goes through the sample is measured. (Center)
Schematic of a photon-induced core-level electron excitation that corre-
sponds to an absorption event. (Right) Transmitted intensity as a func-
tion of the photon energy for a 10nm Co-film sample. b, Experimental
principle and methods to measure X-ray absorption spectra by (total)
electron yield detection. (Left) Experimental geometry for total electron
yield detection: the X-rays irradiate the sample and a picoammeter mea-
sure the current that goes from the sample to the ground. (Center) The
absorption of photons induces core holes that may lead to Auger-electron
emission. The inelastic scattering of primary Auger electrons produce a
cascade of secondary electrons through inelastic scattering. A proportion
of the Auger and secondary electrons escape from the surface; and elec-
trons are flowing from the ground to the sample to keep charge neutrality.
The total number of emitted electrons is proportional to the number of
Auger electrons, that in turn is proportional to the absorption cross sec-
tion. (Right) Electron yield intensity as a function of the photon energy
for a Co sample. The X-ray absorption spectrum show two distinct peaks
that correspond to the L3 edge (transition from a 2ps, state) and the Lo
edge (transition from a 2p;,, state). The figure is adapted from Ref. 84.

Yu,. Fortunately, for electron-yield detection mode, Eq. 4.2 is not only valid for
thin samples. Indeed 63 % of the electron-yield signal originates from the first 2 nm
of the investigated sample that is usually much smaller than the X-ray penetration
length 1/,,.348¢ For transition-metal elements such as Fe, Co and Ni, the X-ray
penetration length is about 500nm below the L3 edge, 20nm at the L3 edge and
80nm after the Lz edge.8* Thus, the electron-escape length is indeed much shorter
than the X-ray penetration length 1/.,. However, the situation can be different when
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the absorption is measured at a grazing incidence angle #. In this case, one should
consider an effective X-ray penetration length cos(9)/., whose value can be in the order
to that of the electron-escape length at an absorption edge. At an absorption edge,
the X-ray intensity would rapidly decrease within the first 2nm instead of staying
constant to satisfy Eq. 4.2; and lead to measured absorption that underestimate the
X-ray absorption cross section. In this thesis, we were careful to measure at incidence
angles large enough to minimize this effect, known as the saturation effect.3689 Note
that strictly speaking, the saturation effect can also occur at normal incidence.®6
Therefore, we must be careful when exploiting the amplitude of an adsorption edge.

In this thesis we focus on near edge X-ray absorption fine structure (NEXAFS)
spectroscopy that consists in measuring the absorption coefficient while varying the
photon energy in a small region around the absorption edge to fetch information
about the unoccupied states. Theses unoccupied conduction states bear important
information on electronic properties of materials and also their magnetic properties
as will be shown below. Moreover, by changing the polarization of the X-rays, one
can observe dichroic effects that can bring numerous additional information. In the
following, we will look at the light-matter interactions using a quantum mechanical
picture to understand and interpret the polarization dependence of the absorption
spectra.

4.2. Interaction of polarized photons with matter

4.2.1. Derivation of the absorption cross section

In a one-electron picture, a photon of energy E, = iw can bring a core electron to the
continuum or a bound state. Within a quantum-mechanical description, the X-ray
absorption cross section can be calculated by using the time-dependent perturbation
approach. We consider an initial state |¢) and final state | f), where both states contain
an electronic and a photon part. In the following, we will only consider first-order
processes, i.e. a direct transition from |i) to |f), without involving intermediate states.
The transition probability per unit time T}y is given by Fermi’s golden ruledt:

Tig = 25 WS\ HiadliV 5 (Bi— )y (Bp) (43)

where §(E) is the delta function and py(E) is the density of final states at an energy
E. H;,: is the electron-photon interaction Hamiltonian given by:

Hipt = 7}3 : Aa (44)
m

where e (m.) is the charge (mass) of the electron, p the electron momentum operator
and A the vector potential of the electromagnetic field. The total absorption cross
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section is then simply obtained by normalizing the transition probability per unit
time Ty to the incident photon flux D84

T-

abs if

o = . 4.5
(I)O ( )

Yet, by quantizing the electromagnetic field, and using the electric dipole approx-
imation valid for k-7 <« 1, i.e. the electric field is constant over the atomic volume;
the X-ray absorption cross section for a transition from the electronic state |a) to
electronic state |b) reads®t:

o = 4 phow |(ble - Fla)|* 6 [hw — (Eb — Ea)] ps (Eb), (4.6)

where oy = ¢”/areohe is the dimensionless fine structure constant, € is the unit pho-
ton polarization vector, £, and FEj are the energies corresponding to the electronic
states |a) and |b). A different quantity, referred to as the X-ray absorption resonance
intensity I,..s, which corresponds to the photon-energy integral of the cross-section,
is expressed as®*:

Ires = o |(blé- f|a)|2, (4.7)

with & = 4n%ahw. |a) and |b) are volume normalized to one. From Eq. 4.7, we can
see that the relevant terms for X-ray absorption are the transition matrix elements
|(b€ - 7|a)| that we will briefly discuss in the following.

4.2.2. Transition matrix elements

For didactic reasons, we will keep the one electron picture, in which the initial state |a)
corresponds to the core electron wave function and |b) is given by the valence electron
wave function. We neglect here the interactions of the electrons with the core hole in
the final state, and we suppose that |a) and |b) are atomic orbitals expressed as:

|a’> = |Rn’l(7");l7ml78,ms> (48&)
b) = | Ry e (r); ',y 8", m) (4.8b)

where R, ;(r) is the radial part of a shell with principal and orbital quantum number n
and [, respectively. m;, s and mg are the magnetic, spin and secondary spin quantum
numbers.

The electric dipole operator can be expressed Pd =¢€-7 = ¢€,7-7 where o = x,y, 2
is the direction of the electric field (photon’s wave vector) for linearly (circularly)
polarized light and ¢ = 0,+1 the spin angular momentum of the photon. ¢ = 0 refers
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to linearly polarized photons while ¢ = +1 refers to circularly polarized photons. If one
expends the dipole operator into spherical harmonics, we can factorize the |(b|P|a)|
matrix elements in the following way (see complete description in Chap. 9 of Ref.
84):

(bl Pdla) = 6 (i, ms) {Ryrr (r) el Rt (1)) 30 a1, mi OV

my,mj,p

Lmg),  (4.9)

spin radial

angular

where Cf,? are the Racah’s spherical tensor operators,®* and ag, , the coefficients to de-
velop the electric dipole operator with Racah’s spherical tensor operators (3, |ag,p|2 =
1).

From Eq. 4.9, we can see that the electric dipole operator does not act on the
spin, and thus only transitions that conserve the spin are allowed. The radial part
of Eq. 4.9 determines the strength of the transition. Moreover as the initial state is
strongly localized to the core, X-ray absorption spectroscopy is an element-specific
method. The angular part of Eq. 4.9 gives non-vanishing element for:

Al=l'—1=x1 (4.10a)
Amy=mj;—m;=0,=+1 (4.10Db)
As=s"-5=0 (4.10c)
Amg=ml —mg=0. (4.10d)

Egs. 4.10 are usually referred to as the dipole selection rules. The conservation of
angular momentum implies that Am; = 0 for linearly polarized light while Am; = £1
for circularly polarized light with angular momentum +hA. Al = +1 implies that a
photon-induced excitation from a p orbital can only occur into a d or s orbital. The
dipole selection rules (Egs. 4.10) can also be expressed in the spin-orbit basis functions
|[Rpi(7);1,8,5,m;) that are needed for excitations from the 2ps/; and 2p;/; states:

Al =+l (4.11a)
Aj=0,+1 (4.11D)
Amj =+1,0 (4.11c¢)
As = 0. (4.11d)

The value of Am; depends on the photon polarization: for circularly (linearly) po-
larized light Am; = £1 (Am; = 0). For simplicity, the electric-dipole selection rules
were derived using a one-electron picture. In reality, to calculate the absorption cross
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Figure 4.3. — Multiplet features at the Ni L3> edges. XAS spectrum
at the Ni Ls 2 edges for a, 13ML Ni on Cu(100) and b, Ni oxalate. The
inset show a molecular drawing of the Ni oxalate. The data are taken
from Refs. 94 and 90.

section, one should take into account the other electrons in an electronic configuration
picture (see Ref. 84). Nevertheless the selection rules are general and independent of
the one-electron or the configuration pictures.

In the above calculations, we considered a final state [b) in a one electron picture.
This is a good approximation, typically for metallic layers, when the final state is an
extended state. In Fig. 4.3a, we represent a XAS spectrum at the Ni Ls o edges for
13 ML of Ni on Cu(100). On the spectrum, we clearly observe two pronounced peaks
that correspond to the L3 and Ly absorption edges. However the XAS spectrum at
the Ni L3 o edges for Ni oxalate exhibits additional pronounced peaks. The splitting of
the L3 and Ly absorption edges into sub-peaks is referred to as multiplet splitting and
mainly arises from the interaction of the excited electron with the core hole.84:90-92
The multiplet features depend on the symmetry and the ligand field of the investigated
element. By simulating XAS spectrum including multiplet features using programs
such that CTM4XAS,% it is potentially possible to retrieve information about the
ligand field.

In addition, the X-ray absorption may depend on the X-ray photon polarization
as suggested by the selection rules. This absorption dichroism, that we will briefly
describe, can reveal structural and magnetic properties of the investigated sample.

4.3. X-ray magnetic circular dichroism

XMCD refers to different X-ray absorption spectra for left and right photon helicities
due to the alignment of the magnetic moments. Alternatively, for a fixed circular
photon helicity, the absorption depends on the magnetic orientation. The technique
has been suggested by Erskine and Stern®® in 1975 and pioneered by Schiitz et al.”%
in 1987. An example on Fe metal is shown in Fig. 4.4, where the dichroism amplitude
is important. We will see that the amplitude of the dichroism is directly proportional
to the atomic magnetic moment, but we will first try to understand the origin of
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Figure 4.4. — Illustration of the XMCD effect for Fe at the L edges.
a, Illustration of the spin-dependent density of states of bulk Fe. b,
Experimental XAS spectra at the Fe L3 2 edges for right photon helicity
for two magnetic configurations of the sample. The figure is taken from
Ref. 84.

XMCD in a two-step model. For simplicity, the explanations will be limited to the
transition-metal elements.

4.3.1. Two-step model

In the first X-ray absorption step, the angular momentum of the incoming photon
is transferred to the photoelectron since angular momentum must be conserved (see
also section rules in Egs. 4.10 and 4.11). As the electric-dipole operator does not act
directly on the spin, the photon angular momentum should be converted into orbital
momentum (see Eqs. 4.10). However, at the Ls 5 adsorption edges, the photoelectron
arises from spin-orbit split 2p3/, and 2p, /o levels. As a consequence, for a proportion
of photons, the angular momentum can be transferred to the electron spin (see Eq.
4.11) that leads to a spin polarization of the photoelectrons for a fixed photon helicity.
Moreover, as the 2ps/; and 2p;j, levels have opposite spin-orbit coupling, the spin
polarization of the photoelectrons arising from the 2ps/, levels is opposite than that
of the photoelectrons from the 2p;, levels. Changing photon helicities or the sample
magnetization leads to an opposite spin polarization of the photoelectrons at a given
absorption edge.

In the second step, the unoccupied states act as detector for the spin of the
photoelectrons. Note that p — d transitions dominate by a factor larger than 20 the
p — s transitions, and we will thus neglect the p - s contributions. In addition, we will
see that the X-ray absorption is proportional to the number of holes in the d band.
For magnetic materials, the unoccupied d states are split by exchange interactions
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Figure 4.5. — Polarization-dependent p — d transition probabilities.

The d orbitals are assumed to be split by exchange interactions and we
consider that the spin-up (spin-down) sub-band is empty (full). The en-
circled numbers correspond to the angular part of Eq. 4.9 squared and
are expressed in units of “#/90 where Z is the square of the radial part
of the transition matrix element. The spin and photon angular momenta
have same quantization axis. The figure is taken from Ref. 83.

and have unequal spin up and spin down populations. In turn, the absorption being
proportional to the number of holes together with the unequal number of spin-up
and spin-down holes explain why the unoccupied d states act a spin detector for
the photoelectrons. For an optimal detection, the quantization axis for the angular
momentum of the photons must be aligned with that of the spin momentum.

Above, we stated that, thanks to spin-orbit coupling of the 2p states, a proportion
of spin angular momentum of the photons can be transferred to the electron spin. To
be more quantitative about this statement, we go back to a one electron picture and
solve the angular part of the matrix elements in Eq. 4.9. For simplicity, we assume
that the spin-orbit coupling between the d orbitals is negligible. The results are
presented in Fig. 4.5 for transitions from 2p states to unoccupied spin-up d states.
Note that we only represented transitions with non-vanishing matrix elements, .e.
transitions that obey the selection rules. From Fig. 4.5 we observe that at the L3 edge,
X-ray photons with spin ¢ =1 (¢ = -1) give 62.5% (37.5 %) of spin-up photoelectrons,
while at the Ly edge, X-ray photons with spin ¢ = 1 (¢ = 1) give 25 % (75 %) of spin-up
photoelectrons. For a completely filled (unoccupied) spin-down (spin-up) sub-band,
the origin of the dichroism is straightforward: the L3 (L2) edge will have a higher
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Figure 4.6. — Application of the sum rules for a Ni film. a, Helicities-
averaged XAS spectrum, or white line, at the Ni L3 2 edges (red line). The
gray line represents the contribution of the continuum (ionization poten-
tial). The dashed black line represents the integration of the XAS spec-
trum on which the continuum is subtracted. b, Corresponding XMCD
spectrum (red line) together with its energy integral (dashed black line).
The sample is composed of 26 ML of Ni grown on W(110). The acquisi-
tion is performed at 30 K with an incidence angle of 20°. The figure is
taken from Ref. 83.

absorption intensity for X-ray photons with spin ¢ = 1 (¢ = =1). One can also see
that the dichroism is of opposite sign at the L3 and Ly edges. Yet, for partially filled
spin-up and spin-down sub-bands, the XMCD is non zero provided that the spin-up
and spin-down populations are unequal. However, the resulting dichroism intensity is
reduced. Note that the magnetic moment of the probed element is also reduced. In
the next section, we will link the XMCD intensity to the spin and orbital magnetic
moments.

4.3.2. Sum rules

In the two-step model, within a one electron picture and by neglecting the spin-orbit
coupling, we illustrated that the XMCD intensity is related to the magnetic moment
of the probed element. In 1993, Carra et al.”” derived sum rules that quantitatively
link the XMCD spectra at the Lso edges to spin and orbital momenta. In 1995,
Chen et al.”® experimentally checked these sum rules and we will briefly discuss them
below.
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To ease the discussion, we will use the following notation. p* and u~ denote the
X-ray absorption intensity for a given photon energy for positive and negative photon
helicities, respectively. The white line is defined as (u* + p~ + o) /3 where po denotes
the X-ray absorption intensity for linearly polarized photons with the electric field
parallel to the magnetic field H.%? For the study of transition-metal elements, which
is the case in this thesis, one can simplify the definition and use the helicity-averaged
XAS spectrum, defined as (u* + p7)/2 (see Fig. 4.6). The integral of the white line
over the L; edge, is referred to as A; and is expressed as:

A f ( ,LL + p, ,Ufcontinuum) dE7 (412)

for 7 = 2,3, where pcontinuum 1S the absorption from p states to states just above the
vacuum level. Similarly, the integration of the XMCD intensity over the L; edge is
given by:

AA; = f (u* - ) dE. (4.13)

L;

Note that the photon helicities may have different definitions. By convention, the
XMCD is plotted such that XMCD intensity at the L3 edge is negative for Fe, Co
and Ni.

4.3.2.1. Charge sum rules

The charge sum rules link the white line intensity to the number of unoccupied d
orbitals, or d holes, provided that the symmetry of the sample is higher than Dayy,.
Note that we are discussing about the number of d holes in the electronic ground state
(initial state). The polarization-dependent integration of the white line over the Ls o
edges is given by®% 100

[A3+A2]QZC(Nh+NS), (414)
where a = ,y,z and C = 2¢/%°/15 for p — d transitions.®* Nj, is the number of holes
in the d band and N§ is a quadrupole term that account for the anisotropy of charge

density within the 3d shell and has a disappearing trace. Thus, if we average the
white-line integral over three orthogonal directions, one obtain:

72 3+A2 =CNy,. (415)

Eq. 4.15 is also valid for a single measurement at the magic angle, i.e. an angle of
54.7° between the z axis and the photon-incidence vector.'%°
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4.3.2.2. Spin sum rules

The spin sum rules link the XMCD integral over the L3> edges to the magnetic
spin moment My, and to the angle dependent intra-atomic dipole moment m¢, that
reflects the anisotropy of the spin density®* 1°°:

[AAg - 2AA2]Q = _£ (mspm + m%) s (416)
KB

provided that the sample is magnetically saturated and for a symmetry of the sam-
ple higher than Dy, where pp is the Bohr magnetron. Again, Eq. 4.16 can be
considerably simplified by summing it over three orthogonal directions:

é Z [AA?, - 2AA2]0¢ = _MCYBmspin- (417)

Here also, by measuring at an incidence angle of 54.7° (between the z axis and the
photon-incidence vector), a single measurement suffices.

4.3.2.3. Orbital sum rule

This last sum rule allows to link the orbital moment mg, , along the external magnetic-
field direction «, provided that the sample is magnetically saturated®% 109

3C e (4.18)

[AAg + AAQ]a = - orb-
2pp

The angle-averaged magnetic moment m,,;, may be determined by a single measure-
ment at the magic angle previously defined.

4.3.2.4. Experimental determination of the spin and orbital moments

Experimentally, to extract the spin and orbital magnetic moments, the sample is
positioned at the magic angle. The constant C' is experimentally determined by using
the charge sum rules (Eq. 4.15). This lead to the following equations for the spin and
orbital moments:

Nh,LLB AAg - QAAQ
P.irecos(0) Az + As
2 Nupp AAds+Ad,
"3 Pecos(d) Az+ Ay

mg = —

(4.19a)

(4.19D)

me =
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where P.;.. denotes the degree of circular photon polarization (can be close to 100 %
when using undulators to generate the X-rays) and 6 is the angle between the direction
of the magnetic moments and the photon-incidence vector. In the following, using
the data of Chen et al.,°® we will apply the sum rules on bee Fe. Note that the data
extraction procedure is not perfect, and thus the magnetic quantities will slightly differ
from that of Chen et al.”® From Fig. 4.7, we can retrieve all the necessary information
for Egs. 4.19, except for the number of d holes in Fe that is taken equal to 3.39 from
DFT-based calculations.”® This leads to m%®¢ = 1.99 ug and mZ® = 0.05 ug, that is
very close to the values obtained by a different technique or calculations that range
between 2.08 up and 2.20 up for the spin moment and between 0.04 ug and 0.09 ug
for the orbital moment.”® This example of application of the sum rules on becc Fe
show the great potential of the technique.

Note that in general, we acquire a set of at least 4 different spectra, i.e. a spec-
trum for each photon polarization and for each magnetization direction of the sample.
This helps to remove eventual experimental artifacts. Note that the extraction of the
spin moment is not possible for some elements, such as manganese, as the splitting of
the 2p levels is not sufficient to correctly separate AAs and AAs.
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Figure 4.7. — Application of the sum rules for a Fe thin film. a,

Helicities-averaged XAS spectrum at the Fe L3 o edges (red line) together
with a two-step like function to remove contributions from the contin-
uum (solid gray line). The integration of the XAS spectrum from which
the continuum contributions are subtracted is also plotted (dashed black
line). b, XMCD intensity (red line) together with the XMCD integration
(dashed black line). Note that the shown XMCD data are corrected from
the non perfect polarization of the photons (Peirc) and from the angle
0 between the photon-incidence and magnetization directions. The data
are taken from Ref. 98.
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Scanning tunneling microscopy and spectroscopy

Scanning tunneling microscopy (STM) is a tool with an extremely high spatial res-
olution that mainly arises from the exponential dependence of the current on the
tip-sample distance. In this chapter, after introducing the concept of STM, we briefly
present two tunneling models that help to explain the signification of the measured
tunneling currents. Scanning tunneling microscopes are not only imaging tools: we
will see that it can be used for spectroscopy purposes. From the voltage derivative of
the tunneling current, we can probe the density of states (DOS) of the sample as well
as inelastic processes.

5.1. History and concept

The first scanning probe instrument dates back to 1972, when Young et al. designed
a field-emission based “topografiner”.'®! They applied a bias voltage of several volts
between the tip and the investigated sample, and monitored a distance-dependent
field-emission current. A feedback loop could maintain a constant field-emission cur-
rent and thus a constant tip-sample distance. Although, the resolution of the in-
strument was limited, Young et al. proposed a real-space technique that, at the
time of the discovery, was fundamentally different from the dominating diffraction
techniques. In 1981, Binnig and Rohrer developed the first scanning tunneling micro-
scope allowing unprecedented atomic resolution.!??19 Noways STM is widely used
for surface-science studies.

The working principle is relatively simple (see Fig. 5.1). A bias voltage is applied
between a very sharp metallic tip (ideally with only one atom at the apex) and the
investigated surface. When the tip is brought close enough to the surface, a tunneling
current, exponentially dependent on the vacuum-barrier thickness, flows between the
tip and the sample. Typically, the tunneling currents range from 10 pA to 10nA for
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Figure 5.1. — Schematic view of the STM working principle. See text
for description. Figure: Michael Schmid, TU Wien.

a tip-sample distance of a few angstroms and a bias voltage about 1V. Since the
conducting tip is mounted on a piezoelectric scanner tube, it can be precisely moved
in the three space directions by applying suitable voltages on the piezoelectric tube.
The STM software samples the area we want to investigate into raster points. A STM
topography can then be acquired using one of the two following modes.

e In the constant-height mode, the tip is scanning the surface and the tunneling
current is measured at each raster point. Any protrusion (depletion) of the
surface would then be revealed by an increase (decrease) of the tunneling cur-
rent. The STM software then reconstructs the STM topography from the raster
points.

e In the constant-current mode, the feedback loop maintains the tunneling current
constant by regulating the voltage applied to the piezoelectric tube, and thus
by regulating the tip-sample distance. When the tip is scanning the surface, the
tip z position is recorded for each raster point, leading to the STM topography.

The constant-current mode allows to scan over protrusions while in constant-
height mode, the tip may crash into it. Note that in constant-current mode, the
tip can also possibly crash into protrusions for small feedback-loop gains. All the
STM topographies presented in this thesis were acquired using the constant-current
mode.
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5.2. Theory of tunneling

Experimentally, the exact geometrical arrangement of the tip is not reproducible in
a controlled way. It is therefore difficult to develop a reliable and general model that
links the tunneling current to the STM topographies. Nevertheless, there are different
approximate models that tentatively try to associate the tunneling current to the tip-
sample distance and to the tip/sample electronic properties. In the following, we
will briefly discuss a rather simple approximation, where we consider the tunneling
through a one-dimensional square barrier, followed by the more advanced Bardeen
approach.

5.2.1. One-dimension square barrier

Tunneling is of purely quantum-mechanical nature. Electrons are thus described by
wave functions W (7) and the probability density of an electron to be located at 7 is
obtained by squaring its wave-function value ¥? (7). In the stationary regime, the
wave function obeys the time-independent Schrodinger equation!®:

h* 9%V (7
——&+U(F)\P(F):E\II(?), (5.1)
2m, 012
where E is the energy of the electron in a potential U (7), m,. the mass of the electron
and A the reduced Planck constant. Tunneling exists because a particle has a certain
probability to be located within the barrier and thus to go through it.

One of the simplest tunneling model for STM approximates the vacuum barrier
between the tip and the sample by a one-dimension square barrier of height Uy and
thickness d (see Fig. 5.2). The left (right) side of the barrier would represent the
tip (sample) with U = 0, or vice versa. Solving Eq. 5.1 in the left and right sides of
the barrier, assuming an electron described by a plane wave of energy E < Uy, leads
to standing waves with wave number k = v2mcE[n. The solution of Eq. 5.1 within
the barrier is an evanescent wave with an inverse decay length k = v2me(Uo-E)/n. The
electron wave functions ¥ («) and their derivatives dq;gf) in the three different regions
(left side, barrier and right side) must be continuous at the edges of the barrier. For an
electron going from left to right, and for £d > 1 (thin enough barrier) the transmission
probability to cross the barrier reads!'%*:

16k%K?
T= ﬁ exp (—2I€d) . (52)

From Eq. 5.2, we see that transmission probability of an electron through a bar-
rier exponentially depend on the barrier thickness d. This simple model explains the
exponential dependence of the tunneling current on the tip-sample distance. However,
a STM topography does not necessarily represent the topography of a surface. Indeed,
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Figure 5.2. — Tunneling through a one-dimension square barrier. The

square barrier has a height Uy and a thickness d. The wave function ¥
of an electron arriving from the left side and described by a plane wave
has a reduced but finite amplitude at the right side of the barrier. Note
that only the real part of the wave function is plotted. The figure is taken
from Ref. 105.

a variation of the local conductivity of the sample would lead to a different tunneling
current, independently of the tip-sample distance. In the next section, we will de-
scribe a more elaborated model that takes into account the density of states (DOS)
of the sample.

5.2.2. Bardeen’s approach and the s-wave tip

Bardeen’s approach'®® is based on the first-order time-dependent perturbation ap-
proximation. When the tip is brought close enough to the sample with a finite bias
voltage V between the tip and the sample, the potential U in the barrier region be-
comes different from the potential of the free tip and the free sample. Instead of
solving the Schrodinger equation for the whole system, we arbitrarily chose a planar
region between the tip and the sample that separates the system into two subsystems.
The tip (sample) subsystem has a potential Ur (Ug) different than that of the free
tip (sample) system. The total potential U is given by the sum of Ur and Ug and the
potentials are defined such that UrUg = 0 in the entire space. The wave functions of
the sample subsystem are given by:

h2
(— VQ + US) \II/L = EIU.\II[L (53)

2Mme

and the wave functions of the tip subsystem by:
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h2
(_2 V2 + UT) Xv = EVXV' (54)

Me

Yet, thanks to the overlap of the orbitals, an electron from a sample state ¥,, can
transit into a tip state x,, and the corresponding probability is given by the Fermi
golden rule:

2m
wEL}/) = F|MMV|25 (E;,L - El/) . (55)

0(E, - E,) is the delta function that ensure energy conservation and thus a zero
probability for £, # E,, and M, is the matrix transition element that reads:

M,, = f SUr W, dr. (5.6)
Qr

The orbital-overlap integral is only performed in the volume of the tip subsystem
Qr as the potential Ur vanishes in the sample’s subsystem. Eq. 5.6 can be rewritten
as (see detailed calculations in Ref. 107):

h2
M, = - f (X;V0, - WiV, - dS (5.7)

2m
i)

where the integration is performed over the subsystem-separation surface 3.

For an applied voltage V', the tunneling current is obtained by integrating Eq.
5.5 over all the tip and sample states weighted by their occupation probability, and
the result is multiplied by 2e to account for the charge of each electron and the spin
multiplicity:

4re

I'= 7 Z [f (E,u - eV) - f (E,u)] |Mu,u|25 (E[L -eV - Eu) R (5.8)

TR

where f (E) = (1+exp[(E - Er) /kgT])"" is the Fermi-Dirac distribution.

Within Bardeen’s approach, the matrix elements M, ,, and thus the tunneling
current (see Eq. 5.8) depend on electronic and geometric properties of the tip. Tersoff
and Hamman'%% 1% made assumptions on the tip geometry and on the symmetry of
the wave functions, which allow to have an expression of the current that is mainly
dependent on properties of the sample. They assumed the tip to be spherical at
its apex with a radius curvature R centered at 75. They also made the hypothesis
that among the numerous solutions, only the s-wave solutions are important. Under
these assumptions and in the limit of low applied voltages and low temperatures, the
tunneling current reads!'%:
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I=320"1e?V¢?pr (Ep) R*k* exp (2kR) ps (70, Er) . (5.9)

The work function of the tip ¢ is supposed equal to that of the sample. Eg is the
Fermi energy, k = vV2med/n the inverse decay length, pr (Er) the DOS of the tip at
the Fermi energy and pg (70, Er) the local density of states (LDOS) of the sample at
the Fermi level and at the position 5. From Eq. 5.9, we can see that, within this
model, a constant-current STM topography correspond to the Fermi LDOS contour
of the sample surface.

For larger sample voltage, the energy dependence of the sample and tip DOS
have to be accounted, and the tunneling current is expressed as:

eV
I=321h"te? ¢’ R?k* exp (26R) f pr (Ep—eV +¢€)ps (70, Ep +€)de.  (5.10)
0

Bardeen’s approach combined with Tersoff and Hamman s-wave tip model greatly
helps to interpret the STM topographies. However, while this model was validated
by numerical calculations, e.g. on Au(110), the model cannot explain the atomic
resolution observed on some surfaces.'%” Indeed, the corrugation of the LDOS can
be lower than the z precision of the STM. For a complete picture, the p or d orbitals
should also be included. Moreover tip-sample interactions may also play a crucial
role.

5.2.3. Semiclassical Wentzel, Kramers and Brillouin
approximation

The derivation of the tunneling current using Bardeen’s approach combined with
Tersoff and Hamman s-wave tip model introduce a quantity pg (79, Fr), the LDOS
of the sample at the Fermi level and at the position 5. The distance dependence
of the tunneling current is included in the LDOS (rg is the position of the tip) but
the expression is not convenient for the analysis of the electronic properties, i.e. the
sample DOS. Moreover, it is assumed that only the s waves contribute to the current.
The drawbacks of this model comes from the complicated form of the quantum matrix
transition elements M,,,. In a semiclassical model, the latter is replaced by an effective
tunneling transmission probability!!?1t T'(S,V, E) that depends on the tip-sample
distance S, the applied voltage V and the energy E. A low temperatures (kT < eV)
and considering only the electrons without momentum parallel to the surface, the
density of tunneling current between two planar electrodes reads'!?:

2 eV
2me

J(S,V):h(:;) fT(S,V,E)pS(E)pT(E—eV)dE. (5.11)
0
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Note that ps(0) (pr(0)) is the density of states of the sample (tip) at the Fermi
edge. The tunneling transmission probability 7" for a trapezoidal tunnel barrier can
be estimated in the one-dimensional semiclassical Wentzel, Kramers and Brillouin
(WKB) approximation as!!:

T(S,V,E) :exp{—25[2;;e (gn% —E)]l/z}, (5.12)

where ¢ = (¢; + ¢5)/2 the average of the tip and the sample work functions.

5.3. Scanning tunneling spectroscopy

Scanning tunneling microscopes are not only capable of imaging samples surfaces but
can also be used as spectroscopic tools. We usually assume that the tip has a flat
energy-independent DOS. Thus, using the WKS approximation, first derivative of the
tunneling current with respect to the applied voltage reads!'% 12:

eV
dI T (S,V,E)
dV(S,V)ocepS(eV)T(S,V,eV)JrO[anS(E)dE. (5.13)

The second term in Eq. 5.13 is usually neglected despite it can become important
for large voltages.''? In practice, if the tunneling background becomes important,
the dI/dV spectrum is generally “normalized’!*® (for instance by dividing by the
conductance), leading to a spectrum monitoring the variation of the sample DOS
ps(eV). For molecular measurements, when the sample voltage allows for resonant
tunneling into a molecular electronic level, a peak appears in the 4//av spectrum. In
turn, this is used to determine the energy of the highest-occupied molecular orbital
and the lowest-unoccupied molecular orbital of a molecule adsorbed on a surface.

Scanning tunneling spectroscopy (STS) is usually performed by positioning the
tip over the area of interest. The feedback loop is then turned off, and the sample
voltage is swept. In order to increase the signal-to-noise ratio, the first and second
current derivatives with respect to the sample voltage are usually acquired using a
lock-in amplifier instead of numerical derivations. The sample voltage is modulated
by a small sinusoidal voltage Vj; at a frequency w. The amplitude of the resulting
current at the same frequency w is proportional to dI/dV. Note that the modulation
voltage, in addition to Fermi-Dirac distribution at a given temperature, lead to a
broadening of the spectroscopic features. The experimentally measured full with at
half maximum (fwhm) of a spectroscopic peak is*?:

Aexp =/ A2+ AZ + A2, (5.14)
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5 Scanning tunneling microscopy and spectroscopy

where A is the intrinsic fwhm of the spectroscopic feature, A and Ay are the fwhm
of the thermal broadening function and of the instrumental function, respectively.
The broadening can be estimated using the following relations: Ap; = 1.73eVy; and
Ag =3.5kpT (Ar = 5.4kpT in the case of inelastic processes®?).

5.4. Inelastic electron tunneling spectroscopy

In the previous part, we briefly introduced the ability of a scanning tunneling micro-
scope to image surfaces and to reveal the local density of states of a sample. For
inelastic electron tunneling spectroscopy (IETS), the electron are not only passively
probing the sample, but are also inducing excitation processes within the sample.
IETS has notably been used to probe vibration of individual molecules,''* magnetic
excitations of individual atoms or clusters,” "15~118 magnons'® 129 and even phonons
in superconducting metals.'%

The principle of IETS is schematized in Fig. 5.3. An electron with an energy
higher than that of the inelastic process (E > Ej), can either tunnel directly from
the tip to the sample, or transfer part of its energy for the inelastic process (see
description of Fig. 5.3). Generally IETS are detected in the @//av (V') curves where
the opening of an inelastic channel leads to kinks for voltages |V| = |Fic/e|; or in the
d*I/qy2(V') curves where the inelastic process is revealed by the presence of a pair of
dip and peak for voltages |V| = |Eic/e|. Note that Monturet and Lorente?! showed
that the elastic channel can also be importantly affected by the inelastic processes in
the strong coupling regime.
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Eie/e A\

inelastic excitation
e.g. phonon

Ep+eV

Figure 5.3. — Principle of inelastic electron tunneling spectroscopy.
a, Energy diagram of the tip and the sample illustrating an inelastic
excitation. When an electron has a sufficient energy to induce an inelastic
process (E > Ej.), the electron can either tunnel elastically from the tip
to the sample, or transfer part of its energy to occupy a energetically
lower unoccupied state. b, In a I(V') curve, the opening of an inelastic
conduction channel is translated into a change in the slope for [V| > |Fic/e|.
Inelastic excitation can be better detected in the ¢, 47/av (V') curve where
it appears as a kink and in the d, d2I/dV2(V) as a pair of dip and peak.
The figure is taken from Ref. 122.
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The surface and interface studies that we will describe in the next chapters required
very high quality and contamination-free samples. Below, we will briefly introduce
the methods we used to prepare the samples in ultra-high vacuum (UHV) conditions,
followed by a brief description of the STM setups that were used to carry out this
work. Finally, we will briefly describe the dichroism experimental installation for
magneto-optical spectroscopy (DEIMOS) end station that was used for X-ray absorp-
tion spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) studies.

6.1. Sample preparation

6.1.1. Ultra-high vacuum environment

The work presented in this thesis is devoted to studies on surfaces and interfaces. In
order to have meaningful results, the preparation and the measurements of the samples
were carried out in UHV environment at pressures about 107! mbar. Indeed, a brief
exposure to air during only a few microseconds would lead to the sample surface
covered with one monolayer of adsorbates.!0% 123

To achieve these vacuum levels, we use a standard two-stage system: a pri-
mary pump reduces the pressure down to 1 x 1072-1 x 1073 mbar, and turbo-molecular
pumps further reduce the pressure. After each exposure to air, an out gassing of the
stainless-steel chambers is necessary by baking it out to temperatures between 150 °C
and 250 °C.

Once the UHV regime is achieved, we generally use an ion pump that suffices to
maintain the vacuum level. During the STM and XAS measurements, the ion pump
alone is used to maintain UHV conditions. In contrast to turbo-molecular pumps, ion
pumps have the advantage to be motorless and thus do not induce mechanical noise.
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6 Methods and experimental setups

In addition, the high magnetic fields that can be applied during the measurements
is not prohibited for the ion pumps. Finally, we also use sublimation of titanium to
the inner part of the chamber walls, what helps to temporarily further decrease the
pressure.

6.1.2. Substrate preparation

In order to prepare contamination-free surfaces, we use a standard procedure to clean
the substrates. First, the surface is bombarded by Ar* ions with a kinetic energy
higher than 1keV for approximately one hour to remove the topmost layers. The
substrate is then annealed to heal the bombardment-induced defects by mobilizing
the surface atoms. The annealing temperature depends on the crystal to be cleaned.
In the work presented in this thesis, we used Cu(100), Cu(111) and Au(111) substrates
that we annealed between 450 °C and 600 °C.

6.1.3. Metal and molecule sublimation

In this work, we deposited different metals (Co, Cu) and different molecules (man-
ganese phthalocyanine (MnPc) and Fe(phen),(NCS)s (Fe-phen)) by molecular beam
epitaxy on clean surfaces. For Co sublimation, we used a pure Co rod (99.99 %)
that is heated by electron bombardment using an evaporation source similar to that
described in Ref. 124. At the aperture of the evaporator, we measured a current,
referred to as the flux, which is proportional to the sublimed partially-ionized Co.
Typical parameters are I.,, = 12mA, HV =900V and I, = 40nA, that leads to a
sublimation rate about 0.17 ML min™! (see Tab. 6.1).

Material | Sublimation temperature | Typical sublimation rate
Co 0.17 ML min™!
Cu 1080 °C 0.22 ML min ™
MnPc 420°C 0.10 ML min™!
Fe-phen 170°C to 180°C 0.11 ML min™!
Table 6.1. — Sublimation parameters for the different sublimed ma-
terials.

For Cu, MnPc and Fe-phen sublimation, we used Knudsen cells. The material
we want to sublime is placed into a crucible that is surrounded by a filament. By
injecting a current through the filament, the temperature of the crucible was increased
up to the sublimation temperature (see Tab. 6.1). Note that we generally out gased
the material we want to sublime. For MnPc and Fe-phen, the out-gassing time ranged
from 24 h to 72h.
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6.1.4. Tip preparation

The tip used for the STM measurements were electrochemically etched from a 0.3 mm
tungsten wire using NaOH. After insertion in UHV, the tips were treated by several
cycles of Ar* sputtering and flash-annealing by electron bombardment (V' = 1kV and
emission currents up to 50 mA). This procedure helps to remove contaminations and
oxides and promotes a more stable configuration of the tip apex.

6.2. Scanning tunneling microscope

The STM work on spin-crossover complexes (discussed in Part III) was performed
using two home-built microscopes at the Physikalisches Institut in the group of W.
Waulfhekel (Karlsruhe Institute of Technology): the Joule-Thomson and the 4K STMs.
Growth and calibration studies for the work on spinterfaces (discussed in Part IT)
were realized using two Omicron variable-temperature microscopes. One is located
at DEIMOS beamline at the source optimisée de lumiére d’énergie intermédiaire du
Lure (SOLEIL) synchrotron while the other one is located at institut de physique et
chimie des matériaux de Strasbourg (IPCMS) in Strasbourg (group of E. Beaurepaire).
Victor Da Costa and myself performed all the necessary preliminary tests on the
Omicron STM located at IPCMS. Furthermore, with the help of Bernard Muller,
Jacek Arabski, Arnaud Boulard and Eric Beaurepaire, we developed a complete fully-
equipped preparation chamber connected to the STM chamber. In the following, I
present generalities about STM and a brief description of the microscopes I used.

6.2.1. Generalities

From the underlying principles of scanning tunneling microscopy (see Chap. 5), we
can expect to be sensitive to tip-sample-distance variations below the picometer range.
The prerequisites for this very high sensitivity are the stabilization of the tip-sample
distance against mechanical vibrations and the possibility to measure very low cur-
rents (picoampere range).

The mechanical stabilization is realized by a multi-stage damping system. Firstly,
pneumatic insulators with laminar-flow damping suppress by more than one order
of magnitude the external vertical and horizontal mechanical noise (for frequencies
higher than 10Hz). Secondly, the STM stage that is constructed to be very rigid in
order to shift the resonant frequencies towards higher frequencies, hangs freely from
springs. With these mechanical-noise filters, it is possible to reduce the mechanical
vibrations down to a few picometers or lower.

Besides lowering the mechanical noise, one also needs to be able to control the
positioning of the STM tip with sub-angstrom precision above the surface. This
is accomplished by using a piezoelectric scanner tube that can be precisely moved
laterally and vertically by using an adapted electronic controller. I used Nanonis
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STM controller for the experiments done using low-temperature STM, and Matriz for
the others. The electronics were operated via their corresponding computer programs
and allowed us to acquire topographic images and to perform tunneling spectroscopy
measurements. In addition to the piezoelectric scanner tube, the STMs have also slip-
stick piezoelectric motors for coarse motion (sub-micron to millimeter range). Those
motors are useful to approach the tip towards the surface when a sample is inserted,
and for changing the probed area on a given sample.

For STM measurements, we used small tunneling currents that typically ranges
from 10pA to 10nA. In order to conveniently measure such small currents and
to carry the signal to the corresponding electronics, we used a current-to-voltage
converter placed as close as possible to the STM. We generally use a gain between
108 VA~! and 10'°V A~!. Note that the current-to-voltage converter acts as a low-
pass filter, and the cutoff frequency depends on the gain we chose.

6.2.2. Joule-Thomson STM

A full description of the home-built Joule-Thomson STM used in this work can be
found in Refs. 125,126 (see Fig. 6.1). A temperature of 4.2K is reached using
a liquid-helium bath cryostat that is surrounded by a nitrogen tank allowing liquid-
helium standing time exceeding one week. Temperatures below 800 mK can be reached
using the Joule-Thomson stage with a mixture of *He and *He (see Fig. 6.1). A
superconducting coil allowed to apply 1 T magnetic field normal to the sample surface.
A new design of the coil now allows to reach magnetic fields up to 3 T.10°

The STM chamber is connected to a fully equipped preparation chamber that
allows to clean crystals, deposit metals and molecules on surfaces, perform Auger elec-
tron spectroscopy (AES) and low energy electron diffraction (LEED) measurements
to characterize the surfaces.

In this thesis, all the experiments with this Joule-Thomson STM were performed at
4.2K.

6.2.3. 4K STM

In Fig. 6.2, I show a schematic of the 4K-STM setup that is described in Refs.
122,127,128. The STM chamber is connected to a load lock to introduce new samples
or tips from the air, and a preparation chamber. The base temperature of the STM
stage is 4.2 K cooled by a liquid-helium bath cryostat positioned directly on top of
the STM stage. Here also, the He cryostat is surrounded by a liquid-nitrogen tank to
offer liquid-helium standing times about 72 h.

The associated preparation chamber offers substrate-cleaning, metal- and molecule-
deposition facilities. The surface preparation can be checked by AES, LEED and
magneto-optical Kerr effect.
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Figure 6.1. — Technical drawing of the Joule-Thomson STM. View of
the STM and preparation chambers. The inset magnifies the reservoir for
the condensed mixture on top of the STM stage. Note that the investi-
gated surfaces are facing downwards. The figure is taken from Ref. 105
and a full description can be found in Ref. 125.

6.2.4. Variable-temperature scanning probe microscopes

The variable-temperature scanning probe microscope (SPM) is a commercial micro-
scope commercialized by Omicron. In addition to STM measurements, the SPM lo-
cated at IPCMS allows to perform atomic force microscopy (AFM) studies in contact,
non-contact'?? and Q-+ modes, 3% 13! as well as Kelvin probe force microscopy.!3? 133
Using a helium flow and a heater at the back of the sample, the sample temperature
can range from 30 K to 350 K. However, as the tip is maintained at room temperature,
low-temperatures measurements limit the diffusion of adsorbates on surfaces but do
not increase the energy resolution.

A fully equipped preparation chamber is connected to the STM chamber located
at IPCMS (see technical drawing in Fig. 6.3), which has facilities to clean samples;
and to deposit metals and molecules (see home-built sample and tip holders in Fig.
6.4). There are also gas inlets to introduce different gases (e.g. oxygen) and a mass
spectrometer to accurately control the partial pressure of the injected gases. The
surfaces can be analyzed by (i) AES and LEED measurements or (ii) magneto-optical
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Figure 6.2. — Top view of the 4K-STM setup. The experimental setup
is composed of three different chamber: the load lock (in red), the STM
chamber (in green) and the preparation chamber (in blue). The figure is
taken from Ref. 127.

Kerr effect measurements. (i) and (ii) cannot be used simultaneously as they are
connected to the same flange.

The variable-temperature SPM located at DEIMOS beamline is also connected
to a fully equipped preparation chamber that is described below.

6.3. Setup for X-ray absorption spectroscopy

The XAS measurements discussed in this thesis were realized at DEIMOS beamline
at synchrotron SOLEIL. The X-rays are produced by the HU-52 or the EMPHU-65
undulators located in the storage ring.'3* The HU-52 undulator can generate X-rays
of all polarizations from 350 eV to 2500 eV. The newly installed EMPHU-65 undulator
was fabricated using electromagnets in addition to permanent magnets, which allows
to rapidly switch from left to right circular polarizations (5Hz repetition rate).!?4
Note that the vertical field is produced by electromagnet while the horizontal field
is still created by permanent magnets. The ability to flip rapidly from left to right
circular polarizations makes the undulator an ideal source for measuring low XMCD
and x-ray natural circular dichroism signals.

The X-rays are directed towards the end station using a bunch of optics described
in Ref. 134. The end station has two superconducting coils that can provide +7 T
and +2 T magnetic fields along and perpendicular to the X-ray beam, respectively. A
variable-temperature insert can regulate the temperature of the investigated sample
between 1.5K and 370K. The absorption signal can be measured by transmission,
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STM chamber

Figure 6.3. — Top view of the multiprobe setup. Technical drawing of
the variable-temperature SPM together with its preparation chamber.

Figure 6.4. — Photograph of a home-built manipulator. On the left
(right) side, we can observe a slot for tip (sample) holder.

fluorescence yield or total electron yield.'** For all these modes, the currents are
measured with Nowelec electrometers connected to a counting card NI-6602 from
National Instrument. All the absorption spectra discussed in this thesis were acquired
using the total electron yield mode. In addition, we used the TurboScan mode'3® that
allows to faster acquire the XAS spectra.

The end station is connected to a glove-box and to a set of UHV chambers
for in situ preparation of the samples. There are all facilities to deposit metals
and molecules. To characterize the surfaces, the main preparation chamber offers
AES and LEED. We also characterized surface and calibrate sublimation using the
variable-temperature STM described above.
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Introduction to spintronics

Spintronics aims at exploiting the spin degree of freedom of an electron instead of or
in addition to its charge!?® 36142 The topic emerged in the 80’s by the discovery of
giant magnetoresistance (GMR)) that allows the realization of magnetic-field sensors
and the study of a variety of spin-dependent phenomena. In the following we will focus
on spin-transport properties that have already proven their potential in electronic
technology, i.e. giant magnetoresistance and tunneling magnetoresistance. We will
then discuss about the emerging field of organic spintronics.

7.1. Giant magnetoresistance

The groups of Albert Fert!'*3 and Peter Griinberg!#* discovered giant magnetoresis-
tance (GMR) in Fe/Cr superlattices in 1988 and were awarded by the Nobel Prize
in 2007. The magnetic Fe layers were AF coupled by interlayer exchange coupling
through Cr spacers of variable thicknesses. The resistance of the sample is strongly
modified by varying the strength of the in-plane external magnetic field (see Fig. 7.1).
For low Cr-spacer thicknesses, the resistance of the sample can be reduced by a factor
two by the application of the external magnetic field. Complementary studies revealed
that the external magnetic field has the effect to magnetically align the magnetization
of the Fe layers that are initially AF coupled. The conductance of the sample thus
depends on the relative alignment of the magnetic layers.

Since 1988, the field emerged and it was found that two ferromagnetic electrodes
sandwiching a non-magnetic metal suffice to have GMR devices. The ferromagnetic
electrodes can have two different configurations depending on their relative magnetic
alignment (see Fig. 7.2). As previously said, an external magnetic field can change
the relative magnetic alignment of the electrodes. To explain GMR, we consider a
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Figure 7.1. — Giant magnetoresistance in Fe/Cr supperlattices. Vari-

ation of the normalized resistance as a function of the external in-plane
magnetic field for three different superlattices at 4.2 K. The data are
taken from Ref. 143.

diffusive current without spin-flip scattering and also consider two spin-dependent
current channels (two-channel current introduced by Mott).1457147

There are two different geometries of the GMR devices referred to as current
in plane (CIP) and current perpendicular to plane (CPP). The physical mechanism
involved in the two geometries are rather different, and we will briefly introduce
them.

Baibich et al.'*3 (see magnetoresistance results in Fig. 7.1) used CIP devices as
they were easier to realize for technological reasons. In Fig. 7.2, we show typical CIP
GMR devices in the two different magnetic configurations, together with equivalent
electrical circuit of the device. The scattering probability of a conduction electron with
a spin o is roughly proportional to the number of empty states in the o-spin sub-band
at F'r. Hence, the scattering probability of a conduction electron is spin independent
within the non-magnetic layer while within a magnetic electrode it depends on the
relative orientation of the electron spin with the electrode magnetization (DOS of
ferromagnetic electrodes are split by exchange interactions). When the magnetic
configuration of the electrodes is parallel (see Fig. 7.2a), electrons from one of the spin
channel are less subject to scattering than that of the other channel, and the associated
resistance is then lower (see Fig. 7.2b; the lower spin channel has less scattering events
and has thus a lower resistance). For an antiparallel magnetic configuration of the
electrodes (see Fig. 7.2c), electrons from one spin channel have less scattering events
in one electrode while electrons from the other spin channel have less scattering in
the other electrode. This lead to the equivalent electric circuit presented in Fig.
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Figure 7.2. — Schematic of current-in-plane GRM devices. The GMR
device is composed of two ferromagnetic electrodes (dark grey) that sand-
wich a non-magnetic spacer (light grey). The “trajectory” of two electrons
with opposite spin orientation are represented by the solid black and the
dashed black lines for a, a parralel and ¢, an antiparallel configuration
of the magnetic electrodes. b, and d, represent the equivalent electronic
circuit in a two-current model for respectively a parallel and an antipar-
allel configurations of the magnetic electrodes. The equivalent resistors
are sized with the spin-dependent scattering probability of the electrons.
The figure is taken from Ref. 148.

7.2d. In the present case, the resistance of the device is lower for a parallel magnetic
configuration of the electrodes.*4®

For CPP geometry of the GMR devices, the physical mechanism is rather differ-
ent. The geometry of the stacking is similar to that of Figs. 7.2a,c, but the voltage bias
is applied between the two electrodes. The corresponding current in the first electrode
is spin polarized (imbalance between spin-up and spin-down channel currents). When
the current goes from one of the electrode to the non-magnetic-metal spacer, there is a
spin accumulation at the interface that comes from non-equal spin-dependent DOS at
Ep for the two materials (electrode and spacer).!481%0 The spin accumulation decays
exponentially away from the interface and may be detected by the second electrode.
Indeed, the reflection coefficient for an electron at the second interface depends on its
spin o due to spin-dependent band matching. Thus, the transmission probability is
spin dependent at the second interface and depends on the magnetic orientation of
the second electrode; the corresponding conductance /resistance varies accordingly.

7.2. Tunneling magnetoresistance

A usual tunneling magnetoresistance (TMR) device is composed of an ultrathin in-
sulating layer sandwiched between two ferromagnetic electrodes. The resistance of
such a device depends on the relative magnetic orientations of the electrodes, and the
relative difference in resistance defines the TMR ratio:
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Figure 7.3. — Schematic illustration of Julliere’s model of TMR. II-
lustration of electron tunneling in a tunnel junction composed of two
ferromagnetic electrodes sandwiching an insulating layer. a, Parallel and
b, antiparallel magnetic configurations of the electrodes with the corre-
sponding spin-polarized DOS of the electrodes. Those DOS are split by
A, due to exchange interactions. The figure is taken from Ref. 137.

Rap-Rp

TMR=—"——"-——.
min (Rap, Rp)

(7.1)

The first realization of such a device was realized by Julliere'®! in 1975, which
led to magnetoresistance at low temperatures. It is only about twenty years later
that Moodera et al.'®> and Yaoi et al.'®® realized TMR. devices working at room
temperature with TMR ratios of a few percents (see Eq. 7.1). In 2004, Parkin et
al.'>* and Yuasa et al.'®® considerably increased the TMR ratios by realizing epitaxial
Fe/MgO/Fe magnetic tunnel junctions. This considerable increase of the TMR ratios
in magnetic tunnel junctions are possible by a symmetry-dependent filtering of the
evanescent states within the MgO barrier.'*6 7158 Nowadays, TMR values can exceed

1000 %)'1587 159

What is the actual mechanism behind TMR? First we recall that the DOS of
the ferromagnetic electrodes are spin dependent due to the exchange interactions.
The resulting DOS at the Fermi level Er for spin-up electrons V; is usually different
than that of the spin-down electrons N| (see Fig. 7.3). In the sketch in Fig. 7.3a
that represents the spin-dependent DOS for a parallel magnetic alignment of the
electrodes, the majority of the electrons at the Fermi level Er have a spin up for
both electrodes. For an antiparallel magnetic alignment of the electrodes, the first
electrode has a majority of spin-up electrons at Er while the second electrode has a
majority of spin-down electrons at Fr (see Fig. 7.3b). Note that the nature of spin
carriers at F'r also depends on the material. The transport of an electron from one
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electrode to the other occurs via elastic tunneling (without spin flip in the absence of
impurities or defects). Thus an electron from the spin-up (spin-down) band in the first
electrode can only tunnel into the spin-up (spin-down) band of the second electrode.
If one assume that (i) the tunneling transmission probability is the same for all the
electrons; and (ii) the tunneling mainly involves the states at Fr, the tunneling rate
for a given spin band is given by the product of the DOS at Fr. The conductance of
the junction is then proportional to:

G < NN} + N/ N}, (7.2)

with N? the spin-c DOS at Ep for the electrode i, and depends on the relative
magnetic alignment of the electrodes. Referring to the DOS plotted in Fig. 7.3, one
finds a higher conductance for the parallel magnetic alignment of the electrodes.

In his model, Julliere® 148151 goes further in the development and links the TMR
ratio to the polarization of the electrodes:

Rap-Rp  2PP,

TMR= = ,
Rap 1+ PPy

(7.3)

where R4p(p) is the resistance for a perfect antiparallel (parallel) configuration of
the magnetic electrodes. The polarization of an electrode depends on the electronic
structure of the material and on the experimental technique used to measure the
quantity. We may express it as 160-161;

n n
_ NM’UM - NmUm

P (7.4)

= - ot
NMUM +Nm1}m

where N, is the density of states at the Fermi energy (EF) for spin o (0 = M (o =m)
for majority (minority) electrons), and v, is the Fermi velocity of the electrons that
depends on the spin o. The n that weights the Fermi velocity depends on the device
we are looking at. n =0 for photoemission measurements and for tunneling, n =1 for
ballistic transport and n = 2 for diffusive transport.

For the expression of the TMR ratio (see Eq. 7.3), one should rather use effec-
tive electrode polarizations than bulk polarizations. Indeed, De Teresa et al.'? have
studied tunneling junctions with Co and Lag 7Srp.3sMnO3 (LSMO) electrodes sand-
wiching different insulating barriers: SrTiOj3, Cegg9lag.3101.845 and AloO3. From
Eq. 7.3, we see that the TMR ratio is positive (negative) for a resistance higher in
the anti-parallel (parallel) configuration. De Teresa et al.'®? found that, using the
same magnetic electrodes, the TMR is positive with an Al,Oz barrier, while it is
negative for SrTiO3 and Ceg golag.3101 845 barriers. They ascribed these results to
bonding effects localized at the electrode-barrier interface. Therefore, one should use
an effective polarization Py, that takes into account interface effects.

Above, we stated that the TMR ratio can be drastically improved by symmetry-
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dependent filtering. From Eq. 7.3, we can see that the TMR ratio can alternatively be
improved by increasing the electrode polarization. The spin polarization is maximum
for electrodes that have only one spin carrier at the Fermi energy (see Eq. 7.4), which
is the case for half-metals ferromagnets. In 2003, Bowen et al.'%® realized magnetic
tunnel junctions using half metallic Lay 5511 ;3MnO3z (LSMO) electrodes sandwiching
a SrTiO3 tunneling barrier, and measured huge TMR ratio reaching 1800 % at 4 K.

7.3. Organic spintronics

In the last decades, the fruitful research in organic semiconductors (OSCs) has consid-
erably progressed.'®* Products such as organic light-emitting diodes are commercially
available, organic photovoltaic devices have already yields that can compete with the
actual technology. In the last decade, OSCs have also interested the spintronics com-
munity who are together putting considerable efforts towards efficient and robust
room-temperature organic spin valves.!»3 148165167 The increasing interest for spin-
based devices with organic materials comes from the very long lifetime of the spin,
typically larger than 10ys,' 168169 which is orders of magnitude larger than in usual
inorganic materials. Note that Warner et al. found an exceptionally long spin lifetime
of 49 ms at 5K in bulk phthalocyanine molecules.? These very long spin lifetimes in
organic materials can be understood by the weak spin-orbit coupling found in carbon-
based materials, since the strength of the spin-orbit interaction is proportional to the
atomic number of the element to the power four (Z4).1:148

In the following, we will overview a few results on organic spin valves. These spin
valves are strictly speaking not fully organic devices but rather metal/organic hybrid
ones. There are usually composed of an organic active layer sandwiched between two
magnetic inorganic electrodes, and are thus hybrid. To the best of my knowledge,
there is no full organic spin valve yet, but recent achievements by Yoo et al.'™ go
towards this direction. They replaced one of the usually inorganic magnetic electrode
by an organic one (vanadium(TCNE: tetracyanoethylene)s) and nevertheless observed
a few percents of magnetoresistance at 100 K.

In 2002, Dediu et al.'™ reported the experimental injection in an organic spin-
valve device. They designed a lateral device where an organic layer of sexithiophene
is connected to two highly polarized manganite oxide (LSMO, Lag 7Sr¢g.3sMnOs3) elec-
trodes. They observed a strong magnetoresistive response up to room temperature
for both OSCs channel lengths of 100 nm and 200 nm. However, as the magnetic-field-
dependent measurements were limited, it was not straightforward that the observed
magnetoresistance signal corresponds to GMR.

An important step forward in organic spintronic is from Xiong et al.'™® They
used Alqs (tris(8-hydroxyquinoline)aluminium(III)) molecules, which were already
popular in molecular electronics,'™ for the active organic layer in vertical spin valves.
The LSMO/Algs (100 to 200 nm)/Co spin valve showed GMR with values up to 40 %
at 11K (see Figs. 7.4a,b) and the GMR survives up to around 200 K. Interestingly,
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Figure 7.4. — Magnetoresistance in Alqgs-based organic spin valves.

a, Schematic of a typical vertical organic spin-valve device. The OSC
(here Algs) is sandwiched between a bottom LSMO and a top Co
electrodes. Magnetoresistance measurements are performed by apply-
ing a bias voltage between the magnetic electrodes and measuring
the current as a function of an external in-plane magnetic field. b,
Magnetoresistance loop of a spin-valve device such as presented in a
(LSMO(100nm)/Algs(130 nm)/Co(3.5nm)) at 11 K. The lower resistance
is obtained for an antiparallel magnetic alignment of the electrodes and
the device is thus defined as an inverse spin valve. ¢, Schematic of an
organic magnetic tunnel junction obtained by nanoindentation into the
organic layer before deposition of the top Co electrode. d, Magnetore-
sistance measurements of an organic magnetic tunnel junction (see c;
LSMO/Algs(2nm)/Co) at 2K and with a bias voltage of -5mV. The
lower resistance is here obtained for a parallel magnetic alignment of the
electrodes, i.e. different from the device measured in b. The figure is
adapted from Refs. 4,171,172.
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7 Introduction to spintronics

in contrast to standard spin-valve devices, this organic spin valve showed the lower
resistance for an antiparallel configuration of the magnetic electrodes. Other studies
from different groups validated this so-called inverse spin valve effect.'” 17 However,
Santos et al.'™ have demonstrated that Co injects majority spin for the Co/Alqs
interface, and LSMO is widely accepted as a majority injector.! Now, if one assume
a tunneling transport between the magnetic electrodes with spin polarization P; and
P,, one would expect a positive magnetoresistance from the Julliere model (Eq. 7.3),
in contradiction with the results in Fig. 7.4a,b. Note that we could still argue that
P, and P (see Eq. 7.4) are quantities that are not so well defined due to interface
effects, and that Eq. 7.3 was demonstrated for tunneling transport across amorphous
barriers (in contrast to the diffusive regime here).

Barraud et al.* realized similar Alqs-based devices. However, the magnetic tun-
nel junctions are realized by a conductive-tip of an AFM that allows a precise control
over the thickness of the Algs spacer and allows to have nanometric-size junctions (see
Fig. 7.4c). Moreover, they evidenced that the conduction of the electrons between the
two magnetic electrodes occurs in the tunneling regime. The magnetoresistance mea-
surements on such a device (see Fig. 7.4d) show huge TMR of about 300 % at 2 K and
surprisingly with a positive sign. In order to explain the apparent discrepancy with
the previous results, the authors propose the formation of spin-hybridization-induced
polarized states arising from (i) a spin-dependent hybridization of the molecular or-
bitals of the first molecular layer with the electrode; and (ii) the shift of the energetic
position of the molecular orbitals relative to the Fermi level by the interfacial dipole
fields and image forces'®9186: and because of the real part of the self-energy induced
by the coupling.* In turn, they showed that these spin-hybridization-induced polar-
ized states lead to an effective spin polarization of the electrode P* that can be of
opposite sign (compared to the spin polarization of the electrode in the absence of
the molecules) provided that the molecule-substrate coupling is strong enough. They
also indicated that due to disorder, only a few molecules would be coupled strongly
enough to inverse the polarization of the interfacial molecular states. These interfa-
cial states would nevertheless dominate the injection step. Finally, they tentatively
explain the discrepancy on the magnetoresistance sign based on the local character
of their measurements that do not involve molecules with inverted polarization of the
interfacial molecular states in contrast to the measurements on large-area junctions.

Later, Sanvito'8” summarized the findings of Barraud et al* in a simplified

cartoon where different scenarii for the molecule-substrate interactions are proposed
(see Fig. 7.5). In Fig. 7.5a, the molecule is isolated from the electrode and illustration
of their respective DOS are represented. For simplicity, only the highest-occupied
molecular orbital (HOMO) is considered for the molecule. The magnetic electrode has
a spin-dependent DOS split by the exchange interaction, while the HOMO level of the
molecule is spin independent. In this particular picture, the HOMO is located below
the Fermi energy E'r and the transport through the molecule can thus only be tunnel-
like (non resonant) with a spin polarization of the carriers that corresponds to the one
of the electrode. When the molecule is closer to the electrode, such as depicted in Fig.
7.5b, the molecule-electrode coupling leads to two effects. (i) the molecular orbitals
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Figure 7.5. — Schematic of the hybridization of a molecular orbital
with a magnetic electrode. a, The molecule (right) is sufficiently sepa-
rated from the magnetic electrode (left) that they do not interact together.
The spin-dependent DOS of the magnetic metal is split by the exchange
interaction while the HOMO of the molecule is spin independent. b, When
the molecule is close enough and interact with the magnetic electrode, the
molecular orbitals are broadened with a spin-dependent broadening (see
text). In the depicted case, the minority-spin molecular orbital crosses the
Fermi edge Fr and the effective spin polarization is reversed compared to
the case depicted in a. ¢, The interaction of the molecular orbitals with
the extended states of the metal maybe also shift the energy position of
the former (see text). The resulting spin-polarization sign is opposed to
that of the case illustrated in b. The figure taken from Ref. 187.

become energetically wider. This is a consequence of the finite lifetime of the electrons
in the molecular orbitals, as electrons may go to or come from the electrode. The
broadening of a particular molecular orbital depends on how strongly the molecular
orbital interacts with the extended electronic states of the electrode. In addition, the
interaction may be spin dependent since the Fermi surfaces of majority and minority
spins are different in magnetic metals; leading to a spin-dependent broadening of the
molecular orbitals. In Fig. 7.5b, the minority-spin HOMO is much broader than
the majority-spin one since the minority-spin HOMO interacts much more with the
electrode than the majority-spin one. In this special case, the minority-spin HOMO
crosses the Fermi level Fr, and the resulting polarization P changes sign with respect
to the non-interacting case (Fig. 7.5a). (ii) An energetic shift of the molecular orbitals
with respect to the Fermi energy (Er) can appear when the molecule is brought close
to the electrode.®* 187 In turn, it can again affect the spin polarization of the hybrid
state at the Fermi level. In the case depicted in Fig. 7.5c, the sign of the spin
polarization changes again and is now the same than that of the case described in
Fig. 7.5a.

The work performed by Barraud et al.* and the cartoon in Fig. 7.5 suggest
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7 Introduction to spintronics

that electronic and magnetic properties of the hybrid molecule-electrode interface are
of fundamental importance and dictates the effective spin polarization as well as the
spin-transport properties within spin-valve devices. One can then envisage custom-
made chemistry to improve the performance of the spintronic devices. This has given
birth to the spinterface science'®” that we introduce in the next chapter.
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Phthalocyanine molecules and
phthalocyanine-based spinterfaces

In the previous chapter, we have seen that the spin-polarized transport proper-
ties in hybrid metal-organic junctions highly depend on the metal-molecule inter-
faces. In turn, this strongly motivates the independent electronic and magnetic stud-
ies of magnetic metal-molecules interfaces, also referred to as spinterfaces. Planar
phthalocyanine-based molecules appear as prototypical candidates as they may in-
volve more molecular sites in the formation of the spinterface compared to three-
dimensional molecules. In addition, it is possible to tune the electronic and magnetic
properties of metal-phthalocyanine molecules by changing the central metallic ion,
and subsequently probe the magnetic interactions with the (magnetic) substrate. In
the first section, we briefly introduce the bulk properties of phthalocyanine molecules
and in the second section, we discuss about the electronic and magnetic properties of
phthalocyanine-based hybrid interfaces.

8.1. Phthalocyanine molecules

8.1.1. General information

Phthalocyanine (Pc) (from the greck naphtha and cyanide that respectively mean rock
oil and dark blue) molecules were first reported in 1907 (metal-free Pc; HyPc).!®8
Later in 1927, Swiss researcher accidentally synthesized CuPc (copper phthalocya-
nine) during an attempted preparation of 1,2-dicyanobenzene.'® Since then, a huge
number of different metal-phthalocyanine (referred to as MPc) were synthesized and
studied in addition to an active usage of these Pc molecules in industries, mainly as
dyes and pigments. MPc molecules present many applications in organic electronics
for organic field-effect transistors,'** 192 diodes,'?® photovoltaics'®* and also for gas
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Figure 8.1. — Representation of a MPc molecule. The molecule has a
square planar Dy, symmetry and the metal ion sits in the middle of the

molecule.

sensors.!?Y The Pc molecules are also known for their exceptionally strong thermal
and chemical stability.'”° For instance, most of the Pc molecules do not decompose
below 900°C in vacuum.

Pc molecules (C32H16Ng) are planar aromatic macrocycles consisting of four
isoindole units and most of the MPc have a square planar Dy, symmetry (excep-
tion are found such as for PbPc and SnPc whose metal ion is out of the Pc molecular
plane) as shown in Fig. 8.1.

8.1.2. Crystallographic structure

MPc and HsPc molecules are mainly found in two different crystallographic phases:
o and S phases (see Fig. 8.2). The molecules stack into columns along the b axis and
the main difference between the two phases is the stacking angle, which is defined
as the angle between the normal of the molecular plane and the b axis in the (100)
and (001) planes for respectively o and 8 phases. The respective stacking angles for
the o and [ phases are 26° and 45°. The different stacking angles lead to different
apparent distances between the molecules along the b axis. For instance, the distance
between two neighboring metal ion of MPc molecules depends on the crystallographic
phase.

In most cases, large-size single crystals are in the 3 phase.'®® They usually

have the shape of a 1 cm-long 0.1 cm-wide 0.01 cm-thick needle. When the molecules
are evaporated under vacuum onto a substrate held at room temperature, the MPc
molecules usually form polycrystalline films of the o phase.!?®196 The films are
of the 8 phase when the Pc molecules are deposited onto a substrate held at higher
temperatures.t?%: 197198 The a- to S-phase transition can also be irreversibly triggered
by increasing the temperature of the Pc thin film. The crystalline phase of the thin
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Figure 8.2. — « and S phases of HyPc. a, Schematic of the staking of
HyPc molecules along the b axis in the « (left) and 8 (right) phases. The
stacking angles defined as the angle between the normal of the molecular
plane and the b axis (see inset) are 26° and 45° for the « and 3 phases,
respectively. b, Schematic of molecular arrangement within the unit cell
for o~ (left) and SB-phase (right) HoPc. For clarity, only half of the a-phase
unit cell is represented. The figure is taken from Ref. 195.

190,199 ypder which the evaporation is

200-202

film can additionally depend on the pressure
carried out, and also on the “templating” of the substrate.

Since the distance between the metal ions of two neighboring MPc molecules
depends on their crystalline phase, the overlap of the metal orbitals also depends on
the crystalline phase. In turn, the crystalline phase affects the electronic and magnetic
properties of the MPc molecules.?00-202

8.1.3. Electronic structure of metal-phthalocyanine molecules
The occupation of the different molecular orbitals according to their symmetry can

be of fundamental importance in order to describe the magnetic interactions between
neighboring molecules. In Fig. 8.3 we report calculated orbital-energy levels of various
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Figure 8.3. — Calculated orbital energy levels of different MPc

molecules. The orbitals are labeled according to the irreducible rep-
resentation Dun (see text). The population of some orbitals are indicated
in parentheses. The figure is taken from Ref. 203.

MPc molecules (M=Fe, Co, Ni, Cu, Zn and Mg) calculated by Liao et al.?’® As stated
before in the previous section, these MPc molecules have a Dy, symmetry, and the
molecular orbitals are thus labeled according to the irreducible representation of Dyy:
atg (d2), big (dyz_y2), €g (dzs, dyz) and bag (dgy).2%

Referring to Fig. 8.3, we can observe that the nature of HOMO and lowest-
unoccupied molecular orbital (LUMO) depend on the central metal ion of the MPc
molecule. For Fe and Co central ions, the HOMO has the highest contribution from
d, orbitals (1ey), while the LUMO has mainly contributions from the Pc ligand (2ey).
When increasing the “size” of the central ion, the d-like orbitals are pushed to lower
energies, since the number of electrons increases as well.

For the situation that interest us the most, i.e. when the central ion is Mn,
the arrangement of the molecular orbitals is similar to that of the FePc and CoPc.
The spin-resolved DOS of a free MnPc molecule is shown in Fig. 8.4. In the spin-
up channel, the HOMO and LUMO are a1, and 2e4 orbitals, respectively. Both of
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Figure 8.4. — Calculated density of states of a free MnPc molecule.

The upper (lower) panel show the MnPc DOS for spin up (down). The
shaded area represent the Mn &d contributions to the MnPc DOS. The
calculations are performed by using the generalized gradient approxima-
tion (GGA) and by adding an Hubbard term to account for correlations.
The figure is taken from Ref. 204.

these orbitals originate from the Pc ring. In the spin-down channel, both HOMO and
LUMO have e, contributions from the Mn ion. From the DOS of MnPc shown in
Fig. 8.4, we can observe that the occupation of the metallic orbitals (shaded area)
is imbalanced between the spin-up and spin-down channels, which gives rise to a net
magnetic moment of 3.0 ug for MnPc.!3%204

8.1.4. Magnetic properties of metal-phthalocyanine molecules

The metal ions of MPc molecules can carry a magnetic moment and thanks to the
stacking geometry of MPc, one can have magnetic correlations between the metal
ions of MPc molecules along the b axis (see Fig. 8.2). The mechanisms involved for
the magnetic correlations within molecular chains are still discussed and may depend
both on the system and on the crystallographic phase.?90:202,205-210

The metallic Mn ions within MnPc columns (see Fig. 8.2) in crystals or films
of the v (B) phase exhibit antiferromagnetic (AF) (ferromagnetic (FM)) correlations
at low temperatures.2°%2%6 For both phases, AF and FM exchange interactions are
competing. The FM correlations are supposed to be driven by superexchange through
the overlap of the metallic orbital a;4 of one MnPc molecule and the ligand Pc orbital
E, of the neighboring molecule (see Figs. 8.5a and 8.5b). The AF correlations would
also come from superexchange through the overlap of the metallic orbital e, of one
MnPc molecule with the Pc orbital £, of a neighboring MnPc molecule (see Figs. 8.5¢
and 8.5d). Depending on the stacking angle, and thus on the crystallographic phase,
the orbital overlaps are different (see Fig. 8.5) favoring AF and FM correlations for
a and f3 crystallographic phases, respectively.2%6

l 200

Heutz et a realized CuPc thin films and studied their magnetic properties.
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d

Figure 8.5. — Schematic of the orbital overlaps for two adjacent MnPc
molecules within a chain. Schematic of the overlap between the metal-
lic orbital a14 and the Pc ligand orbital F, for two adjacent molecules
within a chain of the a, o and b, 8 phases. For MnPc, this overlap pro-
motes FM correlations between the metallic centers. Schematic of the
overlap between the metallic orbital e, and the Pc orbital E, in the c, «
and d, B phases, responsible for AF correlations. The figure is adapted
from Ref. 206.

CuPc films in the a phase on Kapton show antiferromagnetic correlations and they
estimated a magnetic coupling energy, for neighboring molecules within the same
columns, of Jar/ky = 1.4K. Annealing the sample to 320°C leads to a switch from
the « to B phase. The magnetic measurements of the CuPc thin film in the g phase
reveal a paramagnetic behavior. This simple example show how tiny difference in
the molecular stacking lead to different magnetic properties of the CuPc thin films.
They fabricated another CuPc thin film on a surface templated by PTCDA (3,4,9,10-
perylenetetracarboxylic dianhydride). X-ray diffraction measurements reveal that the
templated phase consists of a-phase columns where all the molecules are parallel to
the surface.?’ The magnetic studies indicate antiferromagnetic correlation with an
estimated coupling strength of Jar/kp = 1.6K, i.e. slightly larger than for a-CuPc
films.

Chen et al.?°® observed much lager AF correlations within CoPc molecules
stacked into columns on Pb(111). Using STM they could experimentally determine
the stacking structure of the molecules (see Fig. 8.6a). The first-ML molecule is lying
flat onto the Pb(111) surface, and the second-ML CoPc molecule is lying on top of the
first-ML one, rotated by 45°. The subsequent molecular layers are laterally shifted by
2 A and the intermolecular vertical spacing is 3.5 A. The Co ions within bulk CoPc
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Figure 8.6. — Antiferromagnetic correlations within CoPc columns

on Pb(111). a, Sketch of the experimentally resolved stacking geometry
of the CoPc molecules. The second-ML CoPc sits on top of the first-ML
molecule, rotated by 45°. The subsequent CoPc molecule are laterally
shifted by 2 A and vertically separated by 3.5A. b, dl/qv curve obtained
by STS on third molecular layer. The arrows indicate the threshold volt-
ages for spin-flip events. The figure is adapted from Ref. 208.

have a spin 1/2. However, the spin of first-ML CoPc on Pb(111) seems quenched as the
STS data did not evidence a Kondo screening, neither a IETS-induced spin-flip ex-
citations.2’® STS performed on second-ML CoPc evidence a Kondo resonance, while
STS on third-, fourth- and fifth-ML manifest spin-flip processes (see Fig. 8.6b). From
the STS spectra, they deduce a magnetic coupling energy about Jar/k; = 208K (see
Fig. 8.6b), that is order of magnitude higher than previous reports.

A complete structural and magnetic study of CoPc thin films and powder in the
a phase by Serri et al.?°? showed AF correlations between 73K to 106 K. They also
performed ab initio calculations that predict AF correlations reaching 400 K within
molecular columns for CoPc molecules stacked co-facially.
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8 Phthalocyanine molecules and phthalocyanine-based spinterfaces

8.2. MnPc-metal hybrid interfaces

Several growth studies of the first monolayer (ML) of MPc¢ molecules on flat metallic
substrates using scanning tunneling microscopy?!2!2 or X-ray natural linear dichro-
ism (XNLD) spectroscopy?'® 216 revealed that the adsorbed MPc molecules lie flat
on the investigated surfaces.

Yet, referring to the formation of hybrid spinterfaces discussed in Sec. 7.3, the
electronic coupling of MPc molecules to the ferromagnetic substrate can lead to an
energy shift and a spin-dependent hybridization of the molecular orbitals. The forma-
tion of the spinterface can have two outcomes concerning the magnetic properties of
the molecules. (i) When the metallic center of MPc is paramagnetic, its magnetization
can eventually be stabilized by the spinterface through spin-dependent hybridization
of the molecular orbitals with the spin-split states of the ferromagnetic substrate.
(ii) The spin-dependent hybridization and the energy shift of the molecular orbitals,
in addition to eventual charge transfer between the substrate and the molecule, can
lead to a spinterface-induced spin polarization of the molecule. Note that, strictly
speaking, the spinterface-induced spin polarization is part of the molecule-substrate
system and not the molecule alone.

X-ray magnetic circular dichroism (XMCD) measurements performed at room
temperature evidenced a magnetic coupling between the paramagnetic center of MPc
molecules and ferromagnetic substrates.?!4 215217219 This was also observed by low-
temperature spin-polarized STS experiments revealing a spin-polarized DOS near the
Fermi level Er on the Co metallic center of CoPc deposited onto a Co/Cu(111) sub-
strate.??’ These two kind of experiments verify the point (i). Low-temperature spin-
polarized STM experiments could, thanks to its high spatial resolution, show that the
Pc ligands of MPc molecules on magnetic substrates were also spin polarized.?2!:222
Since the ligands of MPc have initially no spin polarization, the latter is induced by
the interaction of the molecule with the substrate, verifying the point (ii). An excel-
lent review of the magnetic coupling of MPc molecules on magnetic substrates can
be found Ref. 223. It is also worth to note that Schmaus et al.??*22% constructed a
GMR device out of a single molecule by contacting a HoPc molecule on Co/Cu(111)
with a Co-coated tip. They measured a high magnetoresistance of 60 % interpreted
by spin-dependent hybridization at molecule-metal interfaces, which demonstrates the
exceptional potential of organic molecules for spintronic applications.

In the following, I will focus on the magnetic properties of MnPc molecules
deposited on Co/Cu(100) and on Cu(100) substrates. I would like to stress that
these results were obtained from my predecessors.'3%226:227 In Fig. 8.7, we represent
X-ray absorption spectroscopy (XAS) and XMCD spectra at the Mn Lg o edges for
MnPc molecules deposited on Cu(100) and Co/Cu(100) surfaces. The Mn L3 edge of
XAS and XMCD spectra for MnPc/Cu(100) (see Fig. 8.7a) show more pronounced
peaked structures than that of the Ly Mn edge of the spectra for MnPc¢/Co/Cu(100)
(see Fig. 8.7b). Since the peaked structures reflect multiplet features that are highly
sensitive to the oxidation state and to the strength and symmetry of the ligand field
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Figure 8.7. — XAS and XMCD spectra at the Mn L3> edges for MnPc
on Cu(100) and Co/Cu(100) substrates. XAS and the correspond-
ing normalized XMCD spectra at the Mn L3 2 edges for a, 1 ML MnPc on
Cu(100) and b, 0.5 ML MnPc on Co/Cu(100). The spectra were acquired
at T' = 8K under an external magnetic field poH = 3T. The magnetic
field is applied along the incoming direction of the photon, which makes
an angle of 30° with the surface plane.

on the probed element (here the central Mn ion),??® the Cu(100) and the Co/Cu(100)
substrates seem to have different impact on the MnPc molecules (see Refs. 5,7 for
more details). The negative XMCD intensity at the Ly Mn edges of MnPc on both
substrates indicates that the central Mn ion carriers a magnetic moment and that it
is aligned with the external magnetic field. Note that disordered orientation of the
magnetic moments would lead to a zero XMCD intensity.

The Mn magnetic moments can be aligned by the external field and/or through
interactions with the underlying substrate. However, the XMCD spectra presented
in Fig. 8.7 were acquired at low temperature (8K) and under a “high” magnetic
field (3T), which does not allow to distinguish between the two possible origins of
the alignment of the Mn magnetic moments. Hence, additional measurements were
carried out, such as element-specific magnetic hysteresis loops presented in Fig. 8.8.
These loops were obtained by measuring the magnetic-field dependence of the XMCD
intensity at the Ly Mn edge. For MnPc/Cu(100) (see Fig. 8.8a), the unsaturated
loop is similar to that of a paramagnetic ion, 7.e. seems to follow a Brillouin function.
Notably, in the absence of an external magnetic field, the XMCD intensity is zero.
However, for MnPc¢/Co/Cu(100), the hysteresis loop obtained at room temperature
saturates for low applied magnetic fields. In this case, a field-induced alignment of
Mn paramagnetic moments can be ruled out since at room temperature and at the
low applied magnetic fields, the proportion of aligned Mn magnetic moments would
be negligible. A more careful observation at low magnetic fields shows that the Mn
magnetization tracks that of the Co, implying a strong FM coupling between the Mn
molecular sites and the Co substrate (see discussion in Ref. 5).

Yet, we know that the Mn center of MnPc is FM coupled to the underlying Co
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Figure 8.8. — Magnetic hysteresis loop of the central Mn ion of MnPc
molecules on Cu(100) and Co/Cu(100). Evolution of the XMCD
intensity of the Mn Lz edge (photon energy: 640eV) as a function of
the external magnetic field for MnPc¢ molecules on a, Cu(100) and b,
Co/Cu(100) substrates. The hysteresis loop of a and b were acquired at
a temperature of 8 K and 300 K on a MnPc coverage of 2.5 ML and 1 ML,
respectively.

substrate. What would be the potential of this spinterface in terms of spin-polarized
transport (see Sec. 7.3)? To answer this question, at least partially, Djeghloul et al.
performed spin-resolved direct and inverse photoemission measurements of MnPc/Co.
Following a well-established subtraction procedure discussed in Ref. 6, the contri-
bution of the bulk Co is subtracted from the photomemission spectra. Thus, the
resulting difference spectra shown in Fig. 8.9 only accounts for the DOS arising from
surface-interface effects. The difference photoemission spectra indicate a positive spin
polarization that reaches a surprisingly high value of 80 % close to Er at room tem-
perature. Considering that the Co DOS is higher for the minority-spin channel, the
spinterface has a spin-polarization opposite to that of Co at Ep, in agreement with
the predictions of Barraud et al.* inferred from magneto-transport measurements on
another system.

Additional measurements showed that the second-ML (third-ML) of MnPc only
contributes to 20% (0%) of the spin-polarized signal and thus reveals that the
hybridization-induced spin-polarized states are confined to the interface. Further-
more, we also know that the interfacial spin-polarized states arise dominantly from
the C and/or N molecular sites. Indeed, when the photon energy is increased from
20V to 100V, the photoionisation cross section for 2p states of free atoms decreases
by one order of magnitude while that for 3d states stays almost constant. Thus,
photoemission measurements with a photon energy of 100 €V involves mainly 3d pho-
toelectrons and the resulting spin-resolved difference spectra show no spin polarization
(see Ref. 6).

To summarize their findings, the first-ML of MnPc molecules strongly hybridize
with the ferromagnetic Co substrate. The Mn central ion of MnPc is FM coupled
to the Co substrate as revealed by density functional theory (DFT) calculations.®
The N and C molecular sites have a small induced magnetization that is FM and
AF coupled to the Co substrate, respectively.® In turn, this leads to a positive spin
polarization of the spinterface close to Er that reaches 80 %, whose sign is opposed to
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Figure 8.9. — High spin polarization of the DOS near the Fermi level
for MnPc/Co. Spin-resolved difference spectra of direct (closed sym-
bols) and inverse (open symbols) photoemission measurements at room
temperature for MnPc molecules deposited on Co/Cu(100). The spin po-
larization at the Fermi energy Er reaches 80 %. The MnPc coverage is
2.6 ML and 2.0 ML for the direct and inverse photoemission spectra, re-
spectively. The energy of the incoming photons is set to 20eV. The figure
is adapted from Ref. 6.

that of the Co substrate. Note also that MnPc molecules on Cu(100) are also strongly
hybridized but there is no evidence of an induced spin polarization and of a magnetic
stabilization of the Mn central ion.

Recently, we evidenced that we can obtain highly spin-polarized spinterfaces just
by depositing carbon on a ferromagnetic Co substrate (see Fig. 8.10). The spin-
resolved photoemission spectra for 1.5 ML C on Co/Cu(100) after subtraction of the
bulk Co contribution is very similar than that for 2 ML MnPc on Co/Cu(100) (see
Fig. 8.9). Notably, the induced spin polarization at Er is positive, i.e. opposite to
that of Co. A complete STM, STS and XPS study reveal that the C is amorphous on
the Co surface with mainly C-Co and sp? C-C bonds.??? This highly spin-polarized
carbon-based spinterface has a huge potential for spintronics applications. Apart from
the low cost of carbon and the high spin polarization at Er, the carbon forms a very
dense and compact layer, which prevent metallic interdiffusion due to the counter
electrode.

On the one hand, we know that the first-ML of MnPc is highly hybridized to
the underlying FM Co substrate, what in turn stabilizes a FM coupling between the
Mn molecular site and the Co substrate at room temperature. On the other hand,
bulk MPc molecules can exhibit magnetic correlations within molecular chains at low
temperature. In the next chapter, we will see what happens when we try to conciliate
both points.
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Figure 8.10. — High spin polarization of the DOS near the Fermi
level for C/Co. Spin-resolved photoemission spectra for 1.5 ML C on
Co/Cu(100) after subtraction of the bulk Co contributions.®**® The spec-
tra indicate a very high positive spin polarization at the Fermi level, sim-
ilar to that represented in Fig. 8.9.

88



Room temperature magnetic order in molecular
layers

In the previous chapter, we discussed about promising room-temperature spintronic
properties that appear at the interface between a ferromagnetic (FM) metal and an
organic molecular layer. Separately, molecular semiconductors, such as phthalocya-
nine-based molecules (see Sec. 8.1.4), may exhibit antiferromagnetic (AF) correlations
well below room temperature (RT).

Can we advantageously use a molecular semiconductor with intermolecular mag-
netic correlations to build an efficient and robust spinterface; and what would be
the impact of the spinterface on the magnetic properties of the molecules? We will
try to partially answer this question by studying the magnetic properties of MnPc
molecules on Co as a function of the MnPc thickness. The choice of this system is
straightforward since in the previous chapter we have seen that MnPc on Co forms
a relatively good spinterface, and bulk MnPc¢ molecules can show magnetic correla-
tions at low temperatures.?°>2%6 In the following, we will describe the preparation
of wedge-shaped samples with variable MnPc thicknesses and the study of the stack-
ing geometry of MnPc on Co(100). Then, we will discuss the magnetic coupling of
the first and subsequent MnPc layers, and finally show that MnPc on top of Co can
induce exchange bias.

9.1. Investigated sample

For this study, different samples with different thicknesses were prepared. However, to
ease the discussion of the results, we will focus on a unique sample that is schematized
in Fig. 9.1. Note that the magneto-optical Kerr effect measurements were performed
on a different sample since it was necessary to transfer the sample ex situ. The samples
were prepared within the molecular beam epitaxy (MBE) environment of beamline
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9 Room temperature magnetic order in molecular layers

4.5 mm

Figure 9.1. — Schematic of the investigated sample. The sample’s stack
is MnPc(0 to 3.6 ML) /Co(7 ML) //Cu(100). The MnPc wedge ranges over
4.5 mm.

DEIMOS at the SOLEIL synchrotron.!3* Clean and flat Cu(100) surfaces were pre-
pared by several cycles of argon-ion sputtering (1keV) and subsequent annealing to
820 K. 7ML of Co were deposited onto Cu(100) at a pressure of 7.0 x 1079 mbar
relative to a base pressure of 3.0 x 1071 mbar. We then annealed the stack at 370 K
for 10 min in order to flatten the Co terraces.'?”23° Finally, MnPc molecules were
sublimed at 690 K onto the Co/Cu(100) sample at room temperature while a shutter
was moved in front of the sample to craft a molecular wedge (see Fig. 9.1).

Different MnPc thicknesses could be measured by moving the sample along the
wedge relative to the X-ray beam. We used the white-line integral at the Mn L3 o
edges to determine the relative molecular thickness within the same sample. We used
a combination of XAS, STM, Auger and quartz micro-balance measurements on the
same reference samples to have an absolute thickness calibration (data not shown).
Note that due to the finite size of the X-ray beam, the measurements were integrated
over a thickness of about +0.5 ML.

Moreover, the investigated sample had areas non-covered by MnPc molecules as
depicted in Fig. 9.1. We acquired XAS spectra at the Mn Lj » edges over these areas
and used them as background references that we systematically subtracted from the
XAS spectra at the Mn L3 o edges. Note that all the following XAS measurements
were performed under an angle of 40° between the surface and the photon-incidence
direction.

9.2. Stacking geometry of MnPc on the Co substrate

As the stacking geometry of the MnPc molecules can strongly influence their magnetic
properties, we use X-ray natural linear dichroism (XNLD) to determine the orientation
of the planar MnPc molecules on Co/Cu(100), as a function of molecular thickness.
In our experimental geometry,'3* the X-ray beam propagates horizontally towards
the sample that is positioned vertically. The incoming X-ray beam makes an angle
of 40° with the sample surface (see inset of Fig. 9.2b). The X-ray beam is linearly
polarized and the polarization can be chosen vertically or horizontally.

The nitrogen molecular sites of MnPc have o-like in-plane molecular orbitals;
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Figure 9.2. — Principle of XNLD applied on MnPc molecules. a,
Schematic view of a MnPc molecule lying flat on a Co surface. Iso-density
of the nitrogen 7* orbitals are represented in green to better visualize the
interactions with X-rays with linear horizontal and vertical polarizations
respectively represented in blue and in red. b, XAS spectra at the nitrogen
K edge for 3.5 ML MnPc on Co. The spectra exhibit dichroism upon
changing the linear polarization of the X-rays, reflecting a dominant flat
adsorption of the MnPc molecules on Co (see text).

and out-of-plane orbitals (see for instance iso-density of the out-of-plane 7* orbitals
represented in green in Fig. 9.2a). The unoccupied 7* and ¢* orbitals have different
energies, and thus the transitions from the 1s core state to the n* states and to
the o states occur for different photon energies. In addition, photon absorption is
promoted within unoccupied orbitals that are spatially oriented parallel to the X-ray’s
electric field.®*® Thus, by varying the orientation of the X-ray’s electric field, one can
eventually deduce the orientation of the MnPc molecular plane relative to the surface.
This is illustrated by the schematic of a single MnPc molecule lying flat on the Co
surface with incoming linear vertical (horizontal) X-rays represented in red (blue) (see
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9 Room temperature magnetic order in molecular layers

Fig. 9.2a), and the corresponding XAS spectra at the nitrogen K edge (see Fig. 9.2b).
Note that to better visualize the XNLD effect on the MnPc molecule, the system
represented in Fig. 9.2a is rotated by 90° compared to the system’s orientation in the
setup. In the actual experimental geometry (see inset of Fig. 9.2b), and for MnPc
molecules lying flat on the surface, the linear horizontal polarization (represented in
blue) is more efficient to probe core-state to w*-state transitions, while the efficiency
of core-state to o*-state absorption is higher for linear vertical polarization of the
X-rays, in agreement with the spectra at the N K edge shown in Fig. 9.2b. It thus
suggests that MnPc dominantly lies flat onto the Co surface for a molecular coverage
of 3.5 ML. Note that (i) the situation would be reversed if the molecule stand up onto
the surface with the molecular plane parallel to the incoming direction of the X-rays;
and (ii) the XAS spectra are independent of the X-ray polarization for uniformly
distributed orientation of the MnPc’s molecular planes.

Note also that the technique we used for XNLD is different than the one usually
used,®% 2137216 j ¢ probing the angular dependence of the XAS spectra at the nitrogen
K edge acquired with linear horizontal photon polarization. The method gives similar
results than angular-dependence measurements, but in former case the amplitude of
the dichroism is limited.

In Fig. 9.3, we represent the XAS spectra at the nitrogen K edge acquired with
linear horizontal (LH) and linear vertical (LV) photon polarization for MnPc coverages
of 0.7ML, 2.2ML and 3.5 ML. To quantitatively determine the proportion of MnPc
molecules that lie flat onto the substrate, we extracted the XNLD intensity for each
MnPc thickness and normalized it to that found for 0.7 ML. This normalization is
justified since the previous STM?!1:212:231 and XNLD?'3 216 studies of Pc molecules
on flat metallic substrates show that at least the first-ML molecules lie flat on the
substrate. Furthermore, we believe that only a flat adsorption of the molecule can
promote the strong coupling of the Mn site of MnPc to the Co substrate and the
apparent absence of paramagnetism within the first-ML MnPc on Co, which we will
describe in the next section.

From 0.7 ML to 2.2 ML, the XNLD amplitude decreases only slightly. This shows
that almost all first- and second-ML MnPc molecules lie flat. However, when the
MnPc coverage is increased to 3.5 ML, the XNLD intensity decreases by about 30 %
compared to that of 0.7 ML MnPc coverage. This XNLD-intensity decrease comes
from a proportion of molecules that do not lie flat onto the surface.

9.3. Magnetic coupling of the first-ML MnPc onto
Co

To determine the magnetic properties of MnPc on Co, we used the powerful element-
specific XMCD technique (see Sec. 4.3). In Fig. 9.4a, we represent the XAS spectra
measured at the Co L3 2 edges for left and right photon helicities. The difference of
the spectra for left and right photon helicities defines the XMCD intensity, which in
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Figure 9.3. — XNLD as a function of MnPc coverage. XAS at the
nitrogen K edge normalized by the white line intensity at 402.3eV for
different MnPc coverages. In the inset, we present normalized XNLD as
a function of MnPc coverage. The normalization procedure is done by
calculating LH-LV/pmr+rv at 402.3eV and then dividing by the XNLD
found for 0.7 ML.

Fig. 9.4a is negative (positive) at the Co L3 (L2) edge. This indicates an alignment
of the Co in-plane magnetic moments along the external magnetic field of 0.1 T. The
XMCD spectrum at the Mn Lj 5 edges for 0.7 ML MnPc on Co (see Fig. 9.4b) has
similar signs than that at the Co L3 o edges. This infers an alignment of the Mn
moments with that of Co. Yet, since a field-induced alignment of the Mn magnetic
moments at room temperature in a low magnetic field would yield a negligible XMCD
intensity, the XMCD spectrum presented in Fig. 9.4 evidence a FM coupling at room
temperature of the Mn within MnPc to the underlying Co (see also Sec. 8.2), as seen
in other systems.?14:215,217,218

9.4. Anti-ferromagnetic ordering of the MnPc
molecules

In the previous section we observed a strongly magnetically coupled first-ML MnPc on

Co allowing the formation of the spinterface. How does the magnetic coupling evolve

beyond the hybrid interface? The initial naive picture is that the first-ML molecules
strongly couple to the metallic substrate, and the subsequent molecular layers are de-
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Figure 9.4. — FM coupling of the first-ML MnPc onto Co. a, XAS at
the Co L3, 2 edges for left photon helicity (blue) and right photon helicity
(red). The average of and the difference between left and right photon
helicities defines the white line (dashed black) and the XMCD (sky blue),
respectively. b, XAS and XMCD at the Mn L3 > edges for 0.7 ML MnPc
on Co. Both measurements were acquired at 295K in a magnetic field of
noH =0.1T using the experimental geometry depicted in the inset of Fig.
9.2b.

coupled, at least partially, from the substrate by the first-ML molecules. In this naive
picture, the Mn molecular sites within the second and subsequent ML are uncoupled
to the substrate, and are thus paramagnetic. Yet, the situation could be different since
bulk MnPc molecules can have magnetic interactions between neighboring molecules
provided that the molecular stacking is good enough.?9%-210

In Fig. 9.5a, we show the thickness dependence of the XMCD spectra at the
Mn L; 3 edges. To better compare the XMCD spectra between them, each XMCD
spectrum in Fig. 9.5a was divided by the white-line integral and are thus normalized
to the MnPc thickness. The normalized XMCD spectra give information about the
averaged magnetic quantities per molecule. Moreover, as the MnPc thickness is varied
by changing the spot position over the MnPc wedge, the MnPc thickness span over
+0.5 ML due to the finite spot size of the X-ray beam. In the following we will consider
two different experimental scenarii to distinguish between magnetically coupled and
uncoupled paramagnetic molecules. Note that the magnetization of paramagnetic
compounds follows a Brillouin function that describes the competition between the
alignment of the paramagnetic moments along an external magnetic field H and
the thermal fluctuations that tends to disorder the paramagnetic moments. As a
result, for ugH = 6.5T (referred to as high H or HH) and Mn paramagnetic ions,
most of the paramagnetic moments are aligned at 4.8 K (here referred to as low
temperature (LT)) while practically none are aligned at 295 K (referred to as RT). For
woH =0.1T (defined as low H or LH), only a negligible proportion of the paramagnetic
moments are aligned along the field at LT and RT. In the first experimental scenario,
we probe the impact of the strong magnetic coupling between the MnPc molecules
and the Co substrate while excluding paramagnetic contributions using the RT-LH
XMCD spectra acquired at RT and 0.1T. In the second scenario, the LT-HH XMCD
spectra were acquired at 4.8 K in an external magnetic field of 6.5 T, which leads to an
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Figure 9.5. — AF ordering of MnPc molecules onto Co. a, XMCD
at Mn L3> edges for MnPc coverages of 0.7ML, 1.9ML and 3.5 ML;
and normalized by the quantity of probed MnPc, i.e. by its white line
integral. For every coverage a pair of XMCD is represented, one at 295 K
in a magnetic field of 0.1 T to probe the robustness of the magnetization
and one at 4.8K in a field of 6.5T to align the uncoupled paramagnetic
moments. b, Normalized magnetization of Co and Mn as a function of the
external magnetic field at 4.8 K. The magnetization is deduced from the
XMCD intensity at 786.8eV and 647.0eV for Co and Mn, respectively.
The inset schematizes the stacking of 3.5 ML MnPc on Co where only a
few proportion of third- and fourth-ML molecules are forming molecular
columns with the underlying molecules. ¢, XMCD of MnPc at a molecular
coverage of 3.5 ML at RT for two different magnetic fields demonstrating
the robustness of the effect.

alignment of almost all the paramagnetic Mn moments in addition the Mn moments
coupled to the Co substrate. To first order, the difference between the LT-HH- and
RT-LH-XMCD spectra represent the magnetic signal due to the paramagnetic Mn
centers.

At 0.7 ML MnPc thickness, the RT-LH- and LT-HH-XMCD spectra have similar
shapes and amplitudes (see Fig. 9.5a). At low temperature, the magnetic-field depen-
dence of the XMCD amplitude at the Mn L3 edge follows that of Co (see Fig. 9.5b)
demonstrating that all the Mn center within first-ML MnPc are magnetically FM
coupled to underlying magnetic Co. At 1.9 ML MnPc thickness, the RT-LH-XMCD
spectrum differs both in shape and in amplitude from that obtained at 0.7 ML MnPc
thickness. Particularly, we monitor a four-fold decrease in the XMCD intensity at the
Mn L3 edge at RT. The four-fold intensity decrease cannot be explained in terms of
a second-ML MnPc magnetically decoupled from the first-ML MnPec, as the intensity
drop would be at most two fold. In contrast, the experimental data are consistent
with an AF ordering of Mn sites of the second-ML MnPc molecules relative to the
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+3.00 i =

Figure 9.6. — Adsorption geometry and magnetic properties of the
MnPc stacking on Co. Molecular column composed of three MnPc
molecules on Co. Left inset shows the second-ML molecule on top of the
semi-transparent first-ML MnPc. Right inset represents the relative align-
ment of the third-ML MnPc on top of the semi-transparent second-ML
molecule. The red arrows indicate the orientation of the spin moments.
Other molecular stacking are considered in Appendix A.2.3.

Mn sites of the first-ML MnPc molecules, in agreement with theoretical calculations
discussed below (see also Appendix A.2.3). The LT-HH-XMCD spectrum exhibit
a larger amplitude than the RT-LH-XMCD spectrum, revealing a small contribution
from paramagnetic Mn centers. We believe that the paramagnetic contributions come
from structural disorder within the third- and fourth-ML MnPc (see inset of Fig. 9.5
and discussion in Sec. 9.2) that contribute to our measurements at (1.9 +0.5) ML
MnPc thickness due to an imperfect layer-by-layer growth. At 3.5 ML MnPc thick-
ness, the paramagnetic contribution of the Mn centers within MnPc considerably in-
creases as revealed by the difference between the LT-HH- and RT-LH-XMCD spectra.
In addition, the magnetic-field dependence of the Mn magnetization (see Fig. 9.5b)
has a Brillouin-like behavior for large magnetic fields. This corroborates the picture
presented in the inset of Fig. 9.5b with mostly uncoupled and thus paramagnetic
molecules on top of two AF-coupled MnPc layers.

Interestingly, at 3.5 ML thickness, the RT-LH-XMCD spectrum at the Mn L
edges is of opposite sign than that at the Co L edges. Moreover, the Mn field-
dependence magnetization loop at low magnetic field (uoH +0.1T) presented in Fig.
9.5b exhibits an opposite circulation to that of Co. This implies an anti-alignment
of the mean Mn magnetic moments relative to the Co moments. Note that we can
exclude any contamination-induced sign reversal since the Co XMCD spectra retain
similar shape and same sign for all investigated MnPc thicknesses (not shown). To
explain the initially surprising mean Mn moment antiparallel to that of Co, Fatima
Ibrahim and Mebarek Alouani performed ab initio calculations on different systems
(see Appendix A.2.3). The energetically most favorable calculated system is shown
in Fig. 9.6. Note that the stacking geometry of the first two molecules depicted in
Fig. 9.6 is similar to that for CoPc on Pb reported by Chen et al.?°® The calculations
indicate that the 3.1 ug Mn moment of the free MnPc molecules is reduced to 2.51 up
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9.5 Exchange bias induced by MnPc

when the MnPc molecule is adsorbed onto Co. The variation of the magnetic moment
is due to the formation of the spinterface and the transfer of one electron from the
substrate into the Mn ion. This is in agreement with the XAS spectra at the Mn L3 o
edges presented in Appendix A.1. The Mn ion within the second-ML MnPc¢ carries
a magnetic moment of 3.04 up in an opposite direction to that of the first-ML Mn
site. The calculated magnetic-coupling strength between the Mn sites of first- and
second-ML MnPec is about 33meV (Er — Eap = 33.1meV), but highly depends on
the stacking geometry we consider (see Appendix A.2.3). However, since we observed
the AF magnetic coupling at room temperature, the calculated coupling strength of
33meV seems reasonable, and much stronger than the J4p ~ 18 meV reported by
Chen et al. for a molecular column of 5 CoPc on Pb.2%® The sign reversal of the
RT-LH-XMCD spectrum for 3.5 ML MnPc thickness (see Fig. 9.5a) thus reflects the
larger magnetic moment of the Mn site of the second-ML molecule compared to that of
the first-ML MnPc. The third- and fourth-ML MnPc have a dominant paramagnetic
contribution but we believe in the existence of a few magnetically coupled MnPc
columns composed of three or more molecules, in agreement with a large proportion
of flat-absorbed molecules for 3.5 ML revealed by the XNLD results in Sec. 9.2. Note
that we do not compare more quantitatively the experimental and theoretical Mn
magnetic moments as the XMCD sum rules® cannot yield accurate values of the Mn
spin moment due to the low spin-orbit coupling of that element.20% 232

Note also that there is a key difference between the experiments of Chen et al.?®
and Serri et al.2°? on CoPc; and the measurement we presented above. In the former,
they observed AF correlation within CoPc columns with coupling strength up to
18 meV, while we report the observation at room temperature of an AF molecular
ordering that is stabilized by a ferromagnet (Co), i.e. a molecular spin is blocked by
exchange with Co at the end of the molecular columns.

9.5. Exchange bias induced by MnPc

We have an AF molecular ordering of MnPc on top of a FM layer. Can this un-
usual AF molecular ordering pin the underlying Co substrate, as would some other
inorganic AF layers? To demonstrate this cornerstone of spintronics called exchange
bias (EB),'3:1%:23:233 we prepared samples in a UHV chamber with the following stack:
Au(15ML)/MnPc(50 ML) ,/Co(20 ML) //Cu(100). Since the samples were transported
ex situ, the gold layer is used to cap the sample and to prevent its contamination. We
then performed magneto-optical Kerr effect (MOKE) measurements in a home-built
variable-temperature multi-functional cryostat with a 670 nm laser and a photoelastic
modulator.

In Fig. 9.7a, we present a magnetic hysteresis loop of the previously described
sample at T' = 250 K. While the measurements are done along an easy axis of the
Co(100), the magnetization does not switch abruptly and we can monitor some kinks
at low magnetic fields. This can arise from i) surface anisotropy?** eventually due
to step edges and ii) a small rotation of the Co easy axis along the easy axis of the
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Figure 9.7. — Exchange bias induced by MnPc. a, Magnetic hystere-
sis loop on Au(15ML)/MnPc(50 ML)/Co(20 ML)//Cu(100) acquired at
250 K. b, MOKE measurement on the gold capped MnPc/Co bilayer af-
ter cooling down to 32K in a in-plane magnetic field of -1.2T (cyan) and
1.2T (red). Each hysteresis loop is field-shifted in the direction opposed
to that of the field during the cooling process, characteristic of EB.

MnPc molecules. On the same sample, when the sample is cooled from RT to 32K in
an external magnetic field poH = 1.2T, the measured magnetic hysteresis loop shifts
towards fields in a direction opposite to that of the in-plane magnetic field applied
during the cooling (see Fig. 9.7b). When the field applied during the cooling process
is in the opposite direction, i.e. poH = —1.2'T, the magnetic hysteresis loop shifts
towards positive fields. This is characteristic of EB.

In Fig. 9.8a, we present two magnetic hysteresis loops on Au(15ML)/MnPc-
(50ML)/Co(20 ML)//Cu(100) at 32K after cooling in an external magnetic field of
1.2T and 0.2 T. Since the two hysteresis loops coincide, we can conclude that both
field amplitudes are sufficient to induce EB of identical amplitude. We then present
in Fig. 9.8b the temperature dependence of the EB after cooling in a magnetic field of
0.2T. The EB strength linearly decreases with increasing temperature, and vanishes
around 100 K.

We now discuss the underlying conditions that are fulfilled to observe exchange
bias. First, the MnPc molecular layers have to provide additional magnetic anisotropy
to pin the Co layer. In Appendix A.2.2, we show that the theory predicts an addi-
tional anisotropy, at least for the first-ML MnPc on Co. Second, there must be AF
domains/columns that do not track the underlying Co layer below 100K, otherwise
there would be no field shift in the hysteresis. Yet, this second point is not fulfilled
for AF-ordered two-molecule-long columns on Co that mostly follow the Co magnetic
referential (see Fig. 9.5b). We thus believe that the AF-ordered MnPc columns re-
sponsible for EB are composed of at least 3 molecules. We note that our XMCD
measurements cannot be conclusive on this points. Indeed, XMCD is not an ade-
quate technique to probe long-range AF ordering; and the experiment is averaging
over AF-ordered MnPc¢ columns (that produce a low XMCD signal) with the un-
coupled paramagnetic molecules. Note that we observed a correlation between the
increase of the paramagnetic contribution in the XMCD spectra (see Fig. 9.5a) and
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Figure 9.8. - Temperature dependence of the MnPc-
induced exchange bias. a, MOKE measurements on

Au(15ML)/MnPc(50 ML)/Co(20 ML) //Cu(100) at 32K after cool-
ing the sample from RT in a field of 1.2K (blue) and 0.2K (red). b,
Temperature dependence of the exchange bias. For each data point the
sample was cooled down from RT in a magnetic field of 0.2'T.

the decrease of structural order within the MnPc layer revealed by XNLD (see Fig.
9.3) with increasing MnPc thickness. Therefore, we infer that only a small propor-
tion of third- and fourth-ML MnPc lie flat on the surface and form longer AF-ordered
columns (see inset of Fig. 9.5b and Sec. 9.2). In turn, this few proportion of molecules
that form longer AF-ordered columns, non-detected in our XMCD measurements due
to experimental limitations, are responsible for the observed EB with thicker MnPc
layer. To support this assumption, our ab initio calculations show a preferred AF
ordering of the third-ML MnPc molecule (see Appendix A.2.3).

9.6. Partial conclusion

In this chapter, we have shown that the first-ML MnPc on Co is FM coupled to the
underlying Co substrate. Our combined experiments and theory reveal that the first
and subsequent molecular layers are AF coupled at room temperature provided the
molecules lie flat on the surface and form molecular columns. Conversely, the AF

ordering of the molecular columns can pin the underlying Co layer and lead to EB
below 100 K.

In this system, the interactions between the molecular AF columns are weak.
This represents a key difference with other conventional EB systems. Future studies
could eventually link the thus-far phenomenological blocking temperature®®® to the
length and density of molecular AF columns. These results are also important for the
organic-spintronics field. From a magnetoresistive-device point of view, one could use
the spinterface to freeze the magnetic referential within a molecular layer to promote
efficient spin-polarized transport within the organic layer, tuned by suitably engi-
neered (magnetic) interactions within molecular columns. Alternatively, molecule-
induced EB open the path towards fully molecular magnetoresistive devices.
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10

Metal /molecule spinterface stabilized by interlayer
exchange coupling

In the precedent chapters, we have shown that the hybrid magnetic-metal /molecule
interfaces, referred to as spinterfaces, can be strongly spin polarized close to the
Fermi level. Additionally, we observed that the spinterface sets the magnetic refer-
ential and stabilizes a magnetic ordering within the molecular layer. The influence
of the spinterface on the magnetic properties can thus propagate within the molec-
ular layer. Alternatively, if the magnetic properties of a magnetic metal propagate
through a non-magnetic-metal spacer, can the non-magnetic-metal /molecule interface
lead to the formation of a spinterface? One of the biggest advantage would be the
larger choice of the molecular deposition technique and thus a larger choice of molec-
ular candidates. Indeed, the non-magnetic-metal layer could protect the ferromagnet
from the potentially adverse impact of adsorbed impurities inherent to wet molecular
deposition techniques. The magnetic coupling of a molecule to ferromagnetic sub-
strate through a non-magnetic spacer that we propose here, has been widely studied
for inorganic systems, where interlayer exchange coupling (IEC) can magnetic couple
two ferromagnetic layers through a non-magnetic spacer.®*

In this chapter, we will first discuss the theoretical predictions of a MnPc molecule
on Co(100) separated by up to 3 ML of Cu. Then, after a description of the investi-
gated sample, we will experimentally evidence, using XMCD spectroscopy, a magnetic
coupling of MnPc to the Co layer through the Cu spacer by interlayer exchange cou-
pling. Finally, we will estimate the effective exchange field due to interlayer exchange
coupling and discuss about spin-polarized transport perspectives.
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10 Metal/molecule spinterface stabilized by interlayer exchange coupling

10.1. Theoretical predictions

Fatima Ibrahim and Mebarek Alouani performed the following ab initio calculations
using the methods described in Appendix A.2.1. They used a supercell composed of
3 atomic layer of fcc Co (8 x 8 atoms per layer) and a MnPc molecule separated by
dew (dey =0,1,2,3) layers of Cu. They used the lattice parameter for fcc Co and Cu
of 0.36 nm and included van der Waals interactions in the calculations.”

»
‘ Magnetic coupling to Co
- AF FM
-0.02 (e.A3)  +0.02
Local magnetization density

Figure 10.1. — Magnetization of MnPc due to interlayer exchange cou-
pling. Calculated Co/Cu(dcw)/MnPc structure for a, de, = 0 ML and b,
dcyw = 1 ML. The arrows indicate the calculated direction of magnetization
of the Co substrate and of the Mn center within MnPc. Magnetization
map of a single MnPc molecule ¢, on Co and d, on Cu(l ML)/Co. A
single MnPc molecule is represented in the center of the figure to better
interpret the magnetization maps.

From the ab initio calculations, we now focus on the magnetic interactions be-
tween the Mn center within a MnPc molecule and the Co/Cu(100) substrate separated
by up to 3 ML of Cu. We recall that for d¢,, = 0, we experimentally and theoretically
(see Chap. 9) found a ferromagnetic (FM) coupling between the Mn ion of a MnPc
molecule and the Co(100) substrate. When 1 ML of Cu is inserted between the MnPc
molecule and the Co(100) substrate, the coupling switches to antiferromagnetic (AF).
Additionally, the Mn magnetic moment my,, of 2.54 ug for MnPc directly adsorbed
onto Co increases to 2.78 ug when 1ML Cu is inserted (see Figs. 10.1a-b and Tab.
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10.2 Investigated sample

Magnetic moments | dg, =0ML | dg, = 1ML doyw =2ML | dey =3ML
Mn (pB) 1+2.54 -2.78 +2.79 2.8
Nun (uB) +0.01 +0.1 -0.1 -0.1
Ngy (uB) +0.1 -0.04 +0.05 +0.01
C (uB) -0.22 +0.08 -0.18 -0.21
Total Energies dow =0ML | de, = 1ML doyw =2ML | deoy =3ML
AE =Esp—Eppy (eV) | -0.437712 | +0.11546299 | -0.03491001 | -0.0036827
poHes (T) +1490 -360 +110 +12
Table  10.1. — Calculated magnetic  properties of
MnPc/Cu(dc,)/Co(100).  Calculated spin moments of the dif-

ferent sites of MnPc on Cu(dc.)/Co(100) as a function of dew. Nun
(Nin) denotes the nitrogen atoms that are the nearest (far) neighbors to
the Mn ion. The magnetic moment of Co is positive (not shown).

10.1). For 2 and 3ML Cu, the coupling between the Mn ion within MnPc¢ and the
Co substrate is FM, while mps, = 2.8 up (see Tab. 10.1).

The C and N sites of a MnPc molecule on Co exhibit an adsorption-induced
magnetic moment that is also coupled to the substrate (see Fig. 10.1c and Tab. 10.1).
Inserting Cu layers between MnPc and Co do not significantly alter the magnetic
moments of the MnPc¢ molecular sites (see Fig. 10.1d and Tab. 10.1). In order to
estimate the strength of the magnetic coupling, we calculated the system by imposing
either FM or AF alignment of Mn within MnPc and Co as a function of the Cu-spacer
thickness. The difference in total energy between FM and AF alignments gives an
indication about the strength of the coupling. We transpose the energy difference
into an effective exchange field H., using : poHer = ~2F/2u0m0 where ppgo; is the
molecule’s average magnetic moment. As shown in Tab. 10.1, the effective exchange
field H., strongly decreases when Cu is inserted, as direct exchange is replaced by
interlayer exchange. However, for 3 ML Cu between MnPc and Co, we still have a
substantial calculated IEC-induced exchange field of 12T (see Tab. 10.1).

10.2. Investigated sample

To experimentally check the IEC-induced magnetic coupling of MnPc to Co through
the Cu spacer, we fabricated samples such as presented in Fig. 10.2. Within the
same sample, we have a Co/Cu/Co/Cu(100) stack, referred to as spintronic reference
whose TEC-oscillation periods with the Cu-spacer thickness d¢,, are known and well
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10 Metal/molecule spinterface stabilized by interlayer exchange coupling

Protecteq  SPintronic
Spinterface — MnPc (0.8 ML)

Figure 10.2. — Investigated sample for the interlayer exchange cou-
pling study. Schematic of the sample used to study the IEC-induced
coupling of MnPc to Co through a Cu spacer. On one side, referred to
as the protected spinterface, the sample stack is MnPc(0.8 ML)/Cu(0 <
dew < 14ML)/Co(14 ML)/Cu(100). On the other side of the sam-
ple, referred to as the spintronic reference, the stack is composed of
MnPc(0.8 ML) /Co(7ML)/Cu(0 < decw, < 14 ML) /Co(14 ML) /Cu(100).

referenced®!; and a MnPc/Cu/Co/Cu(100) stack referred to as protected spinterface
to probe the IEC-induced magnetic stabilization of MnPc.

To fabricate the sample, we cleaned a Cu(100) single crystal by repeated cycles
of Ar-ion sputtering and annealing to 750 K. The first layer of Co was deposited on
the sample held at room temperature and post annealed at 380 K for 10 min to flatten
the surface. We crafted a Cu wedge from 0 to 14 ML by moving a shutter in front of
the sample during the Cu deposition. During Cu deposition, the sample was held at
170K to limit interdiffusion. The top Co layer on the spintronic reference stack, and
the MnPc layer were deposited on the sample held at room temperature.

We calibrated MnPc and Co thicknesses using quartz microbalance, Auger mi-
croscopy and STM microscopy. We used quartz microbalance and STM microscopy
for Cu-thickness calibration, and we fine tuned the calibration measuring the IEC-
oscillation periodicity on the spintronic reference stack found using XMCD.

10.3. Magnetic coupling of Mn within MnPc to Co
through Cu

We measured the magnetization of the Mn ion within MnPc to reveal the magnetic
coupling of MnPc to the Co substrate through Cu. To do so, we measured the XMCD
at the Mn L edges for different Cu thicknesses. Note that the spin sum rule cannot
yield quantitative information about the Mn spin moment since the Mn Ls and Lo
edges are overlapping.?3® However, we can track changes in the Mn magnetization by
measuring the XMCD intensity at the Mn L3 edge. Note also that all the following
XAS measurements were performed under an angle of 40° between the surface and
the photon-incidence direction.
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Figure 10.3. — XAS and XMCD at the Mn L3> edges of MnPc on
Cu(dcw)/Co(100) for different Cu thicknesses. a, White line spec-
tra at the Mn L3> edges of MnPc on Cu(dc.)/Co(100) for de., = 0ML,
1.5 ML, 2.9ML and 4.0ML. b, XMCD spectra at the Mn L3> edges
of MnPc on Cu(dcy)/Co(100) for the Cu thicknesses enumerated in a.
The spectra were acquired at 295K in 0.1T, and are vertically shifted for
clarity.

In Fig. 10.3a, we present XAS spectra at the Mn L3o edges of MnPc on
Cu(dey,)/Co(100) (protected spinterface structure) acquired at 295K in 0.1 T for se-
lected Cu thicknesses d¢,,. The Mn L3 adsorption edge shifts and is altered when the
adsorption surface is changed from Co to Cu.® In Fig. 10.3b, we show XMCD spectra
at the Mn L3 5 edges at 295K in 0.1T on the protected spinterface structure for the
Cu thicknesses selected in Fig. 10.3a. Note that the 0.1 T external magnetic field
was used to increase the electron yield, that in turn increase the signal-to-noise ratio.
Additionally from the 0.1 T magnetic field, we know and confirmed by XMCD mea-
surements (not shown) that the 14 nm-thick Co layer is saturated. For d¢,, = 0ML,
i.e. for MnPc¢ molecules directly adsorbed on Co(100), we found the usual negative
sign of the L3 edge and positive sign of the Lo edge, indicating a FM coupling be-
tween the Mn ion within MnPc and the Co substrate (see Ref. 5 and Chap. 9). Yet,
when the MnPc molecules are separated by 1.5 ML Cu from the Co(100) substrate,
the XMCD spectra at the Mn L3 o edges is reversed, which corresponds to an AF
alignment of the Mn and Co magnetic moments. For 2.9 ML and 1.5 ML, the XMCD
at the Mn L3 edge is negative again, though with decreased intensities, and implies
a return to FM coupling. Note that the XMCD integral is different from zero for
the different thicknesses, suggesting the presence of a non-negligible orbital moment.
However care must be taken as the XAS spectra in Fig. 10.3a suggest different oxi-
dation state for the Mn ion and a mixing of the oxidation states would prevent us to
apply the sum rules.

These results are impossible in the absence of a strong IEC-induced effective ex-
change field H.,. Indeed, for T'= 295K and an external magnetic field of 0.1T, the
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10 Metal/molecule spinterface stabilized by interlayer exchange coupling

proportion of paramagnetic Mn moments that are aligned with the external magnetic
field would lead to a negligible positive XMCD intensity at the Mn L3 edge. Further-
more, the reversed Mn XMCD spectrum for 1.5 ML of Cu spacer cannot be explained
in terms of MnPc molecules in direct contact to the Co, which could arise from an
imperfect growth of the Cu spacer. Alternatively, these results are consistent with
an [EC-induced coupling of the Mn ion within MnPc¢ molecules to the Co substrate
through Cu and in agreement with the theoretical prediction discussed in Sec. 10.1.
Note that for dg, = 1.5 ML the XMCD spectrum at the Mn edge arises from MnPc
molecules sitting on 1 or 2 ML of Cu. However, the measured mean Mn magnetiza-
tion dominantly comes from MnPc on Cu(1 ML)/Co(100) as the magnetic-coupling
strength rapidly decreases with increasing Cu thickness.

To more systematically evaluate the impact of the Cu-spacer thickness d¢, on
the magnetic coupling between the Mn ion within MnPc and the Co(100) substrate,
we extract the XMCD intensity at the Co and Mn L3 edge by measuring helicity-
and magnetic-field-dependent absorption before and at each edge over the Cu wedge.
This technique allows to perform a large number of measurements but yields only
a qualitative thickness dependence of the IEC-induced magnetic coupling as the Mn
Ls-edge XMCD evolves with increasing Cu thickness (see Fig. 10.3b). In Fig. 10.4a,
we present the Co Lz-edge XMCD as a function of the Cu-spacer thickness at 295 K in
0.1 T on the spintronic reference structure. For low Cu thicknesses, the magnetizations
of both Co layers are aligned along the external magnetic field yielding the usual
negative XMCD at the L3 edge.”® With increasing Cu thickness, the XMCD intensity
changes sign for dg,, = 6.9ML, what suggest an IEC-induced AF alignment of the
Co layers.?+237:238 e also observed pronounced changes for dc, ~ 9.5ML and
doy, ~ 12.2ML, which do not yield opposite sign. The absence of sign reversal can
come from: (i) the temperature and the external magnetic field that work against
an IEC-induced AF configuration; and (ii) the finite size of the X-ray beam that
can compensate otherwise opposite signals, particularly for weak IEC for large Cu
thicknesses.

We qualitatively reproduce the Co XMCD as a function of the Cu-spacer thick-

ness by using the analytic expression of IEC (see gray line in Fig. 10.4a)3* :
A 2md ey A . (2mdey
Jriec = é [sin( FAZC + (;Sl) + z‘Ti s1n( FASC + (;53)] . (10.1)

A negative (positive) Jrpe indicates an AF (FM) coupling. A, and A; are the
short and long oscillation periods that we fixed to the widely reported values of 2.7 ML
and 5.6 ML, respectively.?3" 239 We also fixed the ratio 4:/4, to 1.2 as done by Ref.
237. We fitted the data presented in Fig. 10.4a with Eq. 10.1 and the best fit was
found for ¢, = 1.15rad and ¢; = —3.34rad, which depend on the nature of the entire
stack.?*’  Note that we do not observe XMCD sign reversal for do, ~ 4.2ML as
expected from Eq. 10.1. This AF configuration is seldom observed most likely due
to roughness of the Cu interlayer.?*! The evolution of the XMCD at the Mn Ls edge
on the spintronic reference structure mimics that of the Co XMCD since the Mn ion
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Figure 10.4. — Oscillations of the interlayer exchange coupling with

the spacer thickness for the spintronic reference and the pro-
tected spinterface structures. a, Cu-thickness dependence of the
XMCD spectra at the Co Lz edge (786.0eV) at 295K and at 4.8 K; and
at the Mn L3 edge (646.8eV) in puoH = 0.1T on the spintronic reference
structure. b, XMCD intensity at the Mn L3 edge as a function of the
Cu thickness on the protected spinterface structure for different temper-
atures and magnetic fields. The makers represent the XMCD intensity
extracted from XMCD spectra used to scale and position the measure-
ments limited to the XMCD intensity of the given edge (continuous line).
The Mn XMCD spectra were multiplied by 65 to have XMCD intensities
comparable to that of Co. The theoretical Cu-thickness dependence of
the magnetic coupling energy Jrpc described by Eq. 10.1 is represented
in full gray and scaled on the right axes.

within MnPc is FM coupled to the underlying Co. In turn, this demonstrates that
IEC switches the top Co layer’s magnetization.

Having calibrated the IEC response as a function of Cu thickness using the well
known spintronic reference, we now examine the evolution of the XMCD intensity at
the Mn L3 edge as a function of the Cu-spacer thickness on the protected spinterface
structure. At 295K in 0.1T, the Mn XMCD oscillates with increasing Cu thickness
dc., at the same periodicity than J;pe with decreasing amplitude (see Fig. 10.4b).
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10 Metal/molecule spinterface stabilized by interlayer exchange coupling

For the same measurement performed for 7' = 4.8 K, the Mn XMCD oscillations
are stronger and span over a larger Cu-thickness range. This is expected from the
paramagnetic Mn sites whose magnetization follows a Brillouin function. Indeed, the
Mn XMCD tracks the mean Mn magnetic moment aligned along the photon incident-
vector referential that is essentially dictated by the effective field H.rf = He, + H and
the temperature 7' through a Brillouin function. In turn, H,., is directly linked to
Jrec that is expected to decrease with the Cu thickness as 1/d2,. At 4.8 K increasing
the external magnetic field from 0.1 T to 6.5 T only shifts the Mn XMCD towards
larger negative values as a larger proportion of Mn magnetic moments are aligned
along the field, and thus to the magnetization of the Co layer (see Fig. 10.4Db).

10.4. Estimation of the coupling strength

From the previous section, we know that the paramagnetic Mn within MnPc on
Cu/Co(100) is magnetically stabilized by IEC. The XMCD intensity, and thus the
Mn magnetization, depends on the strength of the effective exchange field H., that is
Cu-thickness dependent; and on the temperature. In this section, we want to estimate
H,, for given Cu-spacer thicknesses.

The proportion of Mn magnetic moments aligned in the direction of an external
magnetic field H at a given temperature T is given by a Brillouin function:

T

H\ 2J+1 2J +1 HY 1 1 H
BJ(”O ): J+ Coth( J+1gupd po ) (79#3Juo

- — coth
2J 2J kg T 2J 2J kg T

) (10.2)
where J is the total angular momentum quantum number that we consider equal to
S = 3/2, g the Landé factor taken equal to 2, up the Bohr magneton and kp the
Boltzmann constant.

On the protected spinterface structure, the Mn magnetic moments not only feel
the external magnetic field H but also the effective exchange field H., coming from
the interlayer exchange coupling through the Cu layer. Thus, the total effective
magnetic field applying on the Mn magnetic moments is the sum of the two fields:
Hepr = H+ Hep. Herp can be opposed to the external magnetic field A thanks to
IEC, and lead to an anti-alignment of the Mn magnetic moment with the external
magnetic field. For the Brillouin function (Eq. 10.2) of paramagnetic Mn on the
protected spinterface, we can thus replace the external field H by the total effective
magnetic field Hef¢. In the following we will investigate the field (H) and temperature
(T') dependence of the Mn magnetization for two different Cu-spacer thicknesses and
fit the data with a modified Brillouin function By (rolH+Hez]/T).

In Fig. 10.5, we show XMCD spectra at the Mn L 5 edges for different magnetic
fields and temperatures for Cu thicknesses of 1.5 ML and 7ML on the protected
spinterface structure. For dg, = 1.5ML, the XMCD spectrum indicates an anti-
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Figure 10.5. — Field and temperature dependence of the XMCD at
the Mn L3, edges for MnPc on Cu/Co(100). XMCD spectra at the
Mn L3 2 edges acquired for different magnetic fields, temperatures and for
Cu thickness of 1.5 ML (upper panel) and 7ML (lower panel).

alignment of the Mn magnetic moments with the applied magnetic field (and with the
underlying Co magnetization) at any investigated temperatures and fields. Notably
the XMCD spectra acquired at 4.8 K in 6.5 T reveals an effective exchange field H.,
lower (larger negative values) than —6.5 T. For d¢,, = 7ML, we observe no noticeable
dichroic signal at room temperature, while at 4.8 K the XMCD spectra indicate a
switch from an AF to a FM alignment when increasing the external magnetic field
from 0.1 T to 6.5T. This unveil an effective exchange field H., between 0.1 T and
6.5T for a Cu thickness of 7ML.

We extract the XMCD intensities at the Mn L3 edge of the different XMCD
spectra presented in Fig. 10.5, and fit the XMCD intensities with a modified Brillouin
function B (noH+Hess[T) (see Fig. 10.6). Note that here we assume that H, is
independent of the temperature 7. The free parameters of the fit are H15MY and
HIML that represent the effective exchange field for Cu thicknesses of 1.5 ML and
7ML, respectively. For d¢e,, = 1.5 ML, we found a strong effective exchange field of
woH = (=78 +35)T. For de, = TML, the effective exchange field is quite reduced
but still negative poH = (-0.8+0.5) T as expected from Eq. 10.1. Note that the
uncertainties associated to the effective exchange fields are relatively high and arises
from the limited number of points in Fig. 10.6. We believe that this approach to
measure the effective exchange fields can lead to accurate values provided that the
number of experimental points is high enough.
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Figure 10.6. — Estimation of the effective exchange field. Results of
the fit of the field- and temperature-dependent XMCD intensities at the
Mn L3 edge (spectra presented in Fig. 10.5) with a Brillouin function in
which the external applied magnetic field is replaced by the effective field
Heff =H+ Hem.

10.5. Spin polarization close to the Fermi energy

As most of the molecule-deposition techniques use solvents that usually alter the

properties of the FM layer and the interface, the molecular candidates to craft room-

temperature spinterfaces were, until now, drastically limited. Note that oxide FM

layer are resilient to oxidation but cannot generate an efficient spinterface at room

temperature. Nevertheless, protected spinterfaces may be fabricated by depositing

molecules through “wet” techniques onto a noble-metal spacer, such as Au that can

sustain QWSs?* while remaining impervious to oxidation. We thus believe that pro-

tected organic spinterfaces are conceptually superior to standard spinterfaces.® In this

vein, we theoretically consider the spintronic performance of a MnPc/Cu(d¢y,)/Co(100)
protected spinterface. To do so, we examined the DOS within EFr — 25 < F(meV) <

Er + 25, i.e. the DOS that contributes to transport at room temperature. In Tab.

10.2, we report the evaluated spin polarization P from the integrated DOS close to the
Fermi level. For d¢, = 0ML, we found the already reported large positive polariza-

tion.% Yet, for dc,, = 1 ML, there is nearly no states in the spin 1 channel, leading to
a surprisingly large negative polarization of —98 %. For d¢,, = 2ML, the polarization
turns back to positive (+30 %) and even increases to 75 % when adding an additional
Cu layer (d¢,, = 3ML). Note that in all cases, the spin polarization mainly arises
from the C sites.

The spin-polarized DOS integrated from Er —25meV to Ep + 25 meV will con-
tribute to the spin-polarized transport across the interface as weighed by the molecule’s
hybridization to the underlying Cu surface. To evaluate this aspect, we show in Fig.
10.7 spin-polarized spatial maps of MnPc on Cu(de,,)/Co(100) for de,, = 0 ML, 1 ML,
2ML and 3ML. We can observe that the Cu DOS is changing with increasing Cu
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Figure 10.7. — Spin-polarized spatial maps of the Co/Cu/MnPc
protected spinterface. a, Top view of a calculated MnPc molecule
on Cu(dc.)/Co(100). b-i, Spin-dependent spatial charge-density maps,
taken along the red dashed line represented in a, for different Cu thick-
nesses. The maps show how the numerous N and C sites of MnPc on
Cu(dcw)/Co(100) exhibit a highly spin-polarized DOS close to Ep. Fur-
thermore the molecule hybridization to the surface is spin dependent. The
maps are in e A3
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Spin polarization dow =0ML | doy =1ML | dey =2ML | dey, = 3ML
7z-P (Er £25meV) (%) +65.8 -98.3 +30.0 +74.0
pl-P (Er £25meV) (%) -69 -99.2 +17.0 +51.1

Total P (EF +25meV) (%) +50.2 -98.4 +29.3 +73.3

Table 10.2. — Calculated spin polarization of MnPc/Cu(dc.)/Co(100)
close to Er. pl-P (z-P) are evaluated from the integrated spin-dependent
planar (z) DOS from Er —25meV to EF + 25 meV.

thickness, which in turn modulates the spin-dependent hybridization between the
metal surface and the MnPc molecule. For instance, for d¢,, = 2ML (see Fig. 10.7d-
e) the hybridization is rather similar for both spin channels, while for d¢y, = 3ML (see
Fig. 10.7h-i) the molecule hybridization to the metal surface is strongly asymmetric.
This shall promote a spin-polarized transport across the interface that is higher than
that inferred from DOS considerations alone.

10.6. Partial conclusion

In this chapter, we have experimentally and theoretically shown that MnPc can be
magnetically coupled to a FM Co layer through a Cu spacer by IEC. The IEC-
oscillation period is found to be the same than that of the Co/Cu/Co spintronic
reference structure. In addition, we observed oscillation for low Cu thicknesses that
are usually not visible for standard IEC systems.

Compared to other IEC studies using ultra-thin paramagnetic layers (Fe?4? or
Pd?*3), our use of Mn paramagnetic centers with low-susceptibility allows to directly
estimate the IEC strength (see Sec. 10.4). More generally, this probing of IEC using
paramagnetic centers within a molecular cage deposited atop the FM-metal bilayer
offers important advantages. The molecular cage that contains the paramagnetic
center hinders (for ML coverage) clustering of the paramagnetic centers that would
modify the effective paramagnetic properties. In addition, the molecular cage refrain
the paramagnetic center to interdiffuse within the spacer layer (here Cu). The absence
of magnetic interactions between the paramagnetic centers also circumvents possible
competitions between several effective exchange fields H., on terraced Cu surface.
We believe that this last point is the reason for the observation of IEC oscillations
at low Cu thicknesses (see Fig. 10.4) compared to standard IEC systems. These
aspects thus underscore an interesting opportunity to further explore the physics of
IEC and QWS in systems whose understanding has thus far been tainted by growth
challenges,?** notably by directly measuring the IEC strength.

In this part, we investigated metal-molecule spinterfaces using phthalocyanine-
based molecules. These spinterfaces show promising properties for spin-polarized
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transport, and thus for magnetoresistance-based devices. Alternatively, we have
shown that the spinterface can stabilize an AF order within a molecular semiconduc-
tor, and lead to exchange bias. In the next part, we will study functional molecules
on metallic surfaces, which can conceptually conduct to superior magnetoresistance-
based devices. Indeed, by changing the molecular state of the molecules composing
the organic layer with external triggers, we could change the spin-filtering properties
of the organic layer as well as the spinterfaces within the same device.
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Introduction to functional molecules

Molecular electronics aim at building electronic components from a single molecule
by combining the expertise of chemistry and physics. The desired electronic function
should in a first step be encoded into a single molecule, and in a second step the single-
molecule device should be connected to electrodes. There are multiple advantages of
such an approach and we will only enumerate three of them. First, the properties
and/or functions of the molecule can be optimized by subtle changes of the molecular
structure. Second, as carbon is an abundant element, carbon-based single-molecule
devices can in principle be produced at low costs. Third, the long spin lifetime in
carbon-based elements, due to low spin-orbit coupling, make them interesting for the
nascent field of molecular spintronics,® where the spin degree of freedom is used in
addition to the charge.

In 1974, Aviram and Ratner?*® proposed a theoretical description of a recti-
fier out of a single molecule. The community then realized the great potential of
molecular electronics and many possible functions were identified such as molecu-
lar resistors, diodes, switches/memories, capacitors, field-effect transistors and even
unimolecular amplifiers.?46:247 In the following we will focus the discussion on molec-
ular switches?#® 249 as there is, a priori, no need to integrate these molecules in an
electronic circuit to observe the different stable states.

11.1. Molecular switches

Molecular switches are typically molecules that present a bistability, i.e. the molecules
present two stable states separated by an energy barrier (see Fig. 11.1). One state is
the ground state, while the other state is a metastable state with a higher energy. Ide-
ally for the stability of the molecular switch, the energy barrier necessary to overcome
for switching between the states is much larger than the thermal energy kpT. There
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potential energy surface for switching
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Figure 11.1. — Schematic of the typical potential energy surface of a
two-state molecular switch. The x axis is the reaction coordinate, i.e.
a quantity that describe the passage between the two states, such as a
distance between two atoms. The potential energy of a bistable molecule
presents two minima separated by a potential barrier along the reaction
coordinate. The two minima correspond to molecular states; one of the
state is the ground state, while the other state is usually metastable with
a higher energy. Switching the molecule from one state to another can be
achieved by overcoming the potential barrier, or by bringing the molecule
into an excited state, that eventually relaxes into the other spin state.
Figure is taken from Ref. 248.

are usually two different ways to switch the state of the molecule. (i) One brings the
molecule into an excited state, which in turn eventually relaxes into the other state.
(ii) The molecule overcomes the potential barrier for instance by transferring energy
to the molecule or by modifying the potential landscape with an electric field.

When such molecular switches are deposited on surfaces or connected to elec-
trodes, the electronic coupling between the molecule and the substrate influences the
molecule’s properties. There are two possible outcomes depending on the strength of
the electronic coupling. In the case of a weak electronic coupling, the molecule keeps
its switching property that is then referred as an intrinsic property, while in the case
of strong electronic coupling, the molecule can lose its functionality. Interestingly, the
reverse phenomenon is also possible, i.e. a non-switchable molecule may develop a
switching property once deposited onto the surface. The switching property is then
referred to as extrinsic.?*® In the rest of this thesis, we will focus on systems with
intrinsic switching properties.

Within a single-molecule switch, what distinguishes the two different states? One
may divide the molecular switches into two different categories: conformational and
charging /redox switches. For conformational switches, the two states of a molecular
switch correspond to two different isomers of the molecule. Both states are thus
differentiated by the three-dimensional structure of the molecule. For charging/redox
switches, a molecule gains or loses an electron leading to a different charge state of
the molecule.?*® Note that the two charge states may present minor conformational
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11.3 Towards spin-crossover molecules

changes but the above categories remain clear since the charge of conformational
switches do not change.

Yet, provided that the state of the molecular switch can be easily read, e.g. if
the molecular states have different conductance, the molecule can possibly be used as
a memory element. The memory element would have advantageous properties with
respect to the size of the element (in the order of the nanometer) and the stability of
the states over time that depends on the height of the energy barrier.

11.2. Stimuli

There is a wide variety of external stimuli that are known to operate molecular
switches?*%:

Current Electrons traveling through a molecular switch in a given state may have
sufficient energy to excite the molecule into an excited electronic or vibrational
level, which in turn relaxes into the other state.2*®2°0 In the cases where the
energy of the electrons is not sufficient to bring the molecule to the appropriate
excited state or to overcome the energy barrier, the latter can be “climbed” by
subsequent excitations into higher vibrational levels of the molecule, i.e. the
switching process involves several electrons.?®!

Electric field When an external electric field is applied, the latter can couple to the
dipoles within the molecule, and the resulting torque can eventually drive the
switching (Stark effect). Note that a strong electric field can even induce a
dipole moment in the molecule, which in turn couples to the field.

Light The absorption of a photon of sufficient energy can bring a switchable molecule
to an excited state (such as depicted in Fig. 11.1). The molecule in the excited
state relaxes either back to the ground state or to a metastable state (the two
minima in Fig. 11.1). In a certain percentage of cases, this lead to switching.

Redox potential An external gating can change the relative position of the molecular
orbitals with respect to the Fermi level. Thus, by varying the gating voltage, it
is possible to change the charge state of a molecular switch.?4®

Temperature The potential barrier between the two states of a molecular switch can
eventually be overcome by thermal energy, provided that the barrier height is
low enough. Note that the temperature can also drastically change the stability
of the molecular switch, i.e. the lifetimes of the molecular states decrease upon
heating.

11.3. Towards spin-crossover molecules

We recall that the work on phthalocyanine molecules on magnetic substrates (see
previous chapters) shows promising properties for spin-valve devices. In such devices,
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11 Introduction to functional molecules

the Pc molecules, where the spin lifetime is expected to be long, would be sandwiched
between two magnetic electrodes. The molecular-junction conductance would then
depend on the relative orientation of the magnetic-layer magnetization, leading to a
2-state junction. Yet, if the molecular tunneling barrier is composed of functional
molecules, such as a molecular switch with state-dependent conductance, the molec-
ular junction would have 4 states. One would then drastically increase the density of
the memory bits.

Arguably, the best molecular-switch candidate would be spin crossover (SCO)
molecules. Indeed, as we will discuss in Chap. 12, SCO molecules present two dif-
ferent spin states corresponding to two different conformations that can be addressed
by various stimuli (temperature, pressure, magnetic field, light, electric field). The
many possible stimuli known for bulk SCO molecules make them very appealing. In
addition, we can speculate that the different conformations lead to different conduc-
tance, and that the two different spin states lead to different spin coupling and spin
filtering properties within a junction.

Since at the time of the study, there were almost no report of ultra-thin films
of SCO molecules, and since SCO molecules also have a great potential for many
technological applications (see Sec. 12.4), we will first study SCO molecules on non-
magnetic surfaces. In the next chapters, after introducing the SCO phenomenon
and the Fe(phen)s(NCS)s (Fe-phen) molecule (Chap. 12), i.e. the SCO complex
that we want to study, we will discuss about the first-monolayers growth of Fe-phen
on different surfaces (Chap. 13) and the identification and spin-state switching of
Fe-phen on various surfaces (Chap. 14). Finally, we will investigate the surprising
spin-state coexistence that we observe at low temperature (Chap. 15).
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Spin-crossover molecules

Spin crossover (SCO) complexes can be found in nature, such as in minerals.?*? Tt also
plays a fundamental role in the biological functions of a number of haem derivatives.2%3
In particular hemoglobin that carries the oxygen from the lungs to the muscles is
known to change its spin state upon adsorption of oxygen, and leads to an increased
efficiency of oxygen transport.2%*

In 1931, Cambi et al. reported the first SCO arising from a synthesized molecule.??®

Since then, the field has considerably grown and the number of SCO complexes dras-
tically increased.2%6 262

In next chapters of the manuscript, we will present the results obtained on the
Fe(phen),(NCS)2 SCO molecule, molecule that we introduce in the first section of
this chapter. We will then discuss about the thermodynamic picture of SCO as well
as the different SCO triggers reported in the literature. Finally, we will discuss about
possible technological applications of SCO-based devices.

12.1. Fe(phen);(NCS),; molecules

12.1.1. General information

Cis-bis(thiocyanato)bis(1,10-phenanthroline)-iron(IT) molecule that is more generally
referenced as Fe(phen)s(NCS)s (Fe-phen), is among the first synthesized Fe? ™ complex
exhibiting SCO. It was initially reported by Baker et al.?%® in 1964 and then widely
studied in the bulk powder form.264 268

Fe-phen is composed of a Fe?" ion surrounded by two phenanthroline (phen) and
two thiocyanate groups as represented in Fig. 12.1a. The ligands induce an electric
field on the Fe?" ion and the ligand-field theory in the octahedral case predicts the
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12 Spin-crossover molecules

Figure 12.1. — Single Fe-phen molecule and electronic configuration.
a, Model of a single Fe-phen molecule composed of a central Fe>" ion
surrounded by two phenanthroline groups and two thiocyanate groups.
b, Simplified electronic configuration of the six d electrons of the Fe ion
in the LS and HS states.

splitting of the five 3d orbitals into e, and to, orbitals (see Chap. 2). Note that
here the anti-bonding orbitals e; are referred to as e;. SCO complexes present two
stable configurations with different ligand-field strength. In the low-spin (LS) state,
the ligands are closer to the metallic ion, giving rise to a large ligand field. The
electrons then occupy only the t9, orbitals leading to a total spin state S=0. In the
high-spin (HS) state, the ligands are further away from the metallic ion resulting in
a lower ligand field, and thus a lower energy splitting Ay g between e, and ty, or-
bitals. Apg becomes lower than the electron-pairing energy and leads to an electronic

configuration with a total spin state S=2 (see Fig. 12.1Db).

The geometry of the molecule is modified upon spin transition, especially the
Fe-N bond lengths and angles. In the HS state, the Fe-N (phen) bonds are in average
about 0.15 A larger than the Fe-N (NCS) bonds. Moreover, the N-Fe-N bond angle
connecting the two nitrogen atoms of a single phenanthroline to the central Fe ion is
about 76° in the HS state to compare to the 90° required for a perfect octahedron.
In the LS state, the N-Fe-N bond angles are approaching 90°. Furthermore, the Fe-
N (phen) bonds are shortened by about 0.20 A, and Fe-N (NCS) bond lengths are
reduced by 0.10 A. The decreased Fe-N bond lengths is the result of the population
of the non-bonding t5, orbitals at the expense of the anti-bonding e, orbitals.

12.1.2. Crystal structure
The Fe-phen molecules can be synthesized by following one of the two reported meth-
ods:

e Extraction method: Removal of a phen group from [Fe(phen)3](NCS)q-H,0.269:270

e Precipitation method: Addition of phen groups to Fe(py)s(NCS)2 or to
Fe(NCS),209:271

Both methods lead to the same crystal structure but the extraction method is
known to have less HS residues at low temperature as well as a sharper thermal spin
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12.2 Thermodynamics of spin-crossover complexes

HS state LS state
a (A) 13.1612 (18) | 12.7699 (21)
b (A) 10.1633 (11) | 10.0904 (25)
¢ (A) 17.4806 (19) | 17.2218 (30)

Volume (A?%)

2338.2

2219.0

Table 12.1. — Crystallographic parameters for the HS and LS states of Fe-
266
phen.

transition. The differences in the completeness and sharpness of the spin transition
is ascribed to different crystal qualities, the best quality obtained with the extraction
method.265’266’271

The crystal system is orthorhombic, and each unit cell contains two right- and
two left-handed enantiomers of the chiral Fe-phen molecule. The space group is Pbcn
and is independent of the spin state of the molecule.?%6 The lattice constants and the
volume of the unit cell is reported in Tab. 12.1 for both spin state. The volume of
the unit cell is found to decrease by about 5% upon spin transition from the HS to
the LS state.

In Fig. 12.2, we represent the stacking of the molecules along the b and c axes.
The molecular pattern along the b axis consists of the same molecule simply being
translated. The structure along the ¢ axis can be obtained by performing a glide
reflection (mirror plane perpendicular to the ¢ axis) together with a rotation of 7.
This configuration allows to have m—m interactions between the phenanthroline groups,
such as represented by dashed double arrows in Fig. 12.2. For the last dimension, the
b-c¢ plane is reproduced and translated by %a + %b.266’272

The prototypical Fe-phen molecule was chosen as the candidate molecule to in-
vestigate SCO at the single molecule level since (i) it has been well studied in the bulk
form, (ii) the low spin state is non-magnetic with a total spin S = 0, (iii) successful
sublimation was reported for this molecule.?”* The Fe-phen molecules for this work
were synthesized by Guillaume Rogez following the extraction-method procedure de-
scribed by Akabori et al.?™

12.2. Thermodynamics of spin-crossover complexes

12.2.1. Definition of the thermodynamic quantities
In this section, we are interested in a thermodynamic picture of spin crossover as it

helps to understand the effect of temperature, pressure and even magnetic field on
SCO complexes.
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12 Spin-crossover molecules

IC W =12

(o)

Figure 12.2. — Bulk structure of Fe-phen. The unit cell contains four
molecules and is repeated once along the b axis. The figure has been

created with VESTA?™ using the crystallographic data from Gallois et
l.266

As we will impose the temperature and the pressure applied onto the system, the
Gibbs free energy is the good thermodynamic quantity to use to predict the reaction
direction. In the present case, we let the system evolve between the HS and LS states,
and thus we are interested in the relative difference in Gibbs free energy:

AC:(jzp) :GHS(Tvp)_GLS(Tvp) =AH-TAS. (121)

AH and AS correspond to the variation of molar enthalpy and molar entropy,
respectively. The above formula is valid if one considers the molecules as independent
quantities (no cooperativity) and it follows that the thermodynamic stable state is
the one that has the lowest Gibbs free energy.

The variation of enthalpy between the HS and LS states originates mainly from
the energy difference between the lowest spin-orbit ligand-field states of the HS and LS
multiplet, respectively. In addition, there are intra- and inter-molecular vibrational
contributions but in a much lower proportion.?®7-27

AS refers to the difference in entropy between the HS and the LS states, and
can be also separated between electronic and vibrational contributions. The electronic
contribution originates from the electronic degeneracy that can be separated into spin
and orbital degeneracies. The spin degeneracy is expressed as:
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12.2 Thermodynamics of spin-crossover complexes

ASTP" = R[In (28 + 1) g — (25 +1) 4] (12.2)

So, for Fe?" in an octahedral symmetry with S =2 (S = 0) for the HS (LS) state,
ASSP™ s equal to 13.38 JK™' mol™*. In practice there is no orbital degeneracy as any
orbital degeneracy would be lifted by a symmetry reduction caused by the Jahn-Teller
distortion.?"®

Sorai and Seki?”” performed precised calorific measurements on Fe-phen, and

pointed out that the electronic contribution to the total entropy variation is only about
one third, and the remaining entropy variation arises from vibrational contributions
(with AS,;, > 0). Upon spin crossover, the metal-ligand bond lengths are modified
such that the phonon modes are changed and have different stretching frequencies. In
turn it explains the large spin-state dependence of the vibrational entropy.27 277

Both AH and AS are positive?7> 277280 guch that at T = 0K, AG = AH and
the LS state is thermodynamicaly preferred over the HS state. From Eq. 12.1, we
can see that when the temperature is increased, AG is reduced and can become zero
at Tyjp = AH[As referred to as the transition (or critical) temperature. At Ty, the
two spin states are equienergetic in terms of Gibbs free energy and thus have equal
probability to be populated. When the temperature is further increased, AG becomes
negative favoring the HS state. The T'AS term in Eq. 12.1 modulates the difference
in Gibbs free energy between the HS and LS states, and thus, the entropy is often
referred to as the driving force of the spin transition.?7® 278,279

12.2.2. Spin crossover in a crystal and cooperativity

When we consider spin crossover in a crystal, there is an additional entropy term
compared to Eq. 12.1, arising from a coexistence of HS and LS molecules in the
crystal. In addition, we recall that the spin crossover changes the volume of the unit
cell, such that a spin transition that occurs at a given position of the crystal can induce
the transition to its neighbor by elastic interactions. This elastic effect that can also
be seen as an internal pressure, is in general referred to as cooperativity.?8!:282

In 1972, Slichter and Drickamer?®® were the first to introduce an ad hoc cooper-
ative term I', as well as a mixing entropy term S,,;, in the Gibbs free energy G to
model SCO in solids. In addition, we define pgs (prs) the molar fraction of molecules
in the HS (LS) states in order to account for the possibility to have both spin states
into the crystal. The Gibbs free energy then reads:

G=prsGrs +pusGus —TSmiz +I'pus (1 -pus). (12.3)

The mixing entropy term has the following expression?8:

Smiz = —R(prsInprs + pusnpys). (12.4)
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Figure 12.3. — Proportion of high-spin molecule as a function of

temperature. The different temperature-dependent proportions of HS
molecules were calculated using Eq. 12.6 considering different values
for the cooperative term I'. We used AH = 8600Jmol™ and AH =
48.78 Jmol™' K™ corresponding to the enthalpy and entropy variation of
Fe-phen.?™"

We recall that AG = AH —TAS, and the energy origin can be chosen such that
Grs =0. Eq. 12.3 can then be expressed as:

AS
G =pusAH+I'pys (1 -pug)-RT I:pHS? -(1-pas)In(l-pus) - pus lanS] .
(12.5)

At a given temperature and pressure, the equilibrium of the system is reached
when (8G/8pHs)T’p =0, which allows us from Eq. 12.5 to have a correlation between
the temperature of the system and the molar fraction in the HS state pyg at the
equilibrium?78 279,283,

_ AH+P(1—2pHS)
Rm(kﬂ§)+AS'

PHS

T (12.6)

In Fig. 12.3, we calculated the proportion of HS molecules using Eq. 12.6 and
considering particular values for the cooperative term I'. We note that the transition
temperature, i.e. the temperature T/, = AH[As at which half of the molecules are
in their HS state, is independent of the cooperative term that is used. When no
cooperativity is considered, the population of HS is dictated by a smooth Gibbs-
Boltzmann statistic. When cooperativity is turned on, with I' < 2RT , corresponding
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to weak inter-molecular interactions, the transition is more abrupt than the previous
case, but still relatively smooth. For the special case of I' = 2RT} 5 the derivative
dT/dpys is zero at pgs = 0.5 and positive everywhere else. This leads to an abrupt
transition such as represented in blue in Fig. 12.3. For even larger inter-molecular
interactions, i.e. I' > 2RTy5, T = f(pus) presents two extrema, that should be
interpreted as the opening of a thermal hysteresis loop such as represented by dashed
green lines in Fig. 12.3.

The simple thermodynamic model developed by Slichter and Drickamer?®3 that
we just derived is very helpful to understand the temperature dependence of the HS
population. In 1974, Sorai and Seki expanded the model and considered nucleation
of SCO domains in the material.?”” Later, in 1982, Spiering et al.?8!:28* considered
the elastic energy coming from the interaction between the SCO complexes modeled
as rigid spheres.

More recently, and by means of ab initio calculations, Kepenekian et al.28%-286

have shown that in addition to elastic forces, there are huge contributions coming
from the Madelung field to the cooperative term. Their findings also reveal that the
electrostatic contributions arising from the crystal environment (i.e. Madelung field)
can stabilize the HS or the LS state of the molecule. Although they only consid-
ered internal electrostatic contributions, the concept can, in principle, be expanded

with external contributions (e.g. an applied electric field) to trigger the spin transi-
tion.287:288

12.3. Triggers

The thermodynamic model discussed in the previous section, helped to understand
the effect of temperature upon the spin transition. Using the same model, we can
foresee that pressure, electric and magnetic fields can also trigger the spin-crossover
phenomenon, provided that the correct ingredients are included in the Gibbs free
energy. In addition, the crossover can be induced by non-equilibrium processes oc-
curring for instance when the complexes are illuminated with light or X-rays. In the
following, we will review the different SCO triggers and when possible, present the
data for the Fe-phen molecule.

12.3.1. Temperature

Temperature is the historical SCO trigger?®® and remains the most common pertur-
bation to induce SCO.2%® Fe-phen molecules can be switched from a LS state at low
temperatures into a HS state when the temperature is increased above 176.3K.277
Shi et al.?™* have shown an interesting study where they sublimed Fe-phen in or-
der to make a 280 nm-thin-film Fe-phen sample. The magnetometry measurements
revealed that the spin transition curves, i.e. the HS proportion of molecules as a func-
tion of temperature, are very similar between the bulk (powder) and thin film (see
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Figure 12.4. — Magnetic susceptibility as a function of temperature for
bulk (empty square) and 280 nm-thin-film (full circle) Fe-phen.
The figure is taken from Ref. 274.

Fig. 12.4). Tt is, to my knowledge, the first observation of spin transition in sublimed
SCO molecules.

12.3.2. Pressure

In Sec. 12.2, we discussed about the origin of the difference in enthalpy A H, when the
system is at atmospheric pressure. If the pressure is different from its atmospheric
value, the work done by the pressure forces must be added to the variation of internal
energy U?™:

AH = AU + pAV. (12.7)

AV =Vgs-Vis > 0 represents the variation of volume upon transition from HS to LS.
We can note that AV can be approximated as independent of the pressure. Indeed,
Jeftic et al.?® carried out a study on [Fe(ptz)s|(PFg)2 and have estimated that the
pressure-induced variation of the metal-ligand bond length is » —6 x 107 A kbar™,
and thus negligible. In addition, they checked that the variation of the ligand field
with the pressure is negligible in comparison to pAV. Thus, when the pressure of the
system is increased, AH is increased as well, going towards the stabilization of the
LS state.

There are many studies reporting the influence of the pressure on SCO, and in
most of the cases the measurements consisted on acquiring different spin-transition
curves at different constant pressures.??0 294 The effect of the pressure is then directly
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Figure 12.5. — Spin-transition temperature as a function of applied

pressure for Fe-phen. The spin-transition curve exhibits a thermal hys-
teresis so that the upper (lower) fitted line corresponds to the increasing
(decreasing) spin-transition temperature. The figure is taken from 290.

read on the shift of the transition temperature T} /,. For Fe-phen, Bousseksou et al.
reported that the shift of T}/, with pressure is of (23.0 £ 0.4) K kbar™! (see Fig 12.5).

12.3.3. Magpnetic field

The susceptibility x of a paramagnetic ion given by the Curie’s law is?%® (in SI
units):

2
[onimg ¢ ¢
= — 12.8
X 3kpT ( )

with g the vacuum permeability, n the number of paramagnetic centers per unit
volume, mess = gup\/J(J +1) an effective magnetic moment per magnetic center,
kp the Boltzmann constant and T the temperature. In the presence of an exter-

nal magnetic field B = pgH, the corresponding variation of energy per unit volume
295,296
is?> =00

BQ
Ey(B)=-M.B=-x—. (12.9)
Ho

The magnetic susceptibility of the HS state x° > 0 is about two orders of
magnitude higher than in the LS state x©°.2% It results from Eq. 12.9 that the
application of an external magnetic field B favors the HS state of the SCO molecules
and E‘L/S can be neglected in comparison to E‘I}’ 9. The energy variation of the HS state
can be inserted into the Gibbs free energy G(pus,T) (Eq. 12.3) and leads t0?%:
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G(pus,T,B) = G(pus,T) + pusEX*(B), (12.10)

HS _ EIS(B) . _ .
where E°(B) = =~—=2 is the variation of energy per mole, with p,, the molar

om
density of the HS Fe-phen. pgyg is the proportion of molecules in the HS state.

Qi et al.?®® derived Eq. 12.10 and found that the transition temperature of a
SCO complex is shifted by:

Xm 2
B
HoA

ATl/Q = - (1211)

in the presence of an external magnetic field B. AS = Syg — Sps correspond to the
variation of entropy upon spin transition as discussed in the previous section and
Xm = X/pm the molar magnetic susceptibility. Thus the shift of the transition temper-
ature is quadratic with the external magnetic field, such has experimentally observed
by Lejay et al.?*” Moreover using an effective magnetic moment of m, ff ~9.2uB
for Fe-phen,?%® Eq. 12.11 predicts a spin-transition-temperature shift of ~0.119K at
B =5.5T for Fe-phen in good agreement with the experimentally observed shift of
-0.115K in a field of B = 5.5T.2%¢ Note that despite the relatively good agreement
between theory and experiments, the temperature shifts with reasonable magnetic
fields are very small.

Instead of looking at the influence of the transition temperature 77, on the ap-
plied magnetic field, Bousseksou et al.2%:2% have measured the variation of the HS
proportion of Fe-phen (pgys) when applying magnetic pulses of 32T (see Fig. 12.6).
Since the thermal spin transition is rather abrupt, and that the theoretical magnetic-
field-induced energy shift of the transition temperature is about 1.8K,?%® the tem-
perature of the powder sample was chosen to be on the ascending or descending part
of the thermal hysteresis. They have shown that the HS proportion of the molecules
can be increased upon application of an external magnetic field (see right panels in
Fig. 12.6). The HS-proportion increase is irreversible (reversible) when the sample’s
temperature is on the ascending (descending) part of the thermal hysteresis. They
attribute this difference to the kinetic barrier originating from cooperative effects re-
sponsible for the thermal hysteresis, and the limited effective transition temperature
shift compared to the hysteresis width of 1.2 K.

12.3.4. Light
12.3.4.1. Introduction

In 1982, McGravey and Lawthers’? reported on the first observation of laser-pulse-
induced transition from the singlet LS (1A4;) to the quintet HS (°T%) state of Fe?"
complexes in solution. The relaxation rate of the meta-stable HS state was in the
nano to microsecond timescale for temperatures between 220 to 320K. Latter, in
1984, Decurtins et al.3%! reported light-induced LS to HS transition on solid SCO

130



12.3 Triggers

T(K)
170 180 190
o 1.0
(a: TX) : : e
—w‘o_a
I t‘;_,___..—-—::; 107
o 106
I b 105
1 104
 — -
102
J jﬁ 4041
100
0 4 8 12 16 20 24 28 32
170 180 190 B(Teslas)
' i oo 110
b:T ) &
de- 108
il e =g
7¢ 10.6 P
[
b P ....«-—-—-—“‘""":.:::
E ‘ b 102
ofsessrosvessocnsesssressasereranse P -
‘ bbb A s AR |
0 4 8 12 16 20 24 28 32
B(Teslas)
Figure 12.6. — Effect of magnetic pulses on the HS proportion of

Fe-phen molecules. The upper (lower) panel reports on the magnetic
pulses effect on the increasing (decreasing) part of the thermal hysteresis.
The figure is taken from Ref. 290.

complexes. They have shown that the meta-stable HS state can have a lifetime of
several hours provided that the powder is cooled down below 50 K. Thus, at cryogenic
temperatures, the SCO system can be trapped into the HS state by application of
light, leading to the term: light-induced excited spin-state trapping (LIESST). Since
then, many studies have been carried out and the photo-switching mechanism seems
to be general to the Fe?" SCO complexes.??7-292:302

12.3.4.2. Mechanism

In Fig. 12.7 a simplified scheme of the Fe?" electronic states is represented. The
transitions from the singlet 'A4; (LS) ground state to the LTy or to the 'T, states
can be achieved by application of light with an adequate energy. These exited states
exhibit a fast relaxation to the triplet T} state, that in turn can relax either to the
1A, (LS) ground state or to the °T, (HS) metastable state. Radiative relaxation from
the °Ty (HS) to the ' A; (LS) state is forbidden and thus explains the long lifetime of
the metastable HS state at low temperatures.
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—> Energy

—> FFe-N

Figure 12.7. — Scheme of the electronic states of a Fe®>T ion of a SCO
complex. The 'A; (°T:) state corresponds to the LS (HS) state. The
figure is taken from Ref. 257.

The reverse effect, i.e. light-induced population of the LS state from the trapped
HS metastable state is also possible®® and referred to as reverse LIESST. In this
case, the absorption of a photon with an adequate energy can induce the transition
from the T (HS) to the °E state that eventually relaxes into the ' A; (LS) state. We
note that, while LIESST can induce a complete conversion of the SCO system from
LS to HS state, the reverse LIESST can only induce partial transition from HS to LS
state. Indeed, there is a spectral overlap between the °T, —° E transitions and the
spin forbidden transitions: 'A; -3 Ty and 'A4; -3 Tb.

The above described mechanism can be different if the metal-ligand charge trans-
fer (MLCT) states have similar energies than the ligand-field states, which is typi-
cally the case when the ligands have extended 7-systems.?’? The LS to HS transition
would then occur through the singlet !MLCT and triplet 3MLCT states within some
picoseconds.3%4 312

12.3.4.3. Relaxation and LIESST

The relaxation from the metastable HS to the LS state is accompanied by changes in
the metal-ligand distances of the SCO complex. Intermediate metal-ligand distances
are more energetic for the system and thus represent an energy barrier to overcome for
spin transition. When the temperature of the system is sufficiently low, only tunneling
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Figure 12.8. - Relaxation model. a, Energy potential well of the

HS and LS states. The Q coordinate is related to the metal-
ligand distance. b, HS-to-LS relaxation rate as a function of in-
verse temperature for different SCO complexes: [Zn:Fe(ptz)s|(BF4)2
(filled diamonds), [Mn:Fe(pic)s|CloEtOH (filled upside down tri-
angle), (open up- side down triangle) [Fe(pic)s]CloEtOH %3
[Zn:Fe(mepy)stren|(PF¢)2 (filled squares), [Zn:Fe(py)stren|(PFg)2 (filled
triangles), [Mn:Fe(bpy)stren|(PFe)2 (filled circles).?'%3!'" The figure is
adapted from Ref. 302.

through the barrier can lead to a relaxation to the LS state, and consequently the
light-induced HS metastable can have a relatively long lifetime, typically tens of hours.
Buhks et al.3%:313 developed a theory in which they describe the HS-to-LS relaxation
by a radiationless nonadiabatic multiphonon process.

If the temperature is sufficiently low, typically below ~ 40K, such that only the
HS vibrational ground state is occupied, the relaxation rate is given by.302

21
kus-vs (T - O) = %51%15_>Ls| (Xn|XO) |2v (12-12)

where hw represents the vibrational quanta, Sps_rs = (Prs|Hso|Pus) is the electronic
coupling matrix element of the LS (®rs) and HS (®ys) electronic wave functions
by the spin orbit coupling.>*? |{x,|xo)|* is the Franck-Condon factor given by the
overlap of the vibrational functions of the n'* (ground) vibrational state of the LS
(HS) state, where n = AEY, /hw corresponds to the zero-point energy difference (see
Fig. 12.8a). The model assumes similar harmonic potential for the HS and LS state.
The relaxation rate kps_rs (T — 0) that we find, is independent of the temperature.

When the temperature is increased, the population of HS vibrational levels
evolves, and the Franck-Condon factor becomes temperature dependent:

Xm | <Xm+n|Xm> |2emhw/kBT

hw/kpT ’
Zon e helke

Fo(T) = (12.13)
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so as the relaxation rate:

2
kus-vrs (T') = %ﬁﬁsﬁLan(T) (12.14)

At sufficiently low temperatures, the HS-to-LS relaxation rate kys_rs is temperature
independent, and leads to the plateau at the right of Fig. 12.8b. When the temper-
ature is increased, additional vibrational levels of the HS state are occupied leading
to a temperature-dependent relaxation rate. Since (i) the HS excited vibrational
levels have better overlap with vibrational levels of the LS state and (ii) the num-
ber of possible transitions is increased, the relaxation rate increases with increasing
temperatures.

The magnitude of the relaxation rate highly depends on the investigated complex.
For instance, in Fig 12.8b, in the low temperature regime kys_ps ranges from 1076571
to 10%s7! depending on SCO complex under consideration. A different number of
parameters can have an impact on the relaxation rate, such as the hapticity (describes
the coordination of a ligand to a metal center) of the ligands that can modify the height
of the energetic barrier between the HS and the LS state, as well as the transition
temperature 775 of the SCO complex that is directly linked to the energy difference
between the potential wells of the HS and LS state n = AEY; /hw. Note that in this
model, we neglected any influence from cooperative effects between the molecules. If
one wishes to include them, the relaxation rate kys_rs(7, pus) will not only depend
on the temperature, but also on the HS proportion (pyg).28? 318319

At low temperatures, the HS-to-LS relaxation rate can be low enough so that
the light-induced metastable HS state has a sufficiently long lifetime to be observed
without pump-probe techniques. The HS metastable state is considered as trapped,
and leads to the term light-induced excited spin-state trapping (LIESST). In some
cases, the trapping is so efficient that the only way to relax in an acceptable timescale
is to increase the temperature of the system, and thus to increase the relaxation rate
as described in the above discussion. For a system prepared in the HS metastable
state at low temperature, Ty gpsst defines the temperature at which the light-induced
effect is erased. Moreover, since the definition of T1,1gssT can depend to experimental
parameters, e.g. the sweeping rate of the temperature, Létard et al. developed a
procedure to unambiguously determine TrigssT. 519320

There is a general wish in the community to find complexes with the highest
TiigssT, i-e. TiessT > room temperature.®'? 321 Indeed, for temperatures lower than
TriessT, the spin transition can be triggered by light through the LIESST and reverse-
LIESST effects. This represent an interesting aspects for application perspective
provided that T71gssT is close enough to room temperature. Since the HS-to-LS
relaxation rate kuys-1s depends on the transition temperature 7' ;, as well as on the
hapticity of the ligands, T1,1gssT depends on the same parameters. For SCO complexes
of same halipticity number, the T gssT temperature is inversely proportional to the
transition temperature T} /2.319’320 Nowadays, the record of T1gssT temperature is
145 K319:322 obtained for Nag 37Colls, [Fe™ (CN)glo so[Fe!’ (CN)go.1104.8HoO, which
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Figure 12.9. — Photoexcitation of Fe-phen at 100 K. a, Proportion of
HS molecules as a function of time, with and without light irradiation.
b, Impact of the laser-light intensity on the proportion of HS molecules.
The figure is taken from Ref. 325.

is still well below room temperature. An alternative is to trigger the spin transition
with light within the thermal hysteresis, taking benefit of the long lifetime of HS and
LS due to cooperativity.323:324

12.3.4.4. LIESST on Fe-phen

In the precedent parts, we have seen the principle of light-induced transition from LS
to HS state, as well as the relaxation process of the metastable HS state. Here, we
intend to illustrate these principles in the case of the Fe-phen molecule.

Kato et al.>?> have realized a nice experiment in which they monitor the pro-
portion of Fe-phen molecules in the HS state as a function of time. In addition, a
532-nm-laser light with variable intensity is directed onto the molecules and can be
switched on or off. In Fig. 12.9a, we can see the evolution of the HS proportion as
a function of time acquired at 100 K while the laser light is alternatively switched on
and off. In the absence of light, at the origin of time, the Fe-phen molecules are in
their LS state. When the laser is turned on, there is about 60 % of the molecules
that switch into the HS state within approximately 10 seconds. The proportion of
HS molecules stays constant as long as the photo-excitation is maintained reflecting
an equilibrium between the continuous light-induced excitation and the HS-to-LS re-
laxation. The HS proportion decreases to zero within 10 seconds once the laser is
switched off.

In Fig. 12.9b, the influence of the light intensity on the proportion of HS
molecules is represented. A threshold intensity of about 6 mW mm™2 is necessary to
observe the photoexcitation. Kato et al.3?® suggest that the presence of the thresh-
old is due to cooperativity effects. The proportion of HS molecules then increases
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Figure 12.10. — LIESST on Fe-phen. Magnetic susceptibility representing
the proportion of HS molecules as a function of temperature with and
without light irradiation. Light irradiation was performed at 10 (triangle)
and 30 K (square) on a sample with molecules in the LS state. The photo-
induced HS molecule relaxes into the LS state when increasing the sample
temperature above 62 K. In the inset, the proportion of HS molecules as

a function of time at a temperature of 30 K. The figure is adapted from
Ref. 268.

porportionaly to the laser intensity, and can reach about 80% for a laser intensity of
20 mW mm~2.

When the temperature is decreased below T11gssT, the metastable HS state is
trapped with a long lifetime.?2% Marchivie et al.2%® irradiated a single Fe-phen crystal
at 10 and 30 K with an intensity of 0.05 mW mm ™2 (Fig. 12.10). At both temperatures,
the irradiation led to a successful LS-to-HS transition with a laser intensity lower than
the 6 mW mm™2 threshold found by Kato et al.>?> The difference comes from the very
low HS-to-LS relaxation rate in the present case that can be neglected in front of the
photo-induced-transition rate. In the inset of Fig. 12.10, we can see the HS-to-LS
decay at 30 K once the laser irradiation is switched off. The metastable HS-state
lifetime is of the order of tens of hours. In order to reset the sample in a reasonable

timescale, i.e. a sample without HS molecules, one need to increase it’s temperature
above TLIESST =62 K.268’320

The study of Marchivie et al.?®® also revealed the photo-induced HS state (re-
ferred to as HS-2) is different from the thermal-induced HS state (HS-1). The differ-
ence mainly lies in the Fe-N bond lengths and the volume of the unit cell while the
distortion parameter seems unaffected.
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12.3.5. X-rays

In 1997 Collison et al.?5" observed an effect similar to LIESST: the trapping of
metastable HS molecules induced by soft X-rays, leading to the term soft X-ray in-
duced excited spin-state trapping (SOXIESST). However, the experiment is different
from the previous one since the excitation is produced by the X-rays needed for spin-
state detection. In order to clarify the things, we will first present how one can read
the spin state of the molecules with X-rays and in a second part, we will discuss about
the dynamic of the SOXIESST effect.

In 1992, Cartier Dit Moulin et al.3?" observed that, for Fe?™ SCO complexes,
the spin state of the molecules can be read via X-ray absorption spectroscopy (XAS)
measurements performed at the L edges of Fe. Indeed, the L-edge XAS is sensitive
to the unoccupied density of states that differs from the HS to the LS state. The
difference is mainly visible at the Fe L3 edge where the main peak shifts by about
1.5eV toward higher energies when going from HS to LS state.?67:280:327-334 T, pig,
12.11a, we present Fe L edge XAS spectra of Fe-phen molecules in the LS and in
the HS state, that we acquired on a Fe-phen powder sample on DEIMOS beamline
(synchrotron SOLEIL).!34,135,333
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Figure 12.11. — XAS on the Fe L edge of Fe-phen powder. a, LS

and HS reference spectra acquired at 100 and 300K, respectively. b,
XAS spectrum acquired at 30 K where a proportion of molecules are in
the metastable HS state due to the X-rays. The experimental spectrum
can be reproduced by a linear combination of the LS and HS reference
spectra (22 % LS and 78 % HS) that allows to extract the proportion of
HS molecules: 78 %. See Refs. 280,333 for more details.

One can observe intermediate spectra when the molecules are excited (see Fig.
12.11b). We have shown that these spectra can be reproduced by the sum of HS-
and LS-reference spectra with adequate weighting. In turn, the weighting coefficients
allows us to extract the proportion of molecules that are in the LS and in the HS
state.3317333  The proportion of HS molecules can thus be directly read from the
Fe L-edge XAS spectrum provided that we have clear HS and LS references. The
detection technique is very powerful, but one needs to constantly check the integrity
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Figure 12.12. — SOXIESST dynamic of Fe-phen powder at differ-

ent temperatures and different photon flux. We can observe that
for a given photon flux, the lower the temperature, the higher the fi-
nal proportion of HS molecules. Additionally, for identical temperatures,
the HS population is slower when the photon flux is reduced. Every
dynamics were fitted with Eq. 12.15 and are represented in solid lines.
Ip = 6.1 x 10® photons/s/mm?, see Refs. 280,333 for more details.

of the molecules since the X-rays can damage the molecules.?67328:333 Thjis is done
be checking the reproducibility of the LS- and HS-reference spectra over time.

Thanks to recent experimental improvements on beamline DEIMOS, 34135 we
were able to measure a XAS spectrum within one minute instead of about 20 minutes,
allowing us to perform slow dynamic studies. For a fixed temperature, we have studied
the evolution of the proportion of HS Fe-phen molecules as a function of time (see Fig
12.12a). We note that the saturation value depends on the measurement temperature
and on the photon intensity. The time needed to reach the saturation value is of
the order of thousands of seconds. The data can be fitted by the following mono-
exponential function?3333;

PHS = Tt Eo [1-exp (- (k1 +k2)t)] (12.15)

derived from the following master equation:

dpus
dt

= k1 (1 - pus) — k2pus. (12.16)

k1 represents the soft X-ray-excitation-induced transition rate and k, the temperature-
dependent relaxation rate from the HS to the LS state. The fit of the experimental
data with Eq. 12.15 allows to extract k1 and ko, and the thermal evolution of the
relaxation rate is discussed in detail in Ref. 333.
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The origin of the X-ray-induced transition remains unknown. We verified that
SOXIESST is a non-resonant excitation process by irradiating the sample at different
photon energies before measuring successive spectra at the L3 edge, suggesting a
different mechanism than LIESST. Moreover, the secondary electrons of the photo-
absorption process have energy of a few eV compatible with the transitions present
in LIESST, and thus may be the SCO trigger.

Note that Vanko et al.33® reported that the SCO can also be induced by more
energetic hard X-rays.

12.3.6. Electric field and current

We have seen in Sec. 12.2.2, that the electrostatic contributions arising from the
crystal environment can have a crucial role for the cooperativity. Kepenekian et
al.285:286 have shown that the crystal field can stabilize a given spin state. From
these findings, one can speculate that an external electric field can possibly favor a
given spin state, and thus induce a spin transition. However, due to experimental
limitations, the application of an external electric field is often associated with a flow
of electrons. Those electrons have typically an energy of about 1€V, if injected through
a tunnel barrier, and thus can possibly induce a spin transition with a mechanism
similar to the photo-excitation. Since it is experimentally not always possible to
distinguish between electric-field- and current-induced transitions, both triggers are
presented here separated in two parts: SCO complexes placed in a device or onto a
surface.

12.3.6.1. SCO molecular junctions

At first, the theoretical work performed by Baadji et al.33¢ is of great importance.
They pointed out that, in general, the HS and LS states of a molecule may have
different polarizabilities and eventually different permanent electrical dipoles. An
external electric field would then modify the relative energy difference between the
two spin states, and eventually induce a spin crossover. They then performed an ab
initio DF'T study on polar magnetic molecules and have shown that electric field of
about 1.5 Vnm™ can favor the triplet to the singlet state. In turn, they showed that if
the molecule is sandwiched between two gold electrodes, the critical electric field can
be reached with an applied bias of about 1V, which is experimentally accessible.

Draghetti and Sanvito*” performed a similar theoretical work on a Co-dioxolene

complex, which exhibit valence tautomeric interconversion.?*® The effect is somewhat
similar to SCO but the spin state transition is accompanied with (or due to) the change
of the oxidation state of the metallic cation. They have shown that an electric field of
0.5Vnm™! is sufficient to drift the transition temperature by about 100 K, and that
the direction of the electric field determines the favored spin- and thus oxidation-state
configuration.

Later, in 2012, Baadji and Sanvito®*° calculated the transport properties on
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Figure 12.13. — I-V characteristics on a single nanoparticle. a, Current-
voltage curve acquired at low temperature (T = 10 K) on Fe-based SCO
nanoparticles bridged between two 1nm-width gold electrodes. b, Same
measurements performed at 7' = 340 K on a single nanoparticle sandwiched
between two 100 nm-width gold electrodes. In both panels, we observe a
conductance jump ascribed by the authors to a transition from the LS to
the HS state when increasing the voltage. The figure is taken from Ref.
341.

the [FeLo]?" (L=2,2":6,2"-terpyridine) SCO complex attached to two gold electrodes.
They observed a relative variation of the resistance up to 3000% when the spin state
of the molecule is changed. These findings are really important since it predicts that
the spin state of a SCO molecule can, in principle, be electrically detected. Moreover,
the huge relative variation of the resistance makes SCO complexes good candidates
for applications. Some interesting reviews on SCO transport properties can be found
in Refs. 259-261, 340.

Concerning the experimental reports, Prins et al.**! reported in 2011, the possi-

bility to electrically address the spin state of a SCO nanoparticle. The nanoparticle
is composed of a SCO [Fe(trz)3(BFy4)2| (trz = triazole) core coated with a surfactant
shell, with a total diameter about 11 nm. The latter is placed in between two gold
electrodes and the I-V characteristics revealed conductance jumps at low and room
temperature (see Fig. 12.13a-b), ascribed to a transition from a low-conductance
LS state at low voltages to a high-conductance HS state at higher voltages. How-
ever, the origin of the spin-state transition could not be experimentally determined.
Note that conductance measurements performed by Rotaru et al.3*%3%3 on a similar
complex [Fe(Htrz)s(trz)|(BFy) (Htrz = 1H-1,2,4-triazole) revealed a high (low) con-
ductance state for the LS (HS) molecules, and thus the conductance and spin-state
correspondence is not straightforward.

Osorio et al.?** in 2010 constructed a three-terminal device with two molecules
of [Mn(terpy-O-(CHz)g-SAc)s]?" in between two gold electrodes. By varying the
gate-voltage, they could reduce the terpyridine moiety. The resulting strengthened
ligand field in turn favored a LS state of the Mn ion. In 2011, Meded et al.287340
investigated a single molecule of [Fe!!(bpp)s|?* [bpp: 2, 6-bis(pyrazol-1-yl) pyridine]
in a combined theoretical and experimental study. On one hand, the ab initio DFT
calculations showed that the molecule with two extra electrons favors a HS state
configuration. On the other hand, three-terminal transport measurements through
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Figure 12.14. — STM topographies revealing spin transition of SCO
complexes. a, Topography of a 14nm wide area. The second-layer
molecules appear in yellowish and are prepared in the LS state. The
tip is afterward positioned on top of the red dot. b, Topography of the
same location than a but recorded after a voltage pulse. The brighter
molecules correspond to molecules switched into the HS state. Selective
reverse switching can be performed by placing the tip on top of a HS
molecule (e.g. the encircled HS molecule) and increasing the tunneling
current to 0.5nA with a voltage of 1.8V for about 0.5s. The topography
acquired afterwards is presented in ¢ where the encircled molecule is now
in the LS state. The figure is taken from Ref. 347.

a single molecule show indication of a spin transition induced by the gate-voltage-
controlled charging of the ligands. Note that in the above two examples, the electric
field has an indirect role on the spin-state of the central cation.

12.3.6.2. SCO molecules on surfaces

SCO molecules on surfaces are of great interest for future applications, since it allows
for down-scaling the systems. Scanning tunneling microscope (STM) is probably the
best suited equipment to investigate these systems, since it allows for probing electrical
properties of selected single molecules and eventually induce a spin transition with
the help of the tunneling electrons or the electric field produced by the tip.

In 2009, Alam et al.3*%3%6  reported a room temperature STM investigation
of SCO complexes on a highly-oriented pyrolytic graphite (HOPG) surface. Sin-
gle molecules or clusters composed of two to three molecules form 1D-chain struc-
ture, and current-imaging tunneling spectroscopy (CITS) measurements revealed two
conductance states for the beads. They ascribed the low- and high-conductance
states to HS and LS states, respectively. In addition, the conductance state of some
molecules/clusters appeared to switch between successive CITS maps.

There is also a very nice study performed by Gopakumar et al.**” concomitant
with the study we will present in the next chapters. They sublimated two mono-
layers or [Fe(bpz)s(phen)| (phen=1,10-phenanthroline, bpz=dihydrobis(pyrazolyl)-
borate) on a Au(111) substrate. The spin state of the molecules could be determined
by the presence (HS) or absence (LS) of a Kondo resonance in the scanning tunnel-
ing spectroscopy (STS) spectra. Furthermore, if the molecules are initially in the LS
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state, they were able to switch a proportion of the molecules into the HS state by
application of a voltage pulse of 3V (see Fig 12.14). On the next topography, the
HS molecules appear by 2A4A higher. The selective reverse transition was also
possible by increasing the tunneling current with a voltage V' > 1.5V. Since the time
needed for the HS-to-LS transition is inversely proportional to the current, the authors
suggest that the transition mechanism involves charge injection into the unoccupied
orbitals.

Zhang et al.**® performed an alternative original study. They used the electric
field to control the electric polarization of the ferroelectric substrate, and observed
evidence of spin transition in the [Fe(HoB(pz)2)2(bipy)] thin film deposited on top.

12.4. Technological applications

We have seen that different physical triggers can induce spin transition. Moreover,
each spin state of a SCO complex has given optical, magnetic and electrical properties.
The various spin-state-dependent properties that can be addressed by various stimuli
make SCO complexes promising candidates for technological applications. Some of
these applications are discussed in interesting reviews3** 35! and we will present few
of the potential applications in the following.

Information storage

Molecular-memory unit out of a single molecule or out of a limited number of molecules
are appealing since it would allow increasing the actual memory density. Molecular
candidates have to present distinct switchable and readable states, robust against un-
controlled external perturbations from the environment, and the information has to
remain over time in the absence of the trigger. The switchable states of the molecules
can be of different origins: charge storage, conformational or positional shifting and
physical transformation.3°% 352

SCO complexes are very interesting in respect to the various possibilities to read
the spin state (optical, magnetic or electric reading) as well as the different possibilities
to write the information. However, a single isolated SCO molecule is impractical since
the spin transition follows a Boltzmann approach, and the information would be erased
as soon as the trigger is turned off. Consequently, if one wish to obtain a memory
device out of SCO complexes, one need to look for SCO complexes with a hysteresis
effect.3? Nowadays, it is possible to synthesize SCO molecules exhibiting thermal
hysteresis of about 40 K close to room temperature (e.g. Fe(Htrz)s(trz)](BF,)3*?) by
increasing the inter-molecular interactions, and thus making SCO complexes suitable
for memory applications.?>3

An alternative application has been proposed by Mahfoud et al.?** where the

transition is irreversible. They sublimed a thin film of [Fe(HB(pz)s3)2] on a gold
substrate and observe an irreversible conductance drop during the first heating as-
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sociated to a phase change. They proposed to exploit this two orders of magnitude
conductance drop to build read-only memories.

Temperature and pressure sensors

The SCO is usually accompanied by a pronounced thermochromism that has been
used for thermochromic paints.?*®3% Moreover, when SCO molecules switch their
spin state as a consequence of a temperature or pressure variation, the result can be
easily read from the color of the complex. By chemically tuning the SCO molecules,
one can in principle, chose the transition temperature or (high) pressure. Their color
would then change if the temperature or the pressure cross a given threshold value,
making them suitable for sensors.

One could also use the synergy between the spin transition and a dehydration-re-
hydration process, observed in some cases in polymeric SCO systems®*® such as [Fe-
(hyetrz)s|(anion)2e3H20 [hyetrz=4-(2’-hydroxyethyl)-1,2,4-triazole, anion = 3-nitro-
phenylsulfonate].3” The first spin transition from LS to HS occurs around 370 K and
is associated with a dehydration process. The inverse transition is only possible if
the sample is cooled below approximately 100 K. Such compounds are interesting for
threshold-temperature sensors with a memory.

Display devices

The thermochromism properties of SCO complexes can be employed to realize SCO-
based display devices. Kahn and Martinez**° have presented the principle of such
devices: they suggest using a matrix of resistive dots on an alumina substrate. Elec-
trodes are arranged in rows and columns, which allow addressing a given resistive
dot. A layer of SCO complexes is then deposited on top of the resistive-dot matrix,
ideally using an ink consisting of the SCO material and a resin that would protect the
SCO complexes against the environment. When a given resistive dot is addressed, it
locally increases the temperature, and eventually induce a spin transition of the SCO
material located on top of the dot if the temperature exceed T/, 1. In turn, the SCO
material on top of the dot, that represents a single pixel, changes its color.

If one use a SCO material with a thermal hysteresis, the pixel information remains
even when the resistive dot is turned off. To erase the pixel, one can activate a Peltier
element to decrease the temperature below 7/, |. The principle is presented in Fig.
12.15. A similar prototype device can be found in Ref. 350.

Micro actuator
The SCO phenomenon is accompanied by a variation of the unit-cell volume of about

5% to 10 %, which gives potential to SCO complexes to transform different forms of
energy (thermal, electric, light, ...) into motion.?! Shepherd et al.?*® designed and
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Figure 12.15. — Principle of a SCO-based display. Electrodes and re-
sistive dots are printed onto an alumina substrate. The resistive dots
can be addressed through columns and rows (top). The SCO molecules
are deposited on top, ideally by using a screen-printing technology, and
mixed with a resin that protect the SCO complexes against the environ-
ment (bottom left). When a current pass through a given resistive dot,
the temperature is locally increased above 775 1 inducing a color change
of the molecules (bottom right). The new color remains as long as the
temperature stays within the thermal hysteresis loop. To erase, Peltier
elements can locally lower the temperature below 77/, |. The figure is
taken from Ref. 349.

constructed a micro actuator based on SCO materials, and monitored micrometer
motion upon thermal- and light-induced SCO (see Fig. 12.16). The bilayer stip they
developed is composed of a layer of inert material and a layer of SCO molecules. By
selecting adequate SCO materials, and an inert metal layer with an adequate strain,
one can possibly tune the amplitude of the SCO-based actuator.

Based on their findings, we propose to use the bilayer strip in the three following
situations:

e Cryogenic environment
e Electric protection
e Photo detection

In cryogenic environments in which one wish to reach sub-Kelvin temperatures,
the sub-Kelvin part must be efficiently shielded and thermally decoupled from the
room-temperature environment. A liquid-helium tank that is separated by high vac-
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12.4 Technological applications

Inert metal layer ’ 4

SCO crystal

Figure 12.16. - SCO-based cantilever prototype. (Top) Bilayer
strip composed of a thin film of aluminum and the SCO complex
Fe(3-CNpyridine)[Au(CN)z|202/3H20. (Bottom) Highlight of the SCO-
induced actuation of the bilayer cantilever by optical microscopy image.
The figure is taken from Ref. 351.

uum from the sub-Kelvin element usually performs the thermal shielding. On one
hand the thermal decoupling ensure that the sub-Kelvin element does not thermalize
with liquid-helium tank, on the other hand it drastically increase the time needed to
cool down the sub-Kelvin element from room temperature. This problem could be
solved by using SCO-based strips with high thermal conductivity that would connect
the sub-Kelvin element to the liquid-helium tank, ensuring a fast cooling process of
the sub-Kelvin process. When the temperature would reach a value slightly above
liquid-helium temperature, the SCO would switch and suppress the thermal contact,
restoring the good thermal decoupling of the sub-Kelvin element.

Many scientists are working on the miniaturization of the electronic components.
Another challenging task is to extract the heat produced by these nanometric com-
ponents that can eventually damage the circuits. A possibility to protect the circuit
against overheat would be to use a conductive bilayer strip to bring the current to
the chip. If the temperature of the chip and strip increases above a given threshold,
the SCO complexes switch and remove the electrical contact to the chip, protecting
the later from overheating.

Most if not all the photodetector sensors are based on photodiodes. The light is
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12 Spin-crossover molecules

absorbed and converted into an electric signal. However, the photodiode surface must
be large enough to have a detectable electronic signal. Moreover the photodiode are
usually operated in photoconductive mode that gives rise to dark current, i.e. the
current that pass through the photodiode in the absence of light. One may use SCO-
based strips, downsizable to nanometer scale, to detect light. The light, if present,
would induce a spin transition that would move the strip such that it can close an
electric circuit, the “ON state”. In absence of light, the electronic is open and in the
“OFF state”.
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Growth of Fe(phen),(NCS),

In the previous chapter, I presented different properties and different triggers for SCO
molecules in their bulk form. Crafting SCO (ultra-)thin films would allow to build
SCO-based devices and would help answering the following questions:

e How does the size/dimension of the SCO system affect its properties? Indeed,
when the size of the SCO system decreases, the surface to bulk ratio increases,
and one may have to consider surface energy terms, that may eventually favor
a HS instead of a LS state.

e How does the molecule-substrate interface influence the physical properties of
the future SCO-based electronic devices. Does the molecule-substrate interac-
tions prevent the switching of the SCO complex? Moreover, we have seen that
inter-molecular interactions, referred to as cooperativity, allow one to have a
homogeneous spin state in the system. We might be wondering on how the
molecule-substrate interaction affects the cooperativity, and thus the spin-state
homogeneity.

e How do the properties of the SCO complex evolve in the lower limit of a single
molecule?

13.1. Realizing SCO films

A lot of efforts have been performed to deposit SCO complexes on surfaces using
different techniques:

Langmuir-Blodgett Langmuir-Blodgett films can be realized by transferring a single
layer of molecules from a liquid-air interface onto a surface. In 1988, Ruaudel-
Teixier et al.3%® were the first to realize Langmuir-Blodgett SCO films using an
amphiphilic derivative of Fe-phen. Many other SCO films have been realized us-
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13 Growth of Fe(phen)2(NCS)2

ing Langmuir-Blodgett-based deposition?40:369:361 hut the serious disadvantage

of the technique is the requirement of amphiphilic molecules.

Surface-assisted molecular self-assembly For this technique, there is an alternate
deposition of cations and anions that leads to the formation of a three-dimensional
spin-crossover coordination polymer.?40:362 The advantage of this technique is
the purity of the film (no amphiphile) but it drastically reduces the choice of
SCO molecules.

Drop casting Drop cast of a solution on a substrate leaving the SCO molecules on the
surface when the solvent evaporates.?40:345:363,364 Thig very simple technique
leads to non-uniform films with almost no control on the thickness. Moreover,
the purity of the sample is questionable since the solvents can be retained in
the thin film.

Spin coating Dropping a solution containing SCO complexes on a spinning substrate
increases the uniformity and the control of the final film thickness.34%: 365,366
However, traces of solvents can still remain in the film and there is usually a
lack of molecular order inherent to the technique.?¢”

Thermal sublimation Subliming SCO complexes in (ultra-high) vacuum allows the
in situ realization of solvent- and contamination-free thin films with an accurate
control of the thickness.

It results that thermal sublimation is the most suitable technique to perform ultra-
thin films and to work at the single molecule level. However, thermal sublimation
drastically limits the number of SCO candidates, since the molecules should be of low
molecular weight, thermally stable, neutral and should not include solvent molecules
in the molecular lattice.?5Y Intuitively, thermal stability is the most difficult point
to fulfill. Indeed, the delicate coordinate covalent bonds between the metallic ion
and the ligands, whose lengths are affected upon spin transition, may not sustain the
temperature required for sublimation. To the best of my knowledge, only six SCO
complexes are reported to be sublimable:

e Fe(phen)y(NCS), (with phen = 1,10-phenanthroline)?74:288, 331,368

o Fe(HyB(pz)2)2(phen) (with HoB(pz)s = bis(hydrido)bis(1H-pyrazol-1-yl)borate
and phen = 9,10-phenanthroline)347 3697371

e Fe(HoB(pz)2)2(bipy) (with HoB(pz)2 = bis(hydrido)bis(1H-pyrazol-1-yl)borate
and bipy = 2,20- bipyridine)334’369’370’3727373

e Fe(HB(pz)3)2 (with pz = pyrazolyl)3>*

e Fe(NCS),L (L: 1-6-[1,1-di(pyridin-2-yl)ethyl]- pyridin-2-yl-N,N-dimethylmethan-
amine)332

e Fe{[MeyPyrz|3BH}s (Me = Methyl and Pyrz = Pyrazolyl)?%°

The realization of a 250 nm Fe-phen thin film by thermal sublimation reported by Shi
et al.?™ in 2009 represents the first successful sublimation of SCO complexes. There
were no other SCO complexes known to be sublimable at the time I started the SCO
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13.2 Fe-phen growth on a Cu(100) substrate

study, and it thus partially explains the choice of Fe-phen as the SCO candidate for
the ultra-thin film and single-molecule investigations that I will present. I would like
to note that the fragility of the SCO complexes is a serious limitation for thermal
sublimation, and demands us to check the integrity of the molecules once deposited
onto the surface.

Concerning the substrate, most of the investigations were carried out using cop-
per single crystals since they are conducting, can be relatively well cleaned in UHV
environment and present large atomically flat terraces. In the following, I will de-
scribe the growth of Fe-phen molecules from single molecules to ultra-thin films on
copper substrates with (100) and (111) surfaces.

13.2. Fe-phen growth on a Cu(100) substrate

A lot of efforts have been carried out to find the appropriate sublimation parameters,
which are summarized in Sec. 6.1.3. We were then able to precisely control the
deposited thickness of molecules such as to obtain samples with submonolayer Fe-
phen coverage. Fig. 13.1a display a high-quality STM topography of isolated Fe-
phen molecules on Cu(100). Each molecule shows two lobes (see for instance the
single molecule encircled in Fig. 13.1a). Because of the strong affinity of S to the
Cu substrate, the NCS groups bind to the substrate and the two phen groups point
upwards as depicted in Fig. 13.1b. The two phen groups of a single molecule are
seen as two lobes on the STM topography. In addition, the molecules adsorb along
two different axes differing by 90° reflecting the underlying 4-fold symmetry of the
substrate.

o &
Cu(100)

Figure 13.1. — Isolated molecules on Cu(100). a, Topography of single
Fe-phen on Cu(100). A single Fe-phen molecule appears as two bright
lobes corresponding to its two phenanthroline groups. A single molecule
is encircled for clarity. Image size is 17nm x 8.5nm (V=30mV,[=2nA).
b, Model of a single Fe-phen on top of Cu schematizing the adsorption
geometry of the single molecules.

Figures 13.2a-d display medium-scale topographies of Fe-phen on Cu(100) with
coverages ranging from 0.1 to 1.8 monolayers (ML) and indicate a layer-by-layer
(Frank-van der Merwe) growth mode. As previously mentioned (13.1), the molecules
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13 Growth of Fe(phen)2(NCS)2

Figure 13.2. — Layer-by-layer growth of Fe-phen on Cu(100). STM to-
pographies of Fe-phen on Cu(100) at different coverages. We can observe
that the molecules are rather isolated at sub-ML coverages of a, 0.1 ML
(V=0.1V,I=1.1nA) and b, 0.4 ML (V=1.0V,I=15pA), while they form
molecular clusters at a higher coverage of ¢, 1.4 ML (V=1.0V,[=250 pA).
When the coverage if further increased to d, 1.8 ML (V=1.8 V,I=100pA),
the molecules form short-range-ordered structures. The blueish (yel-
lowish) areas represent a-b the Cu substrate (first-ML molecules) or
c-d the first-ML molecules (second-ML molecules). Images sizes are
40nm x 40 nm.

are rather isolated for a low Fe-phen coverage of 0.1 ML (Fig 13.2a). Increasing the
Fe-phen coverage to 0.4 ML (Fig. 13.2b) does not change the situation as we observe
only very little clustering inherent to the occupation of the surface by the molecules.
The isolated character of the molecules in contrast to their packed bulk structure (see
Sec. 12.1.2) suggest a blocking of molecular diffusion onto the Cu(100) surface. In
turn, it may reflect a diffusion energy barrier that is higher than the room-temperature
thermal energy. However, the second-ML Fe-phen can diffuse on top of the first ML
leading to the formation of second-ML islands as seen in Fig. 13.2c. When the Fe-
phen coverage is further increased to 1.8 ML, islands grow further and coalesce to form
short-range-ordered molecular structures (Fig. 13.2d). Since no significant molecular
diffusion is observed at the measurement temperature (T ~ 4K), any molecular dif-
fusion must take place during and after deposition at room temperature, which leads
to a molecular arrangement that is frozen upon subsequent cooling. In addition, we
infer that the diffusion energy barrier reflects the coupling of the molecules to the un-
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13.2 Fe-phen growth on a Cu(100) substrate

Figure 13.3. — Large-scale topographies of Fe-phen on Cu(100). STM
topographies of a, isolated first-ML Fe-phen (V=100mV,/=2nA) and b,
second-ML Fe-phen (V=0.6V,/=150pA) on Cu(100). a, The topogra-
phy reveals a relatively homogeneous and almost contamination-free Fe-
phen deposition. b, The height difference between the yellowish and the
orangish levels does not allow to distinguish between atomic and molec-
ular steps. However the steps are mainly in two orthogonal directions
and form relatively straight lines in contrast to the shapes of the holes.
This suggests that the steps observed in the topography correspond to
atomic steps of the underlying copper substrate. On both levels, we can
observe a mixture of dense and depleted molecular areas. Images sizes
are 110nm x 50 nm .

derlying substrate or molecular layers, and thus indicates that second-ML molecules
are less coupled to the underlying substrate compared to the first-ML molecules.

Large-scale topographies on first- and second-ML Fe-phen on Cu(100) shown
respectively in Fig. 13.3a and 13.3b, confirms the layer-by-layer growth. In the
topography of the second ML, we observe dense and depleted areas of molecules. In
addition, both topographies reveal a relatively homogeneous molecular deposition at
the 100 nm scale and almost contamination free samples.

The dense areas of the second-ML molecules present short-range-ordered struc-
tures (see Fig. 13.2d and 13.3b). In order to describe and understand these structures,
we first depict how the molecules lie onto Cu(100). Figure 13.4a shows a single Fe-
phen molecule sitting on the Cu(100) substrate via its NCS groups. The long axis
of the molecule is along the [011] crystallographic axis of the underlying copper and
a single molecular model is scaled and superimposed onto the STM image. For low
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Cu(100)
Figure 13.4. — Adsorption geometry of first- and second-ML Fe-

phen on Cu(100). a, Model of a Fe-phen molecule scaled and su-
perimposed onto the topography of an isolated molecule. b, STM
image of 1.4ML Fe-phen on Cu(100). Single first- and second-ML
molecules are encircled for clarity and clearly indicate the different
apparent sizes of the molecules. Note that the first-ML molecules
are identified by suitably modifying the image contrast. ¢, Zoomed
STM topography of b, with scaled and superimposed molecular mod-
els that point out the different adsorption geometry for first- and
second-ML Fe-phen molecules. d, Schematic of the proposed adsorp-
tion geometry for first- and second-ML Fe-phen on Cu(100). Image
sizes are a, 6.6nmx2.7nm (V=0.2V,/=180pA), b, 9.0nm x4.5nm
(V=0.6 V,I=200pA), ¢, 3.1nm x 3.1nm (V=0.7V,I=70pA). The molec-
ular models were created using VESTA?™ and the X-ray diffraction data
from Ref. 266.

tunneling currents that we use here, STM only probes the outermost part of the broad
7 orbitals of the phenanthroline groups that are pointing away from the surface. In
turn, this explains the significantly increased apparent size of the Fe-phen molecule
deduced from the topography compared to the size inferred from the model molecule.
The apparent size of the first-ML molecules remains larger than that of the model
even when the coverage is increased to 1.4 ML such that the occupation of the first
layer is maximum (Figs 13.4b and 13.4c). Nevertheless, the situation is different for
the second-ML molecules whose apparent size is slightly smaller. They also exhibit
a different shape that suggests a different adsorption geometry. Based on the bulk
structure of Fe-phen266:272:3™ (see also Sec. 12.1.2) and on STM experiments per-
formed on other SCO complexes,?*” 3™ we propose that the second-ML molecules
lie upside down compared to first-ML molecules. The phen groups of the first-ML
(second-ML) molecules would then point upwards (downwards) such as to enable 77—
interactions also present in the bulk form (Sec. 12.1.2).

The possibility of the second-ML Fe-phen molecules to diffuse, in addition to
the inter-molecular interactions between molecules of the second ML, leads to the
formation of small region where the molecules are ordered (Fig. 13.5). A molecular
pattern composed of three molecules, represented in the left inset to Fig. 13.5, is often
reproduced in the ordered areas. Other structures, such as the one emphasized in the
inset to Fig. 13.5, rarely appear and may thus be energetically less favorable.
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13.3 Fe-phen growth on a Cu(111) substrate

Figure 13.5. — Molecular structure of the second-ML Fe-phen
molecules on Cu(100). STM topography of the second-ML Fe-phen
molecules on Cu(100) revealing dense and depleted areas of molecules.
The bottom left inset shows the three-molecule pattern commonly seen in
the dense and ordered areas. Other molecular structures seldom appear,
such as the one presented in the bottom right inset: molecules with same
orientation are sitting next to each other, so as to form a chain-like molecu-
lar structure. Image size is 27.6 nm x 14.5nm (V=0.6 V,/=115pA). Inset
sizes are (left) 2.8 nm x 1.6 nm, (right) 1.6 nm x 2.1 nm.

13.3. Fe-phen growth on a Cu(111) substrate

Since the geometry of molecular adsorption is closely related to the substrate sym-
metry, the growth of Fe-phen was also investigated on a Cu(111) substrate. Figure
13.6a shows a topography of 0.1 ML of Fe-phen deposited onto a Cu(111) surface.
The molecules look similar to those on a Cu(100) substrate (see Fig. 13.3a), which
suggests a similar adsorption geometry. Here too, Fe-phen molecules are isolated
on the surface due to the absence of molecular diffusion at room temperature, due
to the strong coupling to the substrate. STM topographies of Fe-phen at coverages
of 0.6 ML (Fig. 13.6b) and of approximately 1.8 ML (Fig. 13.6c) indicate a layer-
by-layer growth in analogy to the growth of Fe-phen on Cu(100) (Figs. 13.2 and
13.3). However, the second-ML Fe-phen looks much more dense on Cu(111) than on
Cu(100) substrates. Indeed, in Fig. 13.6a we can observe dense areas almost free of
depletion zones in contrast to Fe-phen on Cu(100) (Fig. 13.3b). These large areas
of high molecular density may arise from a lower diffusion barrier of the second-ML
molecules on a Cu(111) substrate compared to the one on a Cu(100) substrate. Since
second-ML molecules diffuse onto the corrugated potential landscape originating from
the first-ML molecules, the lower diffusion barrier on Cu(111) is corroborated by the
very regular and homogeneous first-ML-molecule positioning onto the Cu(111) sur-
face (Fig. 13.6b) to compare to the molecule positioning onto the Cu(100) surface
(Fig. 13.2b). The less dense areas of the second-ML Fe-phen on Cu(111) are dendrite
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13 Growth of Fe(phen)2(NCS)2

Figure 13.6. — Layer-by-layer growth of Fe-phen on Cu(111). Large-
scale STM topography of Fe-phen molecules on Cu(111) at different cover-
ages: a, 0.1 ML (V=0.3V,I=30pA), b, 0.6 ML (V=1.0V,I=50pA) and c,
approximately 1.8 ML (V=0.85V,I=230pA). The topographies indicate
a layer-by-layer and contamination-free growth of Fe-phen on Cu(111).
Image sizes are 55 nm x 110 nm.

like, and one can speculate that these areas turn into organized dense zones when
the coverage is further increased. Additionally, Figs. 13.6a-c also indicate an almost
contamination-free deposition.

The molecular topography presented in Fig. 13.7a indicates a 6-fold symmetry
with 6 different orientations of the molecules on the substrate. This suggests two
different adsorption sites that are three-fold degenerate due to the three-fold symmetry
of the substrate. Increasing molecular coverage up to 1.9 ML leads to a layer-by-layer
growth of the molecules as previously mentioned. On the surface, areas consisting
of dense ordered structures coexist with areas with chains of molecules as shown in
Fig. 13.7b. Similarly to the Cu(100) case, the second-ML molecules look different
from the first-ML molecules, in agreement with the adsorption geometry proposed in
Fig. 13.4c. A zoomed image of the chain structure is shown in the upper inset to
Fig. 13.7b. In the one-molecule-wide chain, the molecules sit next to each other to
favor m — 7 interactions of the phenanthroline groups. The molecules in the second
layer form a densely packed layer according to a molecular pattern that is presented
in the lower inset to Fig. 13.7b. The ordered molecular structure is composed of 4
pairs of molecules, which reduces the 6-fold symmetry of the first layer to the 2-fold
symmetry of Fe-phen.
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Figure 13.7. — Adsorption geometry of first- and second-ML Fe-phen
on Cu(111). Topographies of a a, 0.1 ML sample revealing 6 different
orientations of the molecules (molecules in the 6 different orientations
are encircled in white), b, 1.8 ML showing ordered densely-packed areas
(lower inset) in contrast to chain-like structures of the molecules in less
dense-areas (upper inset). For clarity, a single molecule is encircled in the
upper inset, and pairs of molecules are surrounded by a parallelogram in
the lower inset. Image sizes are a, 45nm x 45nm (V=0.15V, I=150pA),
b, 18nm x 18 nm (V=0.6V, I=200pA), (upper inset) 2.0nm x 2.1 nm,
(lower inset) 3.9nm x 3.1 nm.

13.4. Partial conclusion

In this chapter, I have shown STM topographies that reveal a successful and almost
contamination-free Fe-phen deposition onto Cu(100) and Cu(100) substrates, that is
reinforced by XAS measurements presented latter. Note that part of these growth
results were published in Ref. 288. On both substrates, we observe a layer-by-layer
growth of Fe-phen, which is of fundamental importance to realize SCO-based devices.
With the help of high-resolution STM images, we could propose the adsorption geom-
etry of the molecules: the first-ML molecules have their NCS (phen) groups towards
(away from) the surface, while the second-ML molecules are lying upside-down. In
addition, the diffusion energy barrier of the first-ML molecules seem much higher
than that of the second-ML molecules, which suggest that the first-ML is much more
coupled to the substrate than the second-ML. In turn, the different couplings have
an impact on the spin state of the molecules, which will be discussed in the next
chapter.
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Spin-state switching with a STM tip

In the previous chapter, we have shown that we can successfully sublime Fe-phen
molecules onto Cu surfaces. In bulk, Fe-phen molecules are either in the HS state
with a total spin S=2 or in the LS state with S=0, depending on the external physical
parameters (see Chap. 12). In turn, the size of the molecules, as well as the density of
states are expected to be spin-state dependent. In the following, the measurements are
performed at cryogenic temperatures (T~ 4K) and low pressure (p < 1 x 107! mbar),
we would thus expect the bulk Fe-phen molecules to be in their LS state. However,
the reduction of the system size and the interactions with the substrate should be
taken into account. It results that the properties of the Fe-phen molecules on surfaces
can be totally different from that of Fe-phen bulk molecules. In this chapter, we will
see that both spin states of the first-ML Fe-phen molecules coexist on the surface and
the spin state of a given first-ML molecule can be identified from topography and/or
spectroscopy data. The spin-state identification is followed by spin-state-switching
attempts on first-ML molecules. We will see that while the strong molecule-substrate
electronic coupling prevents the switching when the molecules are deposited onto a
Cu(100) surface, the spin-state switching is possible by inserting an insulating CuN
layer between the molecules and the Cu(100) substrate. Finally, we will discuss about
the spin-state of the second-ML Fe-phen molecules on Cu(100) and Cu(111); and
voltage-induced topographic changes that we tentatively ascribe to a spin transition.

14.1. Spin-state identification of first-ML Fe-phen on
Cu(100)

Figure 14.1a displays a high-resolution topography of isolated Fe-phen molecules on
Cu(100). As previously mentioned, there are two orientations of the molecules coming
from the 4-fold symmetry of the underlying substrate. In addition, we can observe
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Figure 14.1. — Two different conformations for Fe-phen molecules

on bare Cu(100). a, STM topography of isolated first-ML Fe-phen
molecules with two different conformations denoted I (HS) and II (LS).
Image size is 13nm x 13nm (V=30mV,/=1nA). b, Height profiles for
molecules in conformation I and II extracted from image a.

two different conformations of the molecules depending on the interlobe distance. The
molecules in the conformation labeled I are characterized by an interlobe distance
of d;=1.29 nm which is quite larger than the interlobe distance of d;;=0.92nm for
molecules in conformation IT (see height profiles in Fig. 14.1b). Note that the interlobe
distances for both conformations can vary slightly when using different STM tips
since the STM image results from a convolution of the surface topography and the
tip shape.

In bulk, the Fe-N bond length and the unit-cell volume are larger in the HS state.
Since conformation I is larger than conformation II, we can tentatively ascribe the
molecules in conformation I as being in the HS state, in agreement with ab initio
calculations.®”® However, we cannot be conclusive on this point considering that (i)
the measured interlobe distances are strongly affected by the local density of states
and (i) the interaction of the molecule with the substrate could lead to different
electronic configurations in the Fe ion than those of bulk Fe-phen, which in turn
would lead to different spin states.

In order to provide further insights into the spin state of the Fe-phen molecules,
we performed scanning tunneling spectroscopy (STS) measurements on molecules of
both conformations. The tunneling conductance, sensitive to the local density of
states, measured atop a conformation IT molecule’s center reveals only minor varia-
tions. In contrast, the differential tunneling current atop a conformation I molecule’s
center exhibits a strong increase near the Fermi edge (Fig. 14.2b). The resonance can
be fitted with a Fano function revealing a Kondo temperature Tk ~317 K, a g-factor of
6.1 and a Coulomb repulsion shift of 5.7meV (see Sec. 3.3). The dI/dV map presented
in Fig. 14.2c shows that the Kondo resonance is located at the expected position of
the Fe ion, and is only present for the molecule in conformation I. A Kondo resonance
is caused by a many-body state that arises from the screening of an “impurity” spin
by the substrate conduction electrons, and is thus a signature of unpaired spins. Since
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Figure 14.2. — Spectroscopy of Fe-phen molecules on bare Cu(100). a,
STM topography of isolated first-ML Fe-phen molecules in conformations
I and II. b, dI/dV spectra recorded on the center and the lobe of two
molecules in different conformations. The colors indicate the location,
where the spectra were acquired and are marked as colored dots of a.
¢, dI/dV map acquired at 10 mV imaging the same area than a, show-
ing the position of the dI/dV resonance at the center of the molecule in
conformation I (HS). Image sizes are 6.7nm x 2.7nm. The spectra were
acquired with a voltage modulation of 3mV at a frequency of 723 Hz.

we ensured that the spin states of Fe-phen molecules are not altered upon adsorption
onto Cu(100) (see next paragraph), we can ascribe the molecular conformations I and
IT as the HS (S=2) and the LS (S=0) states, respectively.

As described in Chap. 4, X-ray absorption spectroscopy (XAS) is an element-
specific spectroscopic method that is sensitive to the electronic structure with chemical
selectivity. Since the electronic structure of the metallic ion depends on the spin state,
XAS can, in principle, resolve the spin state of Fe-phen. We carried out XAS mea-
surements on an in situ prepared sample of 2 ML Fe-phen onto a Cu(100) substrate.
In addition, we measured bulk Fe-phen powder that we use as a reference. During
the measurements, we ensured that the X-ray intensity was low enough in order to
avoid deterioration of the molecules. Furthermore, no external illumination except
for the X-rays was applied to avoid light-induced excited spin-state trapping (see Sec.
12.3.4). We first present the XAS measurements at the Fe L edges on Fe-phen powder
that we use as a reference to analyze the thin-film data. The measurement performed
at 200K, i.e. above the transition temperature of Fe-phen (7%, ~175K), gives a
reference spectrum for the molecules in the HS state (top panel of Fig. 14.3a), while
the measurement acquired at 100K gives a LS reference spectrum (middle panel of
Fig. 14.3a). The L3 edge of the HS reference XAS spectrum is characterized by a
dominant peak located at 706.6 ¢V and a satellite peak located at 707.4 eV, while the
L3 edge of the LS reference spectrum has a dominant peak at 708.1eV. This is in
good agreement with previous studies on Fe-phen powder.267:327 Interestingly, the L
edge in the XAS spectrum of 2 ML Fe-phen on Cu(100) (bottom panel of Fig. 14.3a)
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Figure 14.3. — Coexistence of HS and LS states of Fe-phen molecules
on Cu(100) revealed by XAS. a, XAS performed at the Fe L edges
on Fe-phen powder reference sample at 200 K (HS state, top panel), at
100K (LS state, middle panel) and on 2 ML Fe-phen on Cu(100) at 50K
(bottom panel). The main peak of the Ls edge is located at different
energies for the HS (top) and the LS (middle) Fe-phen molecules. The
2 ML-thin Fe-phen film (bottom) seems to have HS and LS contributions.
Reproduction of the XAS (solid black) b, L3 and ¢, L2 edges of 2ML
Fe-phen on Cu(100) (green circles) using a linear combination of the HS
(46%, red) and the LS (54%, blue) reference spectra obtained on the
powder sample.

has two dominant peaks located at 706.6 eV and 708.1 eV suggesting a coexistence of
both spin state, in agreement with the STM study. In order to be more quantitative,
in Figs. 14.3b and 14.3c we reproduced the XAS spectrum of the 2 ML Fe-phen using
a linear combination of the HS and LS reference spectra. The weighting coefficient
can be used to deduce the proportion of HS molecules (46%) and the proportion of LS
molecules (54%).3%% Note that a Fe ion with a different ligand field (e.g. in a molecule
with broken ligands) or in a different oxidation state (e.g. due from a charge transfer
with the substrate) than that of bulk Fe-phen would lead to different XAS spectra.
Hence, the XAS results ensure that (i) the molecules are intact on the surface, (ii)
the spin states of the molecules are not altered by the substrate and (iii) molecules
in HS and in LS states surprisingly coexist on the surface.

To further reinforce the validity of the non-altered spin moments of Fe-phen on
Cu(100) we performed X-ray magnetic circular dichroism (XMCD) measurements,
as this sensitive technique can reveal the spin and orbital magnetic moments of a
specific element. The XMCD spectrum is obtained by taking the difference between
XAS spectra obtained for left- and right-circularly polarized photons. In turn, the
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Figure 14.4. — Comparison of XMCD spectra of bulk and 2 ML Fe-
phen. XAS and corresponding XMCD spectra of a, 2 ML Fe-phen on
Cu(100) measured at 1.5K and 6.5T and b, Fe-phen powder reference
sample acquired at 4.0 K and 6.5T. CR (CL) stands for the circular right
(circular left) photon helicity of the incoming X-rays. The zero of the
XMCD spectra is represented by the black dotted lines.

XMCD intensity is directly linked to the magnetic moment of the investigated element
provided that the paramagnetic centers are aligned with an external magnetic field.
This requires measurements at low temperatures and high magnetic fields. Note
that at low temperatures, bulk Fe-phen molecules are sensitive to the soft X-ray
induced excited spin-state trapping (SOXIESST) effect?67:333 (see Sec. 12.3.5), so
that a proportion of the Fe-phen molecules initially in the LS state are excited into
the HS state by the X-rays, and remain trapped in the HS state. XAS and XMCD
measurements performed at low temperatures and high magnetic field on 2 ML and
on bulk Fe-phen molecules are shown in Fig. 14.4a and 14.4b, respectively. The XAS
spectra are relatively different since the proportion of HS molecules is different in both
samples. However, the XMCD spectra are similar. Considering that only molecules
in the HS state have a net magnetic moment on the Fe ion, the similar XMCD spectra
indicate identical HS states for bulk and 2 ML Fe-phen molecules, in agreement with
the previous results. Note that we can, in principle, extract the spin and orbital
magnetic moment by applying the sum rules on the XMCD spectra (see Sec. 4.3.2),
but it would lead to wrong quantities since we do not have only HS molecules.

To conclude the section, the combined STM and XAS studies allow to unam-
biguously claim that (i) the Fe-phen molecules are intact on the Cu(100) surface, (ii)
the spin states are not altered by the substrate and (iii) HS and LS molecules coexist
onto the Cu(100) surface and can be identified using STM topography and/or spec-
troscopy. At the time of the study, this last point was very surprising since Fe-phen
bulk molecules would be in their LS state at T ~ 4K, and we will thus further inves-
tigate the spin-state coexistence in the next chapter. However, another challenging
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question remains: does the SCO property of the molecules subsist once deposited
onto the surfaces?

14.2. Selective and deterministic switching of a
single molecule

We first discuss the spin-state-switching attempts on single isolated molecules since
the spin state of a given single molecule can be identified by the topographic and/or
spectroscopic data. Moreover, as the hybridization of a single molecule with the sub-
strate can strongly influence the molecular properties, the spin-state-switching study
is carried out using two different substrates, Cu(100) and CuN/Cu(100). Molecules
deposited onto Cu(100) are expected to hybridize more than the one deposited onto
CuN/Cu(100) due to the different electron density near the Fermi level. Note that
the work presented in this section has been published in Ref. 331.

14.2.1. Single-molecule switching attempts on Fe-phen on
Cu(100)

Following the spin-state identification of Fe-phen on Cu(100) detailed in the previous
section, we now would like to switch the spin state of a selected molecule. In the
literature, a common way to trigger a molecular switch using a STM is to perform
current-voltage curves.?0:376-378 Tn figure 14.5, we show a current-voltage curve
acquired atop the center of a HS molecule. The I(V') curve shows a typical tunneling
background with no abrupt current variation and the curves acquired for two different
voltage-sweeping directions match perfectly. There is thus, no sign of a spin transition
of the Fe-phen HS molecule. The same experiment performed atop a LS molecule’s
center and with different tip-molecule distances also suggest the absence of a spin
transition (not shown).

Now we have to consider that there is possibly no conductance change of Fe-phen
molecule upon spin transition, although a conductance change is expected for SCO
complexes due to the conformational transition.??° In that case, the tunneling current
atop a HS molecule would be the same than that atop a LS molecule, and we would
thus not be able to monitor a spin transition in a current-voltage spectrum. However,
thanks to the discussion in the previous section, we know that the spin state can
be identified by topographic data. In Fig. 14.6, at a fixed current, we continuously
scanned a single Fe-phen molecule along its long axis to monitor the interlobe gap
of a molecule, and thus its spin state, while gradually increasing the sample voltage.
Since we do not observe a sharp change in the topography for measurements atop a
HS (Fig. 14.6a) and atop a LS (Fig. 14.6b) molecule, we can conclude that there is no
voltage-induced spin transition. Additional measurements were performed at higher
voltages, for negative sample voltages and for different tunneling currents leading to
the same conclusion (not shown).
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Figure 14.5. — Current-voltage curve acquired atop the center of a

single Fe-phen HS molecule on Cu(100). The spectrum exhibits
a normal tunneling background with no sign of a spin transition. The
feedback loop is opened at 1.8 V and 6 nA.
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Figure 14.6. — Evolution of the interlobe distance of a single Fe-phen
molecule on Cu(100) with increasing sample voltage. Sample-

voltage dependencies of the STM height profile for the a HS and the b
LS states. Image widths are 6.0 nm.

We additionally tried to switch the spin state of a Fe-phen molecule on Cu(100)
by applying high sample voltages (up to 4 V) and high tunneling currents (up to 1 pA),
both in continuous and pulsed mode, without any sign of success. The only possible
way we found to switch the spin state of Fe-phen on Cu(100) is to perform a lateral
tip manipulation on the molecule. In Fig. 14.7, we present the modification of the
adsorption site of a LS Fe-phen molecule through a tip induced lateral manipulation
of the molecule (see Figs. 14.7a and 14.7b for topographies before and after the tip
manipulation, respectively). The topography of the manipulated molecule presents a
larger interlobe distance than before the manipulation, suggesting a transition into
the HS state. However, the final orientation of the molecule is tilted by about 45°
compared to the usual orientations of Fe-phen molecules (see Fig. 14.7b), so that the
conclusion of a final HS state is not straightforward.

We infer that the impossibility to electronically switch the spin state of Fe-phen
on Cu(100) with the above tunneling conditions is due to a too strong electronic
(chemical) coupling of Fe-phen with the Cu substrate.
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14 Spin-state switching with a STM tip

Figure 14.7. — Lateral tip manipulation on a LS Fe-phen molecule
on Cu(100). Topographies a before and b after a tip induced lateral
manipulation of a LS Fe-phen molecule. For clarity, the manipulated
molecule is encircled in b. Image sizes are 4.8 nm x 2.8 nm.

14.2.2. Spin-state switching of single Fe-phen molecules on
CuN/Cu(100)

In order to reduce the electronic interaction between the molecule and the substrate,
that we believe to be responsible for the impossibility to switch the spin state of
the Fe-phen molecules on Cu(100), we inserted a CulN monolayer between Fe-phen
and the Cu(100) substrate. The insulating CuN layer helps to significantly reduce
the adsorption energy and the ensuing hybridization.3” 37 The preparation of the
CuN layer is discussed in the appendix B. In Fig. 14.8a, we present a topography of
two Fe-phen molecules on CuN/Cu(100), which suggest an adsorption geometry with
the NCS groups towards the surface, similarly to Fe-phen on Cu(100). Additionally,
we observe two different conformations of the Fe-phen molecules. The topographic
differences between the two conformations mainly reside at the center of the molecules,
where the apparent height of the two conformations slightly differs (see Figs. 14.8a
and 14.8b). The difference in STM topographies between the two conformations is
not as obvious as that of Fe-phen on Cu(100), which might be due to the electronic
decoupling of the Fe-phen molecules with the substrate. dI/dV spectra near the
Fermi level on the center of both conformations reveal a Kondo resonance only for
the conformation with the highest apparent size at the center. The dI/dV spectrum
atop a Fe-phen molecule in the other conformation shows only weak spectroscopic
features (see Fig. 14.8c), that are very similar to those present in the spectrum
acquired atop bare CulN. By analogy to the measurements performed on Fe-phen
onto Cu(100) (see Sec. 14.2.1), we ascribe the molecular conformation with (without)
a Kondo resonance to the HS (LS) conformational state. A Fano fit on the Kondo
resonance yields a Kondo temperature of T ]C;uN ~ 105K (¢ = 4.9 and Coulomb shift
of 5.5meV) that is significantly lower than that previously found on HS Fe-phen on

Cu(100) (Tgu(loo) ~ 317K). This is expected from a weaker electronic hybridization
of Fe-phen molecules on CuN/Cu(100) compared to Cu(100).

The dI/dV spectra presented in Fig. 14.9 reinforce the statement of the reduced
electronic hybridization of Fe-phen/CuN compared to that of Fe-phen/Cu(100). In-
deed, spectroscopic features in addition to the Kondo resonance, indistinguishable
on the spectra taken on single Fe-phen molecules on Cu(100) become visible on the
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Figure 14.8. — Identification of the two conformations of Fe-phen on

CulN/Cu(100). a, STM topography of the two observed conformations
of isolated Fe-phen molecules on the CulN/Cu(100) surface and b, the
corresponding height profiles along the long axis of the molecules high-
lighting the difference between the two conformations. ¢ dI/dV spectra
acquired at the center of the molecules for the two conformations and on
bare CuN/Cu(100). The spin-state assignment of the two conformations
is based on the presence/absence of the Kondo resonance. The latter is
fitted with a Fano function represented by a dotted black line. Image size
is 3.0nm x 5.5nm (V=0.1V,I=100pA). The spectra were acquired with
a voltage modulation of 3mV at a frequency of 723 Hz.

spectra acquired on Fe-phen/CuN. Those molecular states are however still rather
broad indicating short lifetimes. From the observed widths of the peaks in the dI/dV
spectra of Fe-phen/CuN, and using the Heisenberg uncertainty principle, one can
roughly estimate the molecular states’ lifetime between 2 fs and 5 fs. These short life-
times indicate that, although the CuN partially electronically passivates the surface,
the molecule/substrate hybridization is still rather strong. In turn, this excludes the
possibility of a charged state of the molecule.
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Figure 14.9. — dI/dV spectra on Fe-phen molecules for both spin

states on CulN/Cu(100) and Cu(100). a, dI/dV spectra taken on
top of Fe-phen molecules’ center. The Kondo resonance is distinguishable
for molecules in the HS state on both substrates. The arrows indicate
the position of additional spectroscopic features that are observed when
the molecules are on the CuN/Cu(100) surface (peaks located at 0.35, 0.7
and 1.0eV). b, dI/dV spectra acquired on the top of the ligand of Fe-
phen molecules on CuN/Cu(100) and Cu(100) surfaces. The spectra were
acquired with a voltage modulation of 10mV at a frequency of 723 Hz.

We additionally observe that the dI/dV spectra acquired on top of the ligands
of Fe-phen/CuN reveal spectroscopic features that are different for the HS and LS
conformations (see Fig. 14.9b). This is in agreement with theoretical predictions of
electronic differences between the HS- and the LS-state molecules.?™

We recall that we observed the two spin states of Fe-phen molecules when de-
posited onto Cu(100) and the apparent failure of the switching attempts was explained
by a too strong molecule-substrate coupling. Here, for Fe-phen on CuN/Cu(100), the
reduced Kondo temperature and the better resolved molecular orbitals in dI/dV spec-
tra indicate a reduced molecule-substrate hybridization. We can thus expect to be
more fortunate and successfully switch the spin state of single Fe-phen molecules on
CuN/Cu(100). In Fig. 14.10a, we show current-voltage curves acquired with the
STM feedback loop opened atop the center of a Fe-phen molecule on CuN/Cu(100).
In contrast to the same experiment performed on Fe-phen/Cu(100) (see Fig. 14.5),
the cyclic I(V') curve indicates a hysteresis with two different conductance states.
For a molecule initially in the high-conductance state (in red), sweeping the sample
voltage up leads to an abrupt current decrease at V ~ 1.2V that corresponds to a
switch to the low-conductance state (in blue). From this low-conductance state, a
current increase (negative current) appears at V' » —0.8 V when sweeping the sample
voltage down. This current jump is associated to the transition from the low- to
the high-conductance state. Repeated cyclic I(V') measurements were performed and
indicate a fully reversible conductance-state switching.
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Figure 14.10. — Spin-state and conductance switching of single Fe-

phen molecules on CuN/Cu(100). a, I(V) curve of an isolated sin-
gle Fe-phen molecule recorded on the center of the molecule. The curve
clearly shows two conductance states with a hysteretic behavior (tunneling
conditions for tip stabilization: V=1V, I=100pA). The single Fe-phen
molecule is imaged in both conductance states. The high (red) and low
(blue) conductance states correspond to the molecule in the b, HS and in
the ¢, LS states, respectively. d, Height profiles of the STM topographies
presented in b and c along the long axis of the molecule to better visual-
ize the spin state of the molecule. e, dI/dV spectra of the single Fe-phen
molecule in both conductance states. A Kondo resonance is observed
only for the molecule in the high conductance state. Topographic and
spectroscopic data clearly reveal that the high (low) conductance state
correspond to the HS (LS) state of the single molecule. Image size are
3.7nm x 3.7nm (V=0.1V,I=100pA). The dI/dV spectra were acquired
with a voltage modulation of 3mV at a frequency of 723 Hz.

Since a change in the molecular conformation can induce a conductance switch-
ing in the I(V') curve,®® such as in Fig. 14.10a, we now identify the conformational
state in the high- and low-conductance states. Figs. 14.10b and 14.10c represent STM
topographies of the same isolated Fe-phen molecule in the high and low-conductance
states, respectively. For the molecule in the high-conductance state (Fig. 14.10b), we
can observe a bright protrusion at the center of the molecule, which is absent when
the molecule is in the low-conductance state (Fig. 14.10c). The conductance-state
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dependence of the STM topographies can also be monitored on the height profiles
along the long axis of the molecule (Fig. 14.10d). In addition, the apparent two dif-
ferent molecular conformations have totally different spectroscopic features near the
Fermi energy in the dI/dV spectra (see Fig. 14.10e). Indeed, there is a Kondo reso-
nance when the molecule is in its high-conductance state, and the resonance is turned
off when the molecule is switched into its low-conductance state. We additionally
checked that the conductance-switching events do not alter the STM images and the
dI/dV spectra of the surrounding molecules to exclude the possible artifact of STM
tip changes. We also note that the Kondo resonance used to monitor the SCO is not
caused by a charge transfer or unpaired spins on the organic ligands as in the case of
other switchable Kondo reports.?87 389381 Thjis is supported by the Kondo resonance
being located on the center of molecule corresponding to the position of the central
Fe ion. To summarize, an isolated single Fe-phen molecule in the high-conductance
(low-conductance) state is imaged with a small (no) protrusion at the center of the
molecule and show a Kondo resonance (no spectroscopic features) in the dI/dV spec-
tra near the Fermi level. By referring to the spin-state identification described in Fig.
14.8, we can ascribe the high-conductance (low-conductance) state of the Fe-phen
molecule on CuN/Cu(100) to the HS (LS) state. This Fe-phen/CuN system falls into
the general category of memristive devices,*? 384 where the conductance of the device
can be electronically altered in a reversible way.

Here, for Fe-phen on CuN/Cu(100) the intrinsic SCO property is expressed by a
nanoscale memristive behavior. The spin state of an isolated single Fe-phen molecule
can be electronically addressed and the corresponding spin state can be read from
the molecular-junction conductance. We propose to test the bistable deterministic
nature of this SCO-based single-molecule memory device by applying a suitable train
of voltage pulses. In Fig. 14.11a, we show voltage-pulse induced spin-state switching
of the Fe-phen molecule sitting on CuN/Cu(100) under the STM tip. The subsequent
spin state can be read from the current level. The investigated Fe-phen molecule is
initially prepared into its HS state and the STM feedback loop is opened once the
tip was stabilized over the center of the molecule. A 3s-long voltage pulse of 1.5V
produces a current drop associated to the switching of the molecule from the HS to
the LS state. The reverse switching (from LS to HS) is possible by applying a voltage
pulse of —1.2V. A similar experiment is shown in Fig. 14.11b to demonstrate the
deterministic nature of the switching process. The Fe-phen is prepared into its HS
state, and we apply two consecutive voltage pulses of the same polarity. While the
spin state of the Fe-phen molecule switches with the first voltage pulse, the second
pulse leaves the spin state of the molecule unchanged. Only a pulse of an negative
polarity can switch the molecule back into its HS state. It results that by applying a
voltage pulse of positive (negative) polarity, the Fe-phen molecule will end in its LS
(HS) state, independently of the initial spin state of the molecule. We note that the
voltage-pulse induced switching has been repeated about one hundred times without
any sign of fatigue demonstrating the robustness of this SCO-based single-molecule
memristor. In addition, no spontaneous switches were observed even after tens of
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Figure 14.11. — Spin-state switching of Fe-phen on CulN induced by
voltage pulses. a, Train of voltage pulses and the corresponding tun-
neling current for the STM tip positioned on top of a Fe-phen molecule
on CuN/Cu(100). The spin state of the Fe-phen molecule is read from
the tunneling current with an applied voltage of 0.1 V. For this particular
molecule-tip distance, the Fe-phen molecule in the HS (LS) state leads to
a tunneling current about 150 pA (130pA) for V =0.1V. A 3s-long volt-
age pulse of 1.5V (-1.2V) induce a HS—LS (LS—HS) transition. The tip
was initially stabilized at 0.1V and 150 pA and the subsequent measure-
ments performed with an opened feedback loop. b, Similar experiment
than in a that demonstrates the deterministic nature of the switching.
Two consecutive voltage pulses of the same polarity were applied. The
first positive pulse switches the Fe-phen molecule from the HS to the LS
state, while the second positive pulse does not change the spin state. The
molecule can be switched back into its HS state only by applying voltage
pulse of negative polarity (third pulse). The tip was initially stabilized at
0.1V and 100 pA.

hours of repeated STM imaging at low bias voltage (< £0.5V). It results that the
lifetime of both spin states is remarkably long at the observation temperature.

14.2.3. Switching mechanisms

Following the description of successful spin-state-switching events of Fe-phen molecules
on CulN/Cu(100), we now want to gain further insight into the switching mechanisms.
We have thus further examined the real-time traces of the tunneling current during
the voltage pulse used to induce the spin-state switching. For a Fe-phen molecule
initially in its HS state, the current trace within a positive voltage pulse exhibits a
small stepwise reduction after a time delay (time delay of 1.3 s in the example shown
in Fig. 14.12a). A stepwise increase of the current’s absolute value is visible after a
given delay within a negative voltage pulse that triggers a transition from LS to HS
(see Fig. 14.12b with 0.4s time delay). Thus, the switching event does not occur
instantaneously but rather after a significant time delay.
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Figure 14.12. — Proposed mechanism for the spin-state switching of

Fe-phen on CulN/Cu(100). a, (b) Real-time voltage and current traces
of a voltage-pulse induced HS to LS (LS to HS) transition. The voltage
pulse of 1.5V (=1.2V) is applied for 3s and the spin-state of the Fe-phen
molecule is read from the tunneling current at a voltage of 0.1 V. The
HS to LS (LS to HS) transition is witnessed during the pulse by a small
decrease (increase) of the current after a delay of 1.3s (0.4s). ¢, Observed
switching rate (defined as one over the switching delay) as a function
of the tunneling current during the voltage pulse. The tip is initially
stabilized at 0.1V and 100 pA and the different currents are obtained
by slightly varying the intensity of the voltage pulse. The dashed lines
indicate the results of power-law fits of the switching rate as a function of
the current. d, Schematic of the proposed spin-state-switching mechanism
in both directions. While, the switching from the HS to the LS state is
a one electron process (N ~ 1) and involves an excited state, the reverse
switching (from LS to HS) is a higher order process (N = 8) that can
involve the population of intermediate vibrational levels (heating).
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In Figs. 14.12a and 14.12b, the observed time delays are respectively 1.3s and
0.4s and are thus different. We performed similar experiments in a more systematic
way and reported the corresponding averaged switching rates, defined as the inverse
of the time delay, as a function of the tunneling current during the voltage pulse
before the transition (see Fig. 14.12c¢). Note that the amplitude of the voltage pulse
is varied between 1.1V and 1.5V in order to modify the tunneling current. The
evolution of the switching rate with the tunneling current depends on the switching
direction. Both HS—LS and LS—HS switching rates versus current presented in Fig.
14.12¢ with logarithmic z-y scales, can be fitted with a linear function. This shows
that, for the current-window invested here, a simple power law relates the switching
rate 7 to the current I: 7 o< IV. On one hand, we find that N ~ 8 for the LS—HS
transition, suggesting a high-order process involving population of vibrational levels
(heating) by inelastic scattering of the tunneling electrons,'**37¢ in competition with
the heat transfer to the substrate. Note that the electric field produced by the STM
tip could also be the mechanism behind the LS—HS transition. On the other hand,
for HS—LS transition, the switching rate is proportional to the current (N »~ 1). This
indicates that, although the probability per electron to switch the spin-state of the
Fe-phen molecule is low (on the order of 107%), the switching is induced by single-
electron processes. We note that, the dI/dV spectrum acquired on the center of a
HS Fe-phen molecule (see Fig. 14.9a) reveals the presence of an unoccupied orbital
located approximately at 1 V. Hence, the voltage-pulse induced HS to LS transition
with voltage above 1.0V can involve the charging of an unoccupied state for a short
time, that in turn modify the effective ligand field felt by the Fe-ion.

In the following, considering the power laws that relate the switching rate to the
current, we discuss the broad feature of a model for electrical spin-state switching in
analogy to that of optical switching. When an electron excites the molecule from the
HS to the excited state at 1.0eV (see Fig. 14.12d), the positions of the atomic cores
are initially not changed owing to their slow relaxation. The effective ligand field felt
by the Fe-ion in the excited state can favor Fe-N bond lengths closer to that of the LS
state. If the lifetime of the excited state were relatively long, the excited state would
relax into its vibronic ground state. The ensuing electronic relaxation of the excited
state would leave the Fe-phen molecule in its LS state (see Fig. 14.12d). However,
from the dI/dV spectrum (see Fig. 14.9) on the center of a HS Fe-phen molecule, we
can estimate a 5fs lifetime of the excited state at 1.0eV, and thus relatively short.
Yet, typical vibration times of vibronic excitations are in the range of 10 THz, that
corresponds to periods of about 100 fs. Thus, the transition from the excited to the LS
state is possible only in the low-probability case that the excited state survives about
100fs. A simple calculation reveals that, for a 5fs electronic lifetime and a 10 THz
vibration frequency, the switching probability P is about 2 x 1072 (P = exp (~100/5)).
This model is in agreement with the HS—LS switching rate proportional to the current
(N =~ 1) and explains the low success rate for switching. Using a thicker insulating
layer than CuN can in principle drastically increase the switching probability, since
the switching probability scales exponentially with the excited charged state’s lifetime
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that would be increased. Interestingly, the energy of the excited state observed in STS
(about 1eV) lies close to that needed for 5Ty — °F optical transition (1.49eV).257

14.3. Dynamical switching of second-ML molecules

In the previous section, we have shown that we can switch the spin state of single Fe-
phen molecules provided that they are sufficiently decoupled from the substrate, e.g.
by an intermediate CuN insulating layer. Similarly, Gopakumar et al.**" reported
successful switching events of second-ML Fe(bpz)a(phen) decoupled from the Au(111)
substrate by the first ML (see also Sec. 12.3.6.2). Both experiments motivated us to
study the spin state of the second-ML molecules on Cu(100) and Cu(111) substrates.
We evidenced strong topographic modifications when varying the sample voltage,
which we attribute to a dynamical spin transition in agreement with a simple model
based on tip-induced electric-field effect.

14.3.1. Second-ML molecules on a Cu(100) substrate

We recall that, as described in Sec. 13.2, the second-ML molecules on Cu(100) are
lying upside down compared to first-ML molecules, with the sulfur ions pointing up-
wards. In Fig. 14.13a, we show a high-resolution STM image of second-ML molecules
on Cu(100). When molecules of same orientation are compared, the distance between
the lobes appears to be similar suggesting an uniform spin state for the molecules of
the second ML. This suggestion is reinforced by the discussion about the dynamic
spin-state switching (below) and about spin-state coexistence (see Sec. 15.1.2).

In the Sec. 14.1, we showed that the spin state of first-ML molecules on Cu(100)
can be directly read from the observed distance between the lobes in the STM topog-
raphy. Here, we are reluctant to deduce the spin state of second-ML molecules directly
from the topography, since the second-ML molecules are upside down compared the
first-ML molecules. As HS and LS molecules should differ in their density of states,
we performed STS on a sample of 1.4 ML Fe-phen on Cu(100). As a reference, we
carried out STS atop the center of a first-ML HS molecule (see Fig. 14.13b). The
differential spectrum shows clear distinctive peaks at —1.8eV, —=1.0eV and -0.6eV.
Except for the peak at —0.6eV that could originate from the Cu substrate, the ex-
perimental spectrum is in very good agreement with the Fe-ion density of states of
a first-ML HS Fe-phen molecule on a Cu(100) substrate.3” Note that no peak can
be recognized for positive sample voltage (unoccupied orbitals) due to the strong
tunneling background.

The differential conductance spectrum acquired atop a second-ML molecule’s
center is similar to the spectrum of a HS molecule in direct contact to the substrate
(see Fig. 14.13). We thus tentatively ascribe the second-ML molecules as being in
the HS state. We note that the peak at —1.8 eV of the first-ML molecule is slightly
shifted towards lower energies compared to the second-ML molecule. This shift most
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Figure 14.13. — Spin-state identification of second-ML Fe-phen on
Cu(100). a, STM topography of second-ML Fe-phen molecules that sug-
gest an identical spin state for all the molecules. Black ellipses indicate
single molecules for clarity. b, Differential conductance dI/dV spectra
taken on a sample of 1.4 ML of Fe-phen on Cu(100) atop first- and second-
ML molecules. Gueddida and Alouani®™ performed ab initio calculations
of the first-ML molecules. The resulting density-of-states peaks are indi-
cated by arrows for clarity. For clarity, the spectrum atop a second-ML
molecule is multiplied by a factor 4, and smoothed to remove unphysi-
cal variations. Image size is 4.4nm x 4.4nm (V=0.3V, I=140pA). The
spectra were acquired with a voltage modulation of 15mV at a frequency
of 723 Hz.

probably reflects the reduced influence of the substrate on the second-ML molecules
compared to the first ML. Hence, despite the negative results on first-ML molecules
on Cu(100), it might nevertheless be possible to trigger the spin transition of the
second-ML molecules with the STM tip.

In Figs. 14.14a and 14.14b, we present STM topographies of second-ML Fe-phen
molecules on Cu(100) acquired at 0.40V and 0.70 V, respectively. The apparent dis-
tance between the two lobes of a single molecule shrinks with increasing sample volt-
age, in contrast to similar experiments performed on first-ML molecules on Cu(100)
(see Fig. 14.6). Subsequent topographies of the same area acquired at 0.40V reveal
that the interlobe distance increases again, and the molecule returns to its initial
state (see appendix C). Zoomed STM topographies of a pair of second-ML Fe-phen
molecules taken at low and higher voltage are shown in Figs. 14.14c¢ and 14.14d,
respectively. The corresponding extracted STM height profiles along the long axis of
a molecule is shown in Fig. 14.14e and clearly evidence the change in the molecular
shape. We note that, at negative voltages, we do not observe topographic changes
(not shown).

What is the origin of the topographic changes that we observe? Since the STM
is sensitive to the local density of states, the variation of the interlobe distance with
the applied sample voltage could originate from an abrupt change in the orbitals
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Figure 14.14. — Voltage-induced topographic changes of second-ML
Fe-phen molecules on Cu(100). Topographies of second-ML Fe-phen
molecules on Cu(100) at a, low voltage (0.40V) and b, higher voltage
(0.7V). The apparent distance between the lobes decreases with increas-
ing voltage. For clarity, a pair of Fe-phen molecules is encircled in both
topographies. Zoom on a pair of Fe-phen molecules at a, low voltage
(0.25V) and at b, higher voltage (0.60V), evidencing the apparent in-
terlobe distance shrinking with increasing voltage. A single molecule is
indicated by a black ellipse for clarity. e, Height profiles for the upper
molecule in topographies ¢ (blue) and d (red) along the long axis of the
molecule. The height profile in blue is vertically shifted for clarity. Image
size are a, 5.50 nm x 5.80nm (V=0.40V, I=1.75nA), b, 5.50 nm x 5.80 nm
(V=0.70V, I=1.751nA), ¢, 2.40nm x 1.25nm (V=0.25V, I=130pA), d,
2.40nm x 1.25nm (V=0.60V, I=130pA).

probed by the tip at different energies. In this case, as the STM topography is closely
related to the integrated local density of state from the Fermi energy to the sample
voltage V', one would rather expect an expansion of the lobes with increasing sample
voltage. Alternatively, the topographic changes could originate from the expected
spin transition from the HS (low voltage) to the LS (higher voltages) state. In this
scenario, why do we not observe the metastable LS state at low voltages like for first-
ML single molecules? To answer this question, we have to briefly discuss the outcome
of Chapter 15 in which the spin-state coexistence is investigated in details. We will
see that, the spin-state coexistence of first-ML molecules, i.e. the presence of an
energy barrier between the HS and the LS states, possibly comes from the adsorption
site (S-Cu bonding). In the present case, it is reasonable to think that the phen-phen
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bonding between first- and second-ML molecules leads to a much lower energy barrier
between the two spin states. The molecule in the excited state (here LS) would thus
more easily returns to its ground state (here HS).

We carried out additional measurements in order to get further insights about
the origin of the observed voltage-induced topographic changes. Since it is difficult,
from the topographies shown in Fig. 14.14, to precisely detect the voltage at which
the topographic changes occur, we developed a different experiment protocol. The
acquisition software is set such that the investigated molecule is continuously scanned
along its long axis while increasing the sample voltage. This leads to images such
as shown in Fig. 14.15a, where we observe an evolution of the height profiles with
increasing sample voltage in contrast to the same experiment performed on first-ML
molecules (see Fig. 14.6). From the acquired STM image, we extract averaged height
profiles for a given sample voltage (see Fig. 14.15b for the extracted height profile at
V' =0.1V), and fitted with a double Gaussian function:

z-xq \* T—xo

AB*( o1 ) +Bei(7) + const. (141)

The fitting of the extracted height profile with Eq. 14.1 (see e.g. Fig. 14.15b)
allows extracting the positions 1 and x5 of the two lobes. In Fig. 14.15, we represent
the bias voltage dependence of the distance between the lobes defined as d(V) =
22(V) = 21(V). The interlobe distance is maximal at low voltages (about 7.6 A),
and is more or less constant until 0.5V. The interlobe distance d(V') then smoothly
decreases with increasing sample voltage and ends with a plateau at ~ 6.0 A. The
interlobe distance and the position of the two plateaus can slightly vary with different
tips, but the shrinking is always about 25%. We note that no variation of the interlobe
distance is observed for negative sample voltage (not shown). The voltage-dependence
of the interlobe distance is then fitted with a sigmoid function in order to extract the
threshold voltage Vi, at which half of the shrinking occurs.

A set of voltage-dependent STM height profiles such as in Fig. 14.15a was
recorded for different set-point currents. The height profile extraction and the fit-
ting procedures were then repeated for each of the acquired STM images. In Fig.
14.15d, we show the current dependence of the threshold voltage Viy. It results for
larger tunneling current, larger threshold voltages are needed.

As previously mentioned, the topographical changes could originate from a sharp
variation in the local density of states (orbital). However, we would rather expect
an increasing interlobe distance with increasing sample voltage due to the density-of-
states integration, inherent to STM topographies. In addition, the threshold voltage
varies with the tunneling current (see Fig. 14.15d), while the energy position of the
orbital should stay independent of the tunneling current. Exceptions are found by
Gopakumar et al.,>®% 386 who observed an electric-field induced shift of the HOMO
and LUMO of phtalocyanine molecules. However, the shift is modeled with a capac-
itor interface and the shift is towards the Fermi level with increasing current. Yet,
referring to Fig. 14.15d, the orbitals would be shifted towards higher energy with
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Figure 14.15. — Voltage and current dependence of the interlobe dis-
tance of second-ML Fe-phen molecules on Cu(100). a, Evolution
of the STM height profile of second-ML Fe-phen on Cu(100) with in-
creasing sample voltage. The image width is 2.06 nm (I = 25.9nA). b,
Extracted STM height profile at 0.1V from the STM image of pannel
a. The solid red line corresponds to the profile and the dashed blue line
represents the fit using Eq. 14.1. ¢, Distance between the lobes extracted
from the fit of b as a function of the sample voltage (red points) together
with a fit using d(V') = base + mm/ucxp( Vﬁt‘e‘/) (solid blue; fitting param-
eters: base = 7.641 +0.008, max = -1.763 + 0.025, Vi, = 0.670 £ 0.003 and
rate = 0.068£0.002). d, Current dependence of the threshold voltage Vrp,
(red data points) on a set of data like that of pannel a.

increasing tunneling current (i.e. electric field), which does not fit with capacitor
model proposed by Gopakumar et al.33%:386 At this point of the study, we conclude
that the topographical changes are unlikely to be caused by orbital changes. On the
other hand, the experimental data can be nicely explained by considering a dynamic
switching between the two spin states that we propose to discuss in the next section.

14.3.2. Dynamic-switching mechanisms

The evolution of the distance between the lobes for second-ML Fe-phen molecules on
Cu(100) with varying sample voltage could reflect the expected spin transition. The
molecule would go from the HS state at low voltages, characterized by an interlobe
distance ~ 7.6 A, to the LS state at higher voltages with a distance between the
lobes ~ 6.0A. In that case, one would expect the spin transition, expressed by the
change in the interlobe distance, to be rather abrupt such as for first-ML Fe-phen
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on CuN/Cu(100)*3! in contrast to the smooth transition that we observed (see Fig.
14.15¢). In addition, in Fig. 14.15¢, we observe intermediate interlobe distances while
it is unlikely to observe that many excited spin states with sufficiently long lifetimes
at the energies we probe. In order to solve this apparent discrepancies, we propose
that the observed distance between the lobes represents a time-averaged distance that
corresponds to the molecule spending « proportion of time into its HS state and 1 -«
proportion of time in the LS state. The distance between the lobes can then be
expressed as:

d=a(dH5—dLs)+dL5. (142)

In this scenario, we have to assume that the investigated molecule switches its spin
state back and forth and has time to switch many times during the measurement time
of a single STM height profile (that is about 8s). Considering the switching in both
directions, the derivative of the time proportion in the HS state « is given by:

do(t
Oc‘li ) . —akpsors(ILV)+ (1-a)krsoms(I, V). (14.3)

kps—rs(I,V) and kps_ps(I,V) are the switching rates (or transition rates) from
HS to LS (LS to HS). In the stationary regime de(t)/a: = 0; Eq. 14.3 leads to:

krs—ms(I,V)
V)= . 14.4
a(l,V) krs—us(I,V)+kps-rs(I,V) (14.4)

For a given current and voltage, Eq. 14.4 describes how, as expected from our ini-
tial hypothesis, the molecule can spend a given proportion of time in the HS state
(o) and the rest of the time in the LS state (1 — «). This lead to an averaged in-
terlobe distance given by Eq. 14.2 that depends on the proportion of time spent
in the HS state («). Eq. 14.4 also describes how the proportion of time spent
in the HS state a depends on the competition between the current- and voltage-
dependent switching rates (kgs—rs(I,V) and krs—ms(I,V)). In addition, the com-
petition between the current- and voltage-dependent switching rates would explain
the observed tunneling current dependence of the voltage threshold Vi, (see Fig.
14.15d). We note that, within this formalism, the points of Fig. 14.15d represent
the set of I and V satisfying o = 1/2 and thus corresponds to equal switching rates
(kas-rs(1,V) =krs-us(I,V)).

The rapid switching between the two spin states that we propose to have observed
may involve different mechanisms. In the following, we describe two mechanisms that
we believe the most relevant for this system.

(i) As briefly introduced previously, we believe in the existence of a potential-
energy barrier between the two spin states that originates from the molecule adsorp-
tion site. The barrier is supposed to be much lower in the present case (second-
ML molecules), where we have phen-phen bonding between first- and second-ML
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Figure 14.16. — Suggested switching mechanisms for second-ML Fe-
phen molecules on Cu(100). The HS state has the lowest Gibbs free
energy since the HS state seems to be the ground state in this system.
The energy barrier between the two spin states is supposed low enough to
allow switching given by the transition-state theory; and can be modified,
for example, through the Stark effect when an electric field is applied.
Moreover, there is possible LS to HS transition through an excited state
with an overall cross section o. This single-electron process is such as
presented in Ref. 331.

molecules, compared to the first-ML case involving S-Cu bonding. It results that,
although the measurements are carried out at low temperatures (» 4.8 K), we should
consider “direct switching” through the barrier as a possible spin-state switching mech-
anism. The corresponding switching rates are given by the transition-state theory
(Arrhenius law). The potential-energy barrier as well as the “direct switching” mech-
anism are schematized in Fig. 14.16. wys—rs (wrs—ms) is the switching rate given
by the transition-state theory for transition from HS to LS (LS to HS). Those switch-
ing rates exponentially depend on the barrier heights (A; and As). Since an electric
field can shift the Gibbs free energy of the HS and the LS states through the Stark
effect, 287,336,337, 387,388 the former can thus modify the apparent barrier heights (A4
and As), and in turn alter the switching rates (wys_rs and wrs-ms).
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(ii) Referring to Sec. 14.2.3 and Refs. 331,347, the switching could also be
induced by an electron injection into an unoccupied molecular orbital, and should
thus be considered (see Fig. 14.16). We assume here that the single-electron processes
trigger switching from the excited (LS) to the ground (HS) state. The corresponding
switching rate is oI where o represents the inelastic-process overall probability and 1
the tunneling current. We note that, in Sec. 14.2.3 and in Ref. 331, we demonstrated
that the switching rate from the excited to the ground state is proportional to the
tunneling current for Fe-phen on CuN/Cu(100). However, the ground state was LS
in contrast to the HS ground state found in the present case.

Mechanisms (i) and (ii), in agreement with our phenomenological explanations,
would lead to current- and voltage-dependent switching rates that have the following
form: kLS—»HS(L V) = ’st_,Hs(I, V) + o0l and kHS—»LS(L V) = ’wHS_,Ls(L V) In
the following, we will show that the picture of a dynamic spin transition governed by
these two mechanisms is in agreement with the results presented in Fig. 14.15d. We
note that we exclude single-electron-process switching from HS to LS as there would
be no more agreement with the experiment data.

Within the scope of the transition-state theory, the switching rates read:

wLS—»HS(I7V) = Vo €Xp (_%)
wrs-1s(I,V) =wvgexp (—%) , (14.5)

where v is the attempt frequency, A1 and A, are, as previously defined, the potential-
energy barrier to overcome for LS to HS and HS to LS transitions, respectively. For
simplicity, we assume the attempt frequencies to be the same for both switching
directions. In the presence of an electric field F, the Stark effect adds a potential
energy to the HS and the LS states in the form?®?:

ar P I 1 e
EfftS(fS) =—jigsLs)  E - 504HS(LS)E2, (14.6)

with figs(rs) the static dipole moment and apgrsy the polarizability tensor of
second-ML Fe-phen in the HS (LS) state. The Gibbs free energy difference between
the LS and the HS states is then expressed as:

L1 .
Aoy — Ay :GO_(ﬁLS‘ﬁHS)'E_i(aLS_OéHS)Ezy (14.7)

with G the difference in Gibbs free energy between the LS and the HS states in the
absence of external electric field (E = 0). We are not able to perform the following cal-
culations using Eq. 14.7 and we will thus consider two different cases: (i) the electric-
field-induced height difference of the potential barrier mainly arises from the difference
in the static dipole moments ((fiLs - figs)-E > t(ars - aps)E?); and (ii) from the
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difference of the polarizabilities ((firs - figrg) - E < s(aLs - aps)E?). Moreover, the
electric field coming from the STM tip is approximated with the simple expression of
the electric field between two parallel conducting plates E = ~V/deip-campie- Since the
distance dtip-sqample between the STM tip and the sample decreases logarithmically
with increasing tunneling current, E is developed to the first order. The resulting
electric field is then simply proportional to the applied sample voltage E o Vi (2 is a
unitary vector colinear to E) Eq 14.7 then reads:

AD —AD gy A0V,

. N . (14.8)
Aéu) _ Agll) :GO _ ,y(u) V2.
We can thus express Eq. 14.4 as:
. 1+—exp(k T)I
@ = )
trexp (=St ) + Sexn (2 ) 1 (14.9)
0 1+—exp(k T)I

_Go—yVv2\ | & A7
1+exp( T + % exp T I

Equation 14.9 provides, for a set of current and sample voltage, the proportion of
time that a second-ML Fe-phen molecule under the STM tip spend into its HS state.
For constant tunneling current, Eq. 14.9 predicts a decreasing time spent in the HS
state a with increasing sample voltage ('), in agreement with the decreased averaged
distance between the lobes observed in the experiments presented in Figs. 14.15a,c.
We recall that the voltage threshold V), corresponds to the voltage at which half of
the shrinking occurs, and thus is reached for o = 1/2. Within our interpretation of
dynamic switching of the second-ML Fe-phen molecules on Cu(100), the threshold
voltage Vi, has the following expression:

i Go kT o Aq
Vi =0 +Wln(1+ exp(k T Isp ],

Gy _ [ Go kT ( o (A ) )
Vin, _\/fy(ﬁ)+'y(“)l 1+— T Iy, ).

We then fit the current dependence of the voltage threshold with its analytic
expression as expressed in Eq. 14.10 using the two approximations of the difference
in Gibbs free energy of the LS and HS states ((i) and (ii)). Fig. 14.17 represents
the experimental data points together with the fits using approximations (i) and
(ii). We note a very good agreement between the experimental data points and our

(14.10)
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Figure 14.17. — Compatibility of the switching model of second-ML
Fe-phen with the experimental data. Current dependence of the
voltage threshold (see Fig. 14.15d) together with fits using Eqs. 14.10.
There is a good agreement between the experimental data and the model.
The best agreement is obtained when using approximation (ii), valid in
the case of high electric fields. The fitting parameters are shown in Tab.
14.1.

simple dynamic-switching model. We can see that, while both approximations lead
to an overall agreement with the experimental data, the discrepancy is smaller when
using approximation (ii). Yet, referring to Eq. 14.7, the apparent better agreement
using approximation (ii) can be understood as the electric fields we use have very
high values, in the order of 1GVm™. However, the discrepancy of the fit using
approximation (ii) is so small that we have to consider the two cases.

The fitting parameters are reported in Tab. 14.1. The uncertainties of the
fitting parameters is unfortunately important, and we can thus only account for the
magnitude of Gy » 1meV, which corresponds to the difference in Gibbs free energy
between the LS and the HS states in the absence of an electric field for 7'~ 4 K. The
Go ~ 1 meV that we found here for second-ML Fe-phen molecules on Cu(100) is much
lower than the 170 meV energy difference between the HS and the LS state calculated
by Gueddida and Alouani®”® on the free Fe-phen molecule. At the temperature of
the measurements (T ~ 4K), this is consistent with the presence (absence) of the
proposed dynamic switching between the two spin states for second-ML (bulk) Fe-
phen molecules.

14.3.3. Second-ML molecules on a Cu(111) substrate

The voltage-induced topographic changes of second-ML Fe-phen molecules on Cu(100)
are consistent with a dynamic switching from a HS state at low voltages to a steady-
state combination of HS and LS at higher sample voltages. The dynamic switching
model is based on the reasonable assumption of the existence of a small potential-
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e [ [ ae(an) [ ¢ [Gow
Approx. (i) | 0.31 (0.19) | 0.034 (0.003) 2000 (9000) 0.0212 ~3
Approx. (ii) | 0.15 (0.13) | 0.04 (0.63) | 65.99300 (8 x 10~°) | 0.0203 N

Table 14.1. — Fitting parameters obtained by fitting the current dependence
of the threshold voltage using Eqs. 14.10 for the two different approxima-
tions.

energy barrier between the two spin states and a small difference in the Gibbs free
energy of the HS and the LS states (Gg). The height of the potential-energy barrier
and Gy, both originating from the adsorption sites of the molecule, are possibly mod-
ified when the symmetry of the underlying substrate is modified. We are wondering
if the voltage-induced topographic changes survive for second-ML Fe-phen molecules
on Cu(111).

We recall that the adsorption geometry of second-ML Fe-phen on Cu(111) is
similar than that of second-ML Fe-phen on Cu(100) (see Sec. 13.3), i.e. the phenan-
throlines groups towards the first-ML molecules and the NCS groups facing upwards.
Figs. 14.18a and 14.18b show topographies acquired with low and higher sample
voltage, respectively. Similarly to second-ML Fe-phen on Cu(100), the apparent mor-
phology of the second-ML molecules is modified upon changing the sample voltage.
The distance between the lobes of a given second-ML Fe-phen molecule is larger at
low voltage than that at higher voltage. The zoomed STM topographies at low and
higher sample voltage (see Figs. 14.18c and 14.18d) confirm the apparent shrinking
of the lobes with increasing sample voltage. Note that, similarly to the second-ML
Fe-phen molecules on Cu(100), the process is fully reversible and we do not observe
topographical changes for negative sample voltage (see Appendix D).

The voltage-dependent topographies of Fig. 14.18 and complete topography sets
presented in Appendix D show voltage-induced topography changes, similar to that
found for second-ML Fe-phen on Cu(100). In turn, it can be consistent with a dynamic
switching from the HS state at low voltages to a steady-state combination of HS and
LS states at higher voltages. We note that our data sets on second-ML Fe-phen
molecules on Cu(111) is quite reduced compared to the one on second-ML Fe-phen
molecules on Cu(100). Evolution of the STM height profile of second-ML Fe-phen
on Cu(111) with increasing sample voltage, such as presented in Fig. 14.15 for a
Cu(100) substrate, for different tunneling currents, could have been really interesting.
We could expect a relative variation of the difference in Gibbs free energy between
the HS and the LS states (Gy), provided that the adsorption sites of the second-ML
Fe-phen on Cu(111) slightly differ than that on Cu(111).
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Figure 14.18. — Voltage-induced topographic changes of the second-
ML Fe-phen molecules on Cu(111). STM topographies of second-
ML Fe-phen molecules on Cu(111) at a, low voltage ( 0.30V) and b,
higher voltage (1.00V). The apparent morphology of the molecules is
clearly changed when the sample voltage is varied. ¢ and d are zoomed
topographies at respectively low (0.40V) and higher voltage (0.90V). A
pair of second-ML Fe-phen moelcules is encircled for clarity. Image size are
a,b 18.1nm x 18.1nm (I=110pA) and c¢,d 5.5nm x 5.5nm (/=210pA).

14.4. Partial conclusion

In this chapter, we successfully identified the spin state of isolated single Fe-phen
molecules adsorbed on Cu(100). The spin state can be identified by reading the
distance between the two phen groups from the STM topography, or from scanning
tunneling spectroscopy measurements near the Fermi level. The HS (LS) state of
the single Fe-phen molecule on Cu(100) is characterized by the largest (smallest)
interlobe distance in the STM topography and by the presence (absence) of a Kondo
resonance in the STS spectra. The STM measurements, reinforced by XAS and
XMCD measurements, indicate thus a surprising coexistence of the two spin states
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of Fe-phen at the temperature of investigation (7'~ 4K). The spin-state coexistence
will be further investigated in the next chapter.

The attempts to induce a spin transition on a single Fe-phen molecule on Cu(100)
by applying strong currents and electric fields (voltage) were unsuccessful. We could
only possibly switch the spin state by lateral manipulation of the Fe-phen molecule
with the STM tip, but the final adsorption site of the molecules makes the conclusion
doubtful. However, by introducing an interfacial CulN layer between the molecule
and the Cu(100) substrate, i.e. by partially electronically decouple the molecules
from the substrate, one can switch the Fe-phen spin state and read the state of the
molecule from the molecular-junction conductance. We show that the switching is
selective, deterministic and robust. A complete study of the current dependence of
the switching rate allowed us to identify two different switching mechanisms. For
transition from the HS to the LS state, a single electron process that is possibly the
charging of an unoccupied orbital causes the transition. The reverse transition is a
higher order process and may originate from vibrational heating or from the electric
field produced by the tip.

In the last section, we evidenced voltage-induced topographic changes for second-
ML Fe-phen molecules on Cu(100) and Cu(111). While these changes are unlikely
to originate from the probing of different molecular orbitals, we show that there are
consistent with a dynamic switching of second-ML molecules from the LS state at
low voltages to a steady-state combination of HS and LS at higher voltages. The
dynamic switching model we developed, based on a few assumptions, remarkably fits
the experimental data.
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Spin-state coexistence

15.1. Investigation of the spin-state coexistence

In the last years, many groups have fabricated and studied thin spin-crossover films
with thicknesses ranging from 5nm to 1000 nm.274354,3687370,372,390 Thege different
studies report temperature-dependent effects ascribed to the expected spin transition,
similarly to bulk compounds. However, when the film thicknesses are strongly reduced
the behavior of the spin-crossover complexes seems to be modified. In the following,
I will briefly introduce the spin-state-coexistence observation in four experimental
reports on ultra-thin SCO films.

In the STM study by Gopakumar et al.>*"3™' concomitant to our study, and
already partially discussed in Sec. 12.3.6.2, a bilayer of Fe(H2B(pz)s2)2(phen) (with
HyB(pz)2 = bis(hydrido)bis(1H-pyrazol-1-yl)borate and phen = 9,10-phenanthroline)
on Au(111) experience a controllable spin-state coexistence. Indeed, when the second
ML is initially in the LS state, they can switch a proportion of the molecules into the
HS state by applying a voltage pulse with the STM tip. The metastable HS-state
molecules can be monitored in the following STM topographies indicating a lifetime
of at least tens of minutes.

Pronschinske et al.3™ investigated a bilayer of Fe(H2B(pz)z2)2(bipy) (with Hs-
B(pz)2 = bis(hydrido)bis(1H-pyrazol-1-yl)borate and bipy = 2,20-bipyridine) on a
Au(111) sample using a variable temperature STM. They can identify the spin state of
the molecules by monitoring the topographic contrast and by measuring the electronic
gap in STS experiments. Similarly to our work, they observe a spin-state coexistence
at low temperature, and they show that the proportion of HS molecules stays constant
with increasing temperatures. They suggest that the spin-state coexistence helps to
form a dense ordered structure.

Interestingly, Warner et al.>** investigated the same molecule for submonolayer
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coverages on Au(111) using XAS. They observe an increase of the proportion of HS
molecules with increasing temperature, and under illumination at low temperatures.
According to their study, a small proportion of the molecule can experience a tem-
perature and light-induced spin transition, while the spin-state of the other molecules
is fixed. At low temperatures, in the absence of illumination, the proportion of HS
molecules in about 50%, indicating a spin-state coexistence.

In contrast, Bernien et al.332 observed a complete thermal spin transition on sub-

monolayer Fe(NCS),L (L: 1-6-[1,1-di(pyridin-2-yl)ethyl]- pyridin-2-yl-N,N-dimethyl-
methanamine) deposited onto a highly oriented pyrolytic graphite substrate. The
XAS measured at low temperatures indicate molecules only in the LS state, and thus
the absence of spin-state coexistence. We can however note that the transition width
is about 115 K, and hence much larger than in the bulk.

Considering the above discussion, it seems that spin-state coexistence appears
at the molecule-substrate interface and has origins from the substrate. In addition,
it looks like the spin-state coexistence depends on the considered molecule/substrate
pair. In the following we show, using the same SCO molecule, the substrate and the
coverage dependence of the spin-state coexistence. In turn, this will help to describe
a possible origin of the effect.

15.1.1. Substrate dependence

In Sec. 14.1, by using a combination of STM and XAS techniques, we identified
the spin state of single first-ML Fe-phen molecules on Cu(100). From topographic
measurements, the molecules in the HS state have a larger interlobe distance than
that of the molecules in the LS state. In Fig. 15.1a, we present a topography of first-
ML Fe-phen molecules on Cu(100). There is clearly a spin-state coexistence since we
observe Fe-phen molecules in the HS (dashed red ellipse) and LS (solid blue ellipse)
states. If one change the symmetry of the surface, i.e. by using a Cu(111) substrate,
the adsorption geometry of the first-ML Fe-phen molecules on Cu(111) is similar than
that of first-ML Fe-phen on Cu(100) (see Sec. 13.3). The topography of first-ML Fe-
phen molecules on Cu(111) presented in Fig. 15.1b reveal first-ML molecules with two
different conformations (with different interlobe distances). The STS measurements
performed on both conformations are consistent with the one on Cu(100) (see Fig.
15.2a), i.e. molecules in the HS (LS) state exhibit the largest (smallest) interlobe
gap and are characterized by the presence (absence) of a Kondo resonance (see Fig.
15.2a). In turn, this demonstrates that the spin-state coexistence survives the surface-
symmetry change. Identical measurements performed on first-ML Fe-phen molecules
deposited onto a Au(111) substrate (see topography in Fig. 15.1c and spectroscopy
in Fig. 15.2b) indicate that i) the molecules have the same adsorption geometry than
on Cu(100) and Cu(111) substrates; and ii) the spin-state coexistence remains.

In conclusion, the spin-state coexistence remains on the three different metal-
lic substrates that we investigated. However, the electronic coupling between the
molecules and the substrate, and more particularly, the sulfur-metal bonds are rela-
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Figure 15.1. — Substrate dependence of the spin-state coexis-
tance. Topographies of submonolayer Fe-phen coverage on a, Cu(100)
(V=0.8V,I=50pA) b, Cu(111) (V=0.1V,]=550pA) and ¢, Au(111)
(V=-0.2V,I=200pA) substrates. On each topography, a HS (LS) Fe-
phen molecule is encircled in dashed red (solid blue) for clarity. Image
sizes are 14.1 nm x 14.1 nm.
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Figure 15.2. — Spectroscopy of Fe-phen on Cu(111l) and Au(111).

dI]dV spectra recorded on the center of HS (red), LS (blue) and on the
substrate for Fe-phen on a, Cu(111) and b, Au(111) surfaces. The fitting
of the spectra of HS Fe-phen on Cu(111) (Au(111)) with a Fano function
reveal a Kondo temperature Tx #137K (Tx ~133K), a g-factor of 0 (4.5)
and a Coulomb repulsion shift of -0.1 meV (6.8 meV). The spectra were
acquired with a voltage modulation of 3mV at a frequency of 723 Hz.

tively strong for the three substrates. This is further reinforced by the unsuccessful
spin-state-switching attempts on the first-ML Fe-phen molecules deposited on these
three substrates (see Sec. 14.2.1). However, introducing an insulating CuN layer
between the first-ML Fe-phen molecules and the Cu(100) substrate, helps to electron-
ically decouple the molecules from the substrates, and most probably helps to reduce
the bonding of the sulfur ion to the surface. In this case, the spin-state switching is
possible (see Sec. 14.2.2) and both spin states have long lifetimes (no spontaneous
transition observed after tens of hours). We thus have a “controllable” spin-state co-
existence of Fe-phen on CuN/Cu(100). One can already foresee that the bonding of
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the molecule on the substrate is a key element for the spin-state coexistence. One
can also speculate that using a highly oriented pyrolytic graphite substrate as in Ref.
332, one can eventually suppress the spin-state coexistence.

15.1.2. Coverage dependence

As discussed in the previous section, the molecule-substrate bonding seems to be an
important parameter for the spin-state coexistence. One may also be wondering about
the influence of intermolecular interactions on the spin-state coexistence. Indeed, a
molecule in the HS state is typically 5% larger than the same molecule in the LS state
(see Sec. 12.1.2) leading to intermolecular elastic interactions that can influence the
spin state of the neighboring molecules (this is referred to as cooperativity, see Sec.
12.2.2).

In order to gradually increase the intermolecular interactions, and since molecu-
lar diffusion is absent for submonolayer coverages, we investigated different Fe-phen
coverages on Cu(100) and Cu(111) substrates at 4K. For a Fe-phen coverage of
0.1 ML, Cu(100) and Cu(111) surfaces promote the coexistence of the spin states as
depicted respectively in Fig. 15.3a and Fig. 15.3b. Referring to Figures 15.3¢ and
15.3d, this coexistence subsists also at 0.5 ML coverage. However, this coexistence is
not present for molecules that form the second ML on Cu(100) and Cu(111) as seen
in the respective Fig. 15.3e and Fig. 15.3f. Indeed, as discussed in Sec. 14.3, there
seems to be no variation in the interlobe gap when two molecules of same orientation
are compared. We infer that a coexistence of spin states is sustained in the first-ML
molecules while the second-ML molecules appear to be fixed into a dominant spin
state. The first layer would act as a decoupling layer from the substrate,3” so as to
increase intermolecular effects within the second layer such as cooperativity.

For the investigated submonolayer coverages, we try to be more quantitative
by extracting the proportion of HS molecules from high-resolution large-scale STM
topographies (not shown). The resulting proportion of HS molecules as a function of
the coverage on a Cu(100) substrate is presented in Fig. 15.3g. The plot contains
only a few data points but it is rather clear that there is no direct correlation between
the HS proportion and the coverage of molecules. Furthermore, we note that the HS
proportion seems to adopt the two discrete values of 5 or 30 %. This suggests that
the spin-state coexistence originates from the properties of the system rather than
from a low-temperature frozen spin state, in agreement with the study reported by
Pronschinske et al.3™

Based on the discussion in Sec. 14.3, we tentatively ascribe the second-ML Fe-
phen molecules on Cu(100) and Cu(111) in their HS state at low positive and for
negative sample voltages. We extrapolate that at zero voltage, in absence of external
stimuli, the second-ML Fe-phen molecules on Cu(100) and Cu(111) are in their HS
state, in contrast to bulk Fe-phen molecules which are in the LS state at T'~ 4 K. The
dominant HS state for second-ML molecules is consistent with the thermodynamic
model developed by Félix et al.3%' In their model for nanoparticles, the Gibbs free

188



15.1 Investigation of the spin-state coexistence
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Figure 15.3. — Coverage dependence of the spin-state coexis-

tence. Constant-current topographies for different Fe-phen coverages
and substrates: 0.1 ML on a, Cu(100) (V=0.80V, I=500pA) b, Cu(111)
(V=0.10V, I=200pA) and 0.5 ML on ¢, Cu(100) (V=0.80V, I=500pA)
d, Cu(111) (V=0.60V, I=10pA). Image sizes are 14.0nm x 7.0nm. In
panels a-d, examples of HS and LS molecules are respectively indicated
by dashed red and solid blue ellipses. e, 1.8 ML of Fe-phen on Cu(100)
(V=0.30V, I=140pA), f Fe-phen (1.9ML) on Cu(111). Image sizes are
3.8nm x 3.1 nm and 2.7nm x 2.2 nm, respectively. In panels e-f, examples
of second-ML molecules are indicated by black ellipses. g, Proportion
of HS molecules as a function of coverage. FKach point corresponds to a
different sample, and we used between 500 and 4000 molecules on each
sample to determine the proportion of HS molecules. As described in the
text, the coexistence of the spin states remains at submonolayer cover-
ages but, in this regime, no direct correlation is found between the HS
proportion and the coverage.
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energy has a supplementary term accounting for the spin-state-dependent surface
energy. They show that for small enough nanoparticles, i.e. when the proportion of
the “surface molecules” is no more negligible in front the “bulk molecules”, the model
predicts the existence of a non-thermally switchable residual fraction of molecules.
The residual fraction of molecules can in the HS state and reach values up to 100 %,
provided that the difference between the HS and LS surface energies is sufficiently
negative.

The dominant HS proportion of the second-ML molecules is also reinforced by
the previous XAS measurements (see Sec 14.1). Indeed, on one hand, a detailed
analysis of the topographies on first-ML Fe-phen molecules on Cu(100) reveals a
proportion of HS molecules between 5 % and 30 %. On the other hand, the XAS study
of approximately 2 ML Fe-phen on Cu(100) (see Sec. 14.1 and Ref. 331) indicate a
much higher proportion of HS molecules of 46%. Yet, if we assume that the spin
state of the first-ML molecules remains unchanged upon adsorption of the second-ML
molecules, simple algebra calculations suggest that the second-ML Fe-phen molecules
are dominantly in their HS state, in agreement with our assignment.

15.2. Possible origin of the spin-state coexistence

In the previous section, we observed a spin-state coexistence for the first-ML molecules
that are directly anchored to the surface. Since a bulk or free Fe-phen molecule would
be in its LS state at T ~ 4K, there is an additional interaction that prevents the
metastable HS state of a proportion of the first-ML Fe-phen molecules to relax into
the LS state. By varying the molecular coverage, we showed that there is no direct
correlation between the spin-state coexistence and the intermolecular interactions for
first-ML Fe-phen molecules. Thus, the interactions that refrain the HS state to relax
into the LS state for a portion of first-ML Fe-phen molecules most probably arises
from the substrate. Moreover, as the SCO is related to geometric modifications, the
precise adsorption site of the molecule and the strong bonding of sulfur on copper
should be crucial.

In Figs. 15.4a and 15.4b, we show topographies of first-ML Fe-phen molecules,
respectively in the HS and in the LS states, on an atomically resolved Cu(100) surface.
From the topographies, we cannot identify the adsorption site of the sulfur ions on the
corrugated Cu(100) surface as they are hidden by the phenanthroline groups. How-
ever, we can read that the Fe ion of the first-ML Fe-phen in the HS state is positioned
on top of a hollow site, while the Fe ion is on top of a bridge site for the first-ML
Fe-phen in the LS state. These spin-state-dependent positions of the Fe-ion relative
to the corrugated Cu(100) surface, as well as the spin-state-dependent distance be-
tween the two sulfur ions of a Fe-phen molecule,?% suggest different adsorption sites
for both spin states. In the following, we interpret the spin-state-coexistence and the
switching results assuming a spin state that depends on the adsorption site.

The spin state of a first-ML Fe-phen molecule would be fixed by the adsorption
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Figure 15.4. — Adsorption site of first-ML Fe-phen on Cu(100). To-
pographies of single a, HS Fe-phen and b, LS Fe-phen molecules atop an
atomically resolved Cu(100) surface revealing the adsorption site of the
molecule. The Fe ion of the HS and LS molecules is sitting on top of a
hollow and bridge sites, respectively. For clarity, four Cu atoms are en-
circled and intersections of lines represent the center of Cu atoms. Image
sizes are 2.8 nm x 5.0 nm.

site when the molecule is adsorbed on Cu(100). In turn, switching the spin-state of
the molecule would require a sufficient energy to change the adsorption sites. Since
we do not observe additional molecular conformations, any intermediate adsorption
site, between that of the HS and LS states, is energetically less favorable and thus
represents a potential-energy barrier to overcome for switching the spin state of a first-
ML molecule. In the absence of external stimuli, this potential barrier prevents the
metastable HS state to relax into the LS ground state, and would explain the existence
of the spin-state coexistence. Moreover, the unsuccessful switching attempts on first-
ML Fe-phen on Cu(100) discussed in Sec. 14.2.1 could be explained by an insufficient
energy transferred to the system in order to modify the adsorption site of the molecule.
Indeed, one can expect that the energy required to change the adsorption site is rather
important, as the sulfur-copper bond is rather strong. We note that, applying even
larger sample voltages than that used in Sec. 14.2.1 often results in the destruction
of the molecule as the Fe-N bonds of the Fe-phen molecule might not withstand the
energy applied to the system. However, if we change the adsorption site of a first-ML
Fe-phen molecule initially in the LS state, through e.g. lateral manipulation with the
tip of the STM, the final spin state of the molecule seems modified (see Sec. 14.2.1).

For second-ML Fe-phen on Cu(100) or Cu(111), the adsorption geometry of the
molecules suggests m — 7w interactions between the phenanthroline groups of first- and
second-ML molecules. We believe that this drastically reduced bonding strength com-
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pared to that of sulfur-copper bonds leads to a quite reduced potential-energy barrier
between the two spin states. In turn, the lower potential barrier no more refrain the
metastable state to relax into the ground state and leads to the disappearance of the
spin-state coexistence. Furthermore, as we believe the potential barrier to be rela-
tively small, switching the spin state of second-ML Fe-phen molecules would require
little energy compared to that needed for first-ML Fe-phen molecules on Cu(100)
or Cu(111), in agreement with the experimental observations (see Secs. 14.2.1 and
14.3). Note that the HS ground state of the second-ML molecules is most probably
induced by the geometry of the system through the position and orientation of the
phenanthroline groups, i.e. a special adsorption site that is energetically favored.

For intermediate heights of the potential-energy barrier between the two adsorp-
tion sites, such as for first-ML Fe-phen on CulN/Cu(100) where the sulfur-copper bond
strengths are reduced, the spin-state coexistence is still present but becomes “control-
lable”. Indeed, the spin state of a first-ML Fe-phen molecule on CuN/Cu(100) can be
switched using reasonable current and voltage values; and both spin states have long
lifetimes (see Sec. 14.2.2).

15.3. Partial conclusion

Spin-state coexistence is observed for the first-ML Fe-phen molecules and survives on
different substrates such as Cu(100), Cu(111), Au(111) and CuN/Cu(100). For first-
ML Fe-phen molecules on Cu(100), the proportion of HS molecules does not seem to
be correlated to the Fe-phen coverage. Instead, we presume that commensurability
considerations between the sulfur-sulfur distance of a single Fe-phen molecule, which
drives the spin state of the Fe-ion site, and the corrugated potential landscape of
sulfur adsorption sites promoted by the underlying Cu(100) substrate, shall pin the
spin state. This is in agreement with STM topographies of HS and LS Fe-phen
molecules, where we observe a spin-state-dependent position of the Fe-ion relative to
the underlying Cu(100) surface. In turn, this would explain the spin-state coexistence
observed for first-ML Fe-phen molecules.

In contrast, second-ML Fe-phen molecules are adsorbed on a weaker energy-
potential landscape from the underlying blanket of phenanthroline orbitals of the
first-ML Fe-phen molecules. This relaxes any commensurability constraints on the
adsorption geometry of the second-ML Fe-phen. This suppresses the spin-state coex-
istence as any metastable spin-state would relax into the ground spin state.

Although these results were obtained with Fe-phen molecules, we believe that
they can be generalized for other SCO complexes on different surfaces.
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Understanding the physics occurring at the molecule-metal hybrid interfaces is of fun-
damental importance for the development of organic spintronics devices. We there-
fore focused our study on molecule-ferromagnetic hybrid interfaces using archetypal
phthalocyanine molecules, followed by a study of the interaction of functional spin-
crossover molecules on metallic surfaces.

In the first part of this thesis, we studied MnPc molecules deposited on a magnetic
Co/Cu(100) substrate with MnPc coverage varying from sub ML to 3.5 ML. Using
X-ray absorption techniques, notably X-ray natural linear dichroism, in combination
to STM measurements, we could determine that the first- and second-ML molecules
lie flat on the Co surface, while most of the third- and fourth-ML do not. Since MnPc
molecules preferentially stack into columns,?°? we believe that the molecules lying flat
on the surface form small molecular columns. We then studied the magnetic coupling
between the Mn ion within MnPc and the Co substrate for sub ML coverage using
X-ray magnetic circular dichroism. For sub-ML coverage, the measurements reveal
a ferromagnetic coupling between the Mn ion and the Co, in agreement with previ-
ous studies on the same system® and on similar systems.?!%217:218 For larger MnPc
coverages, the XMCD measurements in combination to ab initio DFT calculations ev-
idenced antiferromagnetic correlations at room temperature between the Mn centers
of neighboring MnPc molecules within molecular columns. In turn, by performing
magneto-optical Kerr effect measurements, we have shown that the AF ordering of
the MnPc molecules on top of the ferromagnetic Co surface leads to a shift of the Co
magnetic hysteresis loop, i.e. exchange bias, for temperature below 100 K. Exchange
bias is a cornerstone of spintronic that was still unreported for molecular systems.
In that sens, this first observation of a molecule-induced exchange bias constitutes a
breakthrough in the field of molecular spintronics. As a perspective of this work, we
can investigate the magnetic impact of MnPc molecules on ferromagentic polycrys-
talline substrates that are more practical for realization of devices and for large-scale
production. Additionally, we can look for a complete set of molecules that can in-
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duce exchange bias. Hashim Jabbar has already started investigations towards these
perspectives and the results are promising. Alternatively, the magnetic order within
the molecular layer may strongly affect the spin-polarized transport properties.3??
We can imagine that the latter can be enhanced by an adequate engineering of the
magnetic interactions within the molecular layer.

Separately, we have studied the magnetic coupling between MnPc and Co through
a Cu-spacer layer by interlayer exchange coupling. We fabricated a wedge sample with
variable Cu thickness ranging between 0 and 14 ML. On one side of the sample, we
had the spintronic reference system composed of the Co/Cu/Co/Cu(100) stack, while
the stack on the other side of the sample was MnPc¢/Cu/Co/Cu(100) that we referred
to as the protected spinterface. Using a combination of XMCD and DTF calcula-
tions, we evidenced a room-temperature magnetic coupling between MnPc and Co
through 1 ML, 2 ML and 3 ML of Cu. The coupling is antiferromagnetic for 1 ML of
Cu and ferromagnetic for the other thicknesses. At low temperature (4.8 K), we can
observe an oscillatory magnetic coupling between the Mn center within MnPc and
the Co separated by up to 12 ML. The period and phase of the oscillatory exchange
coupling correspond to that of the spintronics reference system, as expected for in-
terlayer exchange coupling. From this qualitative but systematic measurements, we
could also observe an antiferromagnetic coupling for 4 ML Cu on the protected spin-
terface while it is absent on the spintronic reference stack. This oscillation, despite
its prediction, is generally not present in the inorganic-based systems what is usually
attributed to roughness issues at the interfaces.?”® This shows that the system we
investigated, i.e. Mn ions within a molecular cage coupled to Co through a spacer,
is insensitive to interface roughness and MnPc therefore represents an ideal probing
layer to study interlayer exchange coupling. Additionally, by performing XMCD mea-
surements at different temperatures and magnetic fields, we experimentally estimated
effective exchange fields of =80T and -1 T for 1.5 ML and 7ML of Cu, respectively.
Ab initio calculations revealed that the magnetic interactions not only impact on
the Mn ions. The other atomic sites within MnPc have an adsorption-induced spin
polarization close to the Fermi energy. Furthermore, the calculations evidence a
spin-dependent hybridization of the molecule-metal orbitals. The combination of the
spin-polarization and the spin-dependent hybridization allows to anticipate promis-
ing spin-polarized transport properties that can largely exceed that of conventional
ferromagnetic-molecule systems. As a perspective, we can in a first step experimen-
tally monitor the adsorption-induced spin polarization close to the Fermi energy, for
example by using spin-resolved ultraviolet photoemission spectroscopy. In a second
step, we can fabricate complete transport devices and experimentally measure the
spin-dependent transport. Moreover, the formation of the spinterface through a non-
magnetic spacer allows for a larger choice of molecules to investigate. Indeed, the
choice of the molecules was limited to their deposition techniques as the exposure
of the ferromagnetic layer to solvent or air could strongly affect its properties. In
this work, we have shown that the spinterface properties can remain upon the ferro-
magnet, protection by a thin layer of noble metal. Complementary studies should be
performed to reinforce that point.
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In the second part of this thesis, we investigated spin-crossover molecules on
metallic surfaces. We chose the archetypal Fe-phen molecule for our investigations.
The first important step was the successful clean deposition of the fragile Fe-phen
molecules on surfaces. Using low temperature scanning tunneling microscopy, we
then investigated the growth of Fe-phen on Cu(100) and Cu(111) surfaces. On both
substrates, we observed a layer-by-layer growth that is of great importance for the
perspective of SCO-based devices. Additionally, we determined the adsorption geom-
etry of the molecules, which is similar on both substrates. The first-ML molecules
have their NCS groups pointing towards the surface, while the second-ML molecules
are upside down. From high-resolution STM topographies, we could observe two dif-
ferent conformations of the first-ML Fe-phen molecules, which we ascribed to the HS
and LS states with the help of scanning tunneling spectroscopy. At first sight, the
coexistence of both spin states at low temperatures is surprising as we would expect
molecules only in the LS state. The spin-state coexistence and the integrity of the
Fe-phen molecules were confirmed by XAS measurements. We unsuccessfully tried
to switch single first-ML Fe-phen molecules on Cu(100) by applying voltage pulses
and important tunneling currents. Only by passivating the surface with a CulN layer
and thus by reducing the molecule-substrate coupling, we could switch the single Fe-
phen molecules in a deterministic and reproducible way with application of voltage
pulses of adequate polarity. Interestingly, the conductance of the molecule in the HS
state is higher than that in the LS state. Furthermore, we developed a switching
model involving an excited state of the molecule in qualitative agreement with the
experimental observations.

Since spin-state switching was possible after reduction of the molecule-substrate
coupling, we investigated the spin state of the second-ML Fe-phen molecules that are
at least partially decoupled from the Cu(100) substrate by the first-ML molecules. The
STM topographies and STS spectra carried out on the second-ML molecules suggest a
dominant HS state. By varying the sample voltage, we observed topographic changes
of the second-ML molecules, which suggest a spin transition from the HS to the LS
state with increasing voltage. The topographic changes are fully reversible and do
not indicate the presence of a metastable state. We proposed a dynamic switching
model taking into account two competing switching mechanisms; the model can nicely
reproduce the experimental data. We similarly observed topographic changes of the
second-ML Fe-phen molecules on a Cu(111) surfaces.

We also carried out additional studies on the surprising spin-state coexistence
of first-ML Fe-phen molecules at low temperature. We observed that the spin-state
coexistence is also present for first-ML Fe-phen on Cu(111) and Au(111) surfaces.
Moreover, varying the coverage of first-ML Fe-phen molecules on Cu(100) does not
seem to affect the proportion of molecules in the HS state. Finally, we propose that
the spin-state coexistence originates from the molecule-substrate coupling, and more
particularly from the adsorption site of the molecule on the surface.

As perspectives of this work on Fe-phen molecule at low temperature, it would
be great to study the influence of light irradiation and temperature on the spin state
of the molecules. For instance, would the spin-state coexistence that we observe for
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first-ML molecules evolve with temperature and /or light irradiation? Alternatively, as
we measured different conductance for HS- and LS-state molecules, we can imagine to
fabricate junctions composed of two metallic electrodes sandwiching a Fe-phen layer.
Such junctions could be used as sensors provided that the spin state of the molecules
depends on temperature and/or light irradiation. In relation with the work done in
the first part of the thesis, we can also study the possible magnetic coupling of Fe-phen
molecules to a ferromagnetic substrate. Toshio Miyamachi and myself have already
carried out experimental investigations in that direction, together with theoretical
investigations by Saber Gueddida and Mebarek Alouani. The actual results seem
promising. At term, we can think about GMR devices where the spacer layer is
composed of SCO molecules. The conductance of such junctions would depend on the
magnetic alignment of the electrodes and on the spin-state of the molecule constituting
the barrier. In that sens, such junctions would lead to four-state devices.
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Supplementary information for the study of MnPc
on Co

In this appendix, we present thickness-dependent XAS spectra at the Mn L3 o edges
that suggest a strong hybridization of first-ML MnPc on the Co substrate. Addition-
ally, the evolution of the XAS spectra with increasing MnPc thickness is compatible
with a charge transfer from the Co substrate to the Mn ion, predicted by the ab initio
calculations. In the second part, we describe the methods relative to the ab initio
DFT-based calculations and complementary calculations results. The calculations on
the first-ML MnPc on a Co(100) substrate reveal that the MnPc molecule can bring
additional uniaxial anisotropy to the system, most probably due to the adsorption-
induced anisotropic distortion of the MnPc molecule. Finally we show that the Mn
sites of second- and third-ML MnPc¢ stacked into columns on top of Co exhibit AF
ordering, in support to our exchange bias measurements.

A.1. MnPc-thickness dependence of the XAS spectra
at the Mn L3, edges

In this section we discuss about the evolution of the XAS spectra at the Mn L3 5 edges
with increasing MnPc thickness (see Fig. A.1). For 0.7 ML MnPc, the dominant peak
at the Mn L3 edge is positioned at 648.1eV. When the MnPc coverage is increased
to 1.9ML, the dominant peak shifts towards lower energies to 647.1eV (see Fig.
A.1). The shape of the Mn L3 edge is also modified when the molecular coverage is
increased. Indeed, for 0.7 ML MnPc coverage, the satellite peak is located at the left
of the dominant peak, while the satellite peak moves to the right of the dominant
peak for 1.9 ML MnPc coverage. The XAS spectra for 3.5 ML MnPc coverage is
very similar to that for 1.9 ML. This shift in peak position reveal a change in the
electronic structure of the Mn within MnPc, which arises from the strong (weak)
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Figure A.1. — XAS at the Mn L3> edges as a function of MnPc

thickness. Averaged XAS spectra acquired at 295K in 0.1 T with left
and right photon helicities for 0.7 ML, 1.9 ML and 3.5 ML. The dashed
lines are positioned at 647.1eV and 648.5eV and indicate the position
of the thickness-dependent dominant peak at the L3 edge. All the XAS
spectra are normalized to their white-line integral.

electronic coupling of the first-ML (second- and subsequent-ML) molecules to the
substrate. Furthermore, the shift of peak position in the XAS spectra is consistent
with a change of the oxidation state of the first-ML Mn ions compared to that of the
Mn ion of a free or uncoupled MnPc molecule. This is in agreement with the ab initio
calculations that we present below.

A.2. Ab initio calculations of MnPc on Co

I would like to mention that Famita Ibrahim and Mebarek Alouani performed the ab
initio study. Based on the output of their calculations, I generated the images.

A.2.1. Methods

The density-functional calculations were performed using the VASP package®*? and
the generalized gradient approximation for exchange-correlation potential as parametrized
by Perdew, Burke, and Ernzerhof.?** They used the projector augmented wave pseu-
dopotentials as provided by VASP.3% They modeled the Fcc Co(100) surface by using
a supercell of 3 atomic monolayers of 8 x 8 atoms separated by a vacuum region of
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3nm. They used the lattice parameter of Cu (0.36 nm) as experimentally, the Co
was epitaxially grown on Cu. They used a kinetic energy cutoff of 450eV for the
plane-wave basis set and they sampled the first Brillouin zone at the Gamma point.
They included van der Waals interactions within the so called GGA-D2 approach
developed by Grimme®? and later implemented in the VASP package,® and found
an optimized structure of the first-ML MnPc adsorbed at 2.1 A away from Co. They
pertubatively included spin-orbit coupling in the augmentation region at each atomic
site. Moreover, they have explored adding a second and third MnPc layer by taking
into account several geometries of the relative Pc layers depending on three scenarios
to position the top MnPc molecule’s Mn site onto the bottom MnPc molecule: hollow,
on top of N, and on top of Mn with the molecule rotated by 45°.

A.2.2. Magnetic properties of MnPc on Co

The adsorption and magnetic properties of first-ML MnPc¢ molecules on a Co(100)
substrate are discussed in details in Ref. 6 (see also Sec. 8.2). The Mn ion sits
on a bridge site and the axes of the MnPc molecule are slightly rotated relative the
the = and y axes defined by the underlying Co surface (see Fig. A.2a). First-ML
MnPc molecules are strongly hybridized to the Co substrate, which leads to a severe
distortion of first-ML MnPc molecules (see Fig. A.2b) compared to a non-distorted
third-ML MnPc molecule (see Fig. A.2¢). The electronic and the magnetic properties
of the Mn ion within MnPc are influenced by the neighboring atoms that modify
the ligand field. In Fig. A.2d, we thus focused on the nitrogen ions neighboring the
Mn ion of the distorted first-ML MnPc molecule. As indicated by the numbers in
Fig. A.2d, the relative height distribution of the nitrogen ions is strongly anisotropic.
Indeed, for the four nitrogen ions closest to the Mn center, their relative heights are
in average higher along the x direction than the y direction. Note that for the carbon
ions, it is the opposite, i.e. the carbon heights are in average lower (higher) along the
z (y) direction.

The strong hybridization of first-ML MnPc¢ molecules to the Co(100) substrate
leads to a gain of 3.5 electrons from the Co per MnPc molecule. We performed a
Bader analysis on the Mn center of a first-ML MnPc, which reveals a charge of 1.03 |¢|
for the Mn ion relative to a charge of 2 |e| for the Mn center of a free molecule. As
a result of the charge transfer and of the strong hybridization (including electronic
screening), the manganese spin moment is reduced from 3.1 ug to 2.54 ug when an
initially free MnPc molecules is adsorbed onto Co. We wanted to go further and
see the implications of the topological anisotropy on the magnetic properties of the
system. We calculated the in-plane magnetic anisotropy, by taking the difference in
total energy between a magnetization of the system aligned along the x and y axes.
We found a preferred x axis for the magnetization by 0.66 meV,/ supercell that we
account for the in-plane magnetic anisotropy energy. We also found that the magnetic
anisotropy energy per Mn site of first-ML molecules is 0.39 meV. This corresponds
the largest contribution to the in-plane anisotropy of the calculated supercell.
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Figure A.2. — Magnetic anisotropy of first-ML MnPc molecules on
Co. a Single first-ML MnPc molecule on the Co(100) substrate after
atomic relaxation. The Mn ion sites on a bridge position. b, Side view
of a first-ML MnPc molecule with noticeable distortions. Increasing z
values correspond to larger distances to the Co surface. ¢, Side view of
a non-distorted third-ML MnPc molecule (see Sec. A.2.3), d, Zoom on
the Mn ion within the nitrogen cage of a first-ML MnPc molecule. The
numbers indicated next to the nitrogen atoms correspond to the relative
distance to the Mn center, expressed in A.

A.2.3. AF ordering within MnPc columns on Co

Experimentally we observed an AF coupling between first- and second-ML Mn ions
within MnPc molecules. To support these experimental observations, we performed ab
initio DTF-based calculations on systems composed of two and three MnPc molecules
stacked into columns. We first discuss about the calculations on systems comprising
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Figure A.3. — The different adsorption geometries calculated for the

second-ML MnPc. a, The second-ML MnPc is on top of the semi-
transparent first-ML MnPc, rotated by 45°. b, The second-ML MnPc
is laterally shifted relative to the semi-transparent first-ML MnPc, such
that the second-ML Mn ion sits on top of a first-ML nitrogen ion. ¢, The
second-ML MnPc is laterally shifted relative to the first-ML MnPc, and
the second-ML Mn ion sits on a hollow site.

two MnPc molecules. As the adsorption site of the second-ML MnPc molecules could
not be experimentally determined, we considered three different configurations (see
Fig. A.3). Config. a is characterized by a second-ML MnPc on top of the first-ML
and rotated by 45° relative to the first-ML MnPc (see Fig. A.3a). This configuration
is interesting as it is the one experimental resolved by Chen et al.?°® on first- and
second-ML CoPc molecules on a Pb substrate. In the config. b, the Mn ion of the
second-ML MnPc is sitting on top of a first-ML nitrogen ion (see Fig. A.3b). We
considered this configuration as it corresponds to the one adopted by third-ML CoPc
molecules on top of second-ML CoPc molecules on a Pb substrate, and experimentally
observed by Chen et al.2°® In the config. c, the second-ML Mn ion sits in a hollow
site of a first-ML MnPc molecule (see Fig. A.3c).

For the three adsorption geometries that we described, we calculated the total
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Config. a | Config. b | Config. ¢
Ern (eV) -2081.873 | -2081.879 | -2081.858
Ear (eV) -2081.906 | -2081.884 | -2081.865
Epy — Ear (meV) 33 5 7
Ernm - Ear (K) 384 59 79
mMn (up) 2.51 2.54 2.53
mMn2 (yg) -3.04 -3.045 -3.05
dptny—nny (A) 3.87 4.36 4.22
Az (A) 3.87 3.87 3.87
Table A.1. — Ab initio calculated total energy of ferromagnetic and antifer-

romagnetic configurations (Erpy and Ear), the spin magnetic moment
of the Mn ion i (m2"; i = 1,2), the distance between the first-ML and
second-ML Mn ions (darn, -mn, ) and the distance between the two molec-
ular planes (Az; each molecular plane intersects a Mn ion). Config. a, b
and c corresponds to the adsorption geometries reported in Figs. A.3a,
A.3b and A.3c.

energy of the system by imposing either a FM or a AF alignment of the second-ML
Mn moment relative to that of the first-ML Mn. The total energies and other calcu-
lated quantities are reported in Tab. A.1. We can observe that the AF coupling is
preferred for the three different configurations. Config. a has the lowest calculated
total energy and thus represent the favorable geometry, followed by config. b and c.
Note that the difference in the total energy between the different configurations is rel-
atively small, and prevents us to unambiguously ascertain the preferred experimental
geometry. From the calculations on the three different systems, we can obverse that
the calculated spin magnetic moments carried by the Mn ions are very similar, and
we can only note differences in the amplitude of the AF coupling.

How does the magnetic coupling evolve when a third-ML MnPc is added to the
system? We tentatively try to answer this question but we should note that the DTF
calculations become challenging for three of more MnPc molecules stacked as a column
on Co. Indeed, the system becomes very large (over 250 sites) with a large number of
possible adsorption geometries of the third-ML MnPc on top of the second-ML MnPc.
Note that some of the adsorption geometries would require to enlarge the supercell’s
size making the calculations even more challenging. Yet, as we found for second-ML
MnPc molecules on top of first-ML molecules and as similarly found for columns of
CoPc molecules,?°? we suppose that most of the adsorption geometries lead to an AF
coupling between the Mn sites of the molecular planes. To support the speculation of
a preferred AF correlations, we performed calculations on a system composed of three
MnPc molecules on top of Co. The adsorption geometry we considered starts from
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config. a on top of Co and a third-ML MnPc molecule that is adsorbed in a hollow
site (see Fig. 9.6). As expected, we find a preferred AF coupling between second- and
third-ML Mn ions, but the coupling strength is only 0.132meV. However, we know
that the coupling strength highly depends on the adsorption geometry (see Tab. A.1)
and that our exchange bias measurements suggest an AF alignment of the third-ML
Mn ion within MnPc up to at least 100 K.
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Preparation of CuN/Cu(100) surfaces

We used CuN/Cu(100) surfaces to electronically decouple Fe-phen molecules from the
Cu(100) surface. In this appendix, we describe the preparation method and briefly
characterize the surface.

CuN films were grown by sputtering nitrogen ions (kinetic energy of 500eV) on
a clean Cu(100) surface, followed by annealing to 330 °C. Depending on the nitrogen
partial pressure during the sputtering process, we obtained two kinds of CuN/Cu(100)
surfaces that we denote CuN-poor and CuN-rich (denomination borrowed from Ref.
126).

B.1. CuN-poor surfaces

In Fig. B.1, we show the topography of a CuN/Cu(100) surface obtained by nitrogen
sputtering for 25 min in a partial pressure of 1 x 107> mbar. We can see CuN square
islands that have an area about 5nm x 5nm and are observed as depressions. The
edges of the CuN squares are along the [100] directions of the Cu(100) crystal.>*” The
nitrogen layer forms a c¢(2x2) lattice with a mean lattice constant of 372 pm.3?® Since
Cu has a lattice parameter of 361 pm, the nitrogen superstructure is incommensurate
with the underlying Cu(100) surface and leads to surface strains.>*® In addition, using
tunneling spectroscopy, Ruggerio et al.?*® have shown that the CuN work function is
increased by 0.9€V compared to bare Cu(100). This confirm that CuN can actually
reduce the coupling between adsorbates and the Cu(100) surface.???

When depositing Fe-phen molecules following the sublimation procedure de-
scribed in Sec. 6.1.3 on CuN-poor surfaces (Fig. B.1) held at room temperature,
the molecules are mainly located on bare Cu(100) areas. In Fig. B.2, we show a
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Figure B.1. — Topography of a CulN-poor surface. Square islands of
CuN appear as depression on the Cu(100) surface (see text). Image size
is 120nm x 120nm (V=1.0V,I=120pA).

Figure B.2. — Fe-phen molecules on a CulN-poor surface. Fe-phen
molecules are mainly located on the Cu(100) areas. Image size is
80nm x 31 nm (V=1.0V,I=100pA).

large-scale topography on such a surface, and we can see that no Fe-phen molecule is
adsorbed onto the CuN square islands.

B.2. CuN-rich surfaces

In order to actually have Fe-phen molecules on CuNN islands, we increased the CuN
coverage. To do so, the nitrogen partial pressure during sputtering was increased from
1x 107° mbar to 1 x 10~* mbar, and the nitrogen-sputtering duration kept to 25 min.
In Fig. B.3a, we present a large-scale topography of the resulting surface. The surface
is completely covered with nitrogen and is characterized by long trenches.!26:400,401
These trench structures are believed to arise from surface tension of the CulN layer
on Cu(100).126:400:40L 1y) Fig. B.3b, we show a atomically-resolved topography of the
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Figure B.3. — Topography of a CuN-rich surface. a, Large-scale to-
pography of a complete CuN layer on Cu(100) (CuN-rich surface). b,
Atomically resolved STM topography of the CuN-rich layer. Image sizes
are a, 140nm x 140nm and b, 2.6 nm x 2.6 nm (V=0.2V,[=30pA). To-
pography b has been filtered using a 2D continuous wavelet transform.

surface. The periodicity of the square lattice is about (3.6 +0.2) A, that is, within
the experimental errors, the same than for CuN-poor surfaces.

In Fig. B.4, we show a topography of Fe-phen molecules deposited on a CuN-rich
surface. We observe that a proportion of molecules is adsorbed on plain CulN while
other Fe-phen molecules are located in the CulN trenches. All the work on Fe-phen on
CulN/Cu(100) discussed in Chap. 14 was performed with Fe-phen molecules on plain
CuN surfaces. We determined an adsorption geometry of the Fe-phen molecules with
the phen groups facing upwards. However, the Fe-phen molecules located at the step
edges of the trenches seem to have a different adsorption geometry that we did not
further investigate.
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Figure B.4. — Fe-phen molecules on a CulN-rich surface. The Fe-phen
molecules are either adsorbed on plain CuN surfaces or on trenches’ edges.
Image size is 14.3nm x 11.8 nm (V=0.5V,[=50 pA).
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Additional data of the topographic changes of
second-ML Fe-phen on Cu(100)

In Sec. 14.3.1, we discussed the topographic changes induced by the sample volt-
age. We also tentatively ascribed these topographic changes to a dynamic switching
between the two spin states; from the HS state at low voltages to a steady-state com-
bination of HS and LS states at higher voltages. This assumption is supported by an
analytic model, based on a few hypothesis (see Sec. 14.3.2), that is consistent with
the experimental data obtained on the second-ML Fe-phen on Cu(100).

In this appendix, we show complete a data set of topographies of second-ML
Fe-phen molecules acquired with different sample voltages. The second-ML Fe-phen
molecules are relatively difficult to image compared to the first-ML Fe-phen molecules,
which leads to STM images with a lower quality. In turn, it becomes difficult to iden-
tify the individual molecules, and even more difficult to read the distance between the
lobes for a given second-ML Fe-phen molecule. Thus, the discussion of the topography
sets will only be qualitative.

In Fig. C.1, we show topographies of the same location (9nm x 6 nm) acquired
with different sample voltages. The initial STM image (top left) is taken with a
sample voltage of 0.70 V and two pairs of molecules are encircled. One of this pair of
molecules is located within the “dense” and organized molecular area while the second
pair is located at the periphery of a second-ML molecular cluster. When decreasing
the sample voltage to 0.60V and 0.50V (Figs. C.la-c), the apparent morphology of
the molecules seems, to the first order, unchanged. However, for a sample voltage of
0.45V (Fig. C.1d) the situation becomes interesting. Although, the pair of molecules
within the second-ML molecular cluster appears unchanged, the pair of molecules
located at the periphery has a different appearance. The two molecules indicated
at the periphery have their respective interlobe distances increased compared to the
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interlobe distance observed in the topography acquired with a sample voltage of 0.70 V
(Fig. C.1a).

With these new elements, we now discuss again about the possible origin of the
topographic changes (see Sec. 14.3.1 and 14.3.2). If the interlobe distance variation is
due to the probing of different orbitals, one would expect that it affects the second-ML
uniformly. This is in contradiction with what we observe in the topography acquired
with a sample voltage of 0.45V. Yet referring to the dynamic switching model (see
Sec. 14.3.2), we supposed the existence of an energy barrier between the HS and the
LS states. This energy-barrier height and the Gibbs free energy difference between
the two spin states (Gg) depends on the absorption sites of the second-ML molecules
and on the second-ML neighboring molecules (cooperative effect?®®). Within the
dynamic switching model, the different barrier height and G results in a shift of the
voltage threshold Vi, and thus a shift of the voltage at which the transition becomes
apparent. This, once more, consolidates a dynamic-switching origin of the interlobe
variation.

When gradually decreasing the sample voltage from 0.45V to 0.25V (Figs. C.1d-
h), the interlobe distance of the second-ML Fe-phen molecules gradually increases.
This interlobe-distance increase is fully reversible: the interlobe distance of the second-
ML molecules can again be strongly decreased as shown in the subsequent topography
acquired with a sample voltage of 0.60V (Fig. C.1i), that is quite similar to the
topography acquired with the same voltage before the topographic changes (Fig.
C.1b). The distance between the lobes of the second-ML Fe-phen molecules increases
again upon decreasing the sample voltage to 0.25 V in the subsequent topography (Fig.
C.1j). In the topographies of Figs. C.1k and C.1l, acquired respectively with voltages
of 0.20V and 0.15V, indicate a further increase of the second-ML-molecule interlobe
distance. The sample voltage is then gradually increased to 0.60V to monitor the
gradual shrinking of the lobes of the second-ML Fe-phen molecules (Figs. C.1m-q).
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Figure C.1. — Voltage-dependence of the topography of second-ML
Fe-phen on Cu(100). Different topographies of the same area are con-
secutively acquired with different sample voltages that are indicated on
the images. Two pairs of second-ML Fe-phen molecules are encircled in
some of the topographies. The sequence order goes from left to right;
top to bottom. Image sizes are 9nm x 6nm (I=15pA for the seven first
images, and then /=1.4nA).
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Additional data of the topographic changes of
second-ML Fe-phen on Cu(111)

In Appendix C we presented and discussed a data set of topographies of second-ML Fe-
phen molecules on Cu(100) acquired with different sample voltage. In this appendix,
we will present other data sets of topographies of second-ML Fe-phen molecules on
Cu(111). We recall, that the adsorption geometry of the second-ML Fe-phen on
Cu(111) is similar to the one of second-ML Fe-phen on Cu(100) (see Sec. 13.3), i.e.,
the phenanthrolines lobes are facing towards the first-ML molecules white the NCS
groups are facing upwards. Here also, we will only discuss qualitatively the STM
topographies.

In Figs. D.la-c, we present STM topographies of the same location (5.5 nm x 5.5 nm)
acquired with negative sample voltage of —0.86 V, —0.60 V and —0.40 V, respectively.
We can observe the interlobe distance of the second-ML Fe-phen molecules is “large”,
and does not evolve with the sample-voltage amplitude. For STM image acquired with
low positive sample voltage of 0.30 V the interlobe distance of the second-ML Fe-phen
molecules is still large, similar to what is obtained for negative sample voltage. When
gradually increasing the sample voltage from 0.30 V to 1.00 V, the interlobe distance
of the second-ML molecules gradually decreases (see Figs. D.1d-k).

A second set of voltage-dependent topographies is shown in Fig. D.2. The inves-
tigated area is now larger (18 nm x 18 nm) and presents bulk-like and dendritic-like
structures. The topographies are evolving when sample voltage is gradually decreased
from 1.25V t0 0.30V (see Figs. D.2a-f). The interlobe distance of second-ML Fe-phen
molecules, located both on the “bulk” or in the chain-like areas, is clearly larger in
the 0.30V (Fig. D.2f) topography than that of the 1.25V (Fig. D.2a) or even 0.60 V
(Fig. D.2d) topographies. The topographic changes are fully reversible as depicted
by the topographies of Figs. D.2g-k. Fig. D.2l shows the topography acquired with a
sample voltage of —0.20 V, which suggest “large” interlobe distance of the second-ML
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molecules in the resolved areas. In general, the tunneling conditions with negative
sample voltage are rather unstable, and often lead to the attachment of a second-ML

molecule onto the STM tip.
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Figure D.1. — Voltage-dependence of the topography of second-ML
Fe-phen on Cu(111) - Serie 2. Different topographies of the same
area are consecutively acquired with different sample voltages that are
indicated on the images. A pair of second-ML Fe-phen molecules are
encircled in each topography, for clarity. The sequence order goes from
left to right; top to bottom. Image sizes are 5.5 nm x 5.5 nm (/=210 pA).
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Figure D.2. — Voltage-dependence of the topography of second-ML
Fe-phen on Cu(111) - Serie 2. Different topographies of the same
location are consecutively acquired with different sample voltages that
are indicated on the images. The sequence order goes from left to right;
top to bottom. Image sizes are 18 nm x 18 nm (I=110pA).
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Constants
Qg

h

Ho

HUB

Nomenclature

Fine structure constant 1/137.04

Reduced Planck’s constant 1.05 x 10734 J s
Permeability of free space 47 x 107" Vs A~ m™!
Bohr magneton 9.27 x 10724 J T!

Elementary charge 1.60 x 1072 C

Planck’s constant 6.63 x 10734 J s

Boltzman constant 1.38 x 10723 JK~*

Mass of an electron 9.11 x 1073! kg

Molar gas constant 8.31.J K~! mol™*

Experimental and theoretical background

10Dq
AA;
A,

r

K

Energy splitting between t,, and e, orbitals

Integral of the XMCD intensity over the L; edge
Energy splitting between t,4 and e, orbitals
Half-width at half maximum of the Kondo resonance
Inverse decay length of the electron’s wave function within the tunneling
barrier

Oscillation period of the interlayer exchange coupling
Prefactor of the transition matrix element (472a hw)
Linear X-ray absorption coefficient

Work function

Photon flux

Electron-pairing energy
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W (7)
p(E)
Pa
pr(E)

NS
.

S
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Wave function of a particle

density of states

Atomic number density

Density of final states

X-ray absorption cross section

Angle between the surface normal and the photon-incidence vector
unit photon polarization vector

Vector potential of an electromagnetic field

Electron momentum operator

Integral of the white line over the L; edge

Thickness of the metallic layer

Thickness of the potential barrier

Energy

Fermi energy

Position of the Kondo resonance relative to the Fermi energy
External magnetic field

Coercive field

Exchange-bias field

Light-matter interaction Hamiltonian

X-ray photon intensity

Total angular momentum quantum number

Wave number of the electron’s wave function outside the tunneling bar-
rier

Orbital quantum number

Secondary total angular momentum quantum number
Magnetic quantum number

Secondary spin quantum number

Matrix tunneling element from the p state to the v state
Orbital magnetic moment

Spin magnetic moment

Principal quantum number

Electric dipole operator where ¢ defines de photon polarization and «
the incidence direction

Interference parameter for a Kondo resonance

Reflection coefficient of an electron in a metallic layer at the layer-
vacuum (layer-substrate) interface

Spin quantum number

Temperature

Blocking temperature

Curie temperature

Kondo temperature

Néel temperature
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U (7) Potential in which a particle evolve (energy)
U Coulomb repulsion energy

Uy Height of the potential barrier

\%4 Bias voltage

Mathematical symbols used in the spinterface part

BT Long (short) period of interlayer exchange coupling oscillations

b1(s) Phase of long-period (short-period) interlayer exchange coupling oscil-
lations

Ayes) Amplitude of long-period (short-period) interlayer exchange coupling
oscillations

By Proportion of paramagnetic moments with total angular moment J that
are aligned against a magnetic referential (Brillouin function)

dow Cu thickness (usually expressed in MLs)

Er Fermi energy

g Landé factor

H Magnetic field

Hesy Total effective magnetic field

H,, Effective exchange field

J Total angular momentum quantum number

Jrec Interlayer exchange coupling

MMn Magnetic moment of the Mn ion within MnPc

MR Magnetoresistance

Ny DOS at the Fermi level in the spin up (down) channel

Narn) DOS at the Fermi level in the majority (minority) spin channel

P* Effective spin polarization

P; Spin polarization of the DOS of electrode i usually taken at the Fermi
energy

Rpeap) Resistance of junction with a parallel (antiparallel) magnetic configu-
ration of the electrodes

S Total spin quantum number

T Temperature

TMR Tunneling magnetoresistance

VM (m) Fermi velocity for majority- (minority-) spin electrons

Z Atomic number

Mathematical symbols used in the spin-crossover part

@ Proportion of time spent in the HS state

QLS(HS) Polarizability tensor of second-ML Fe-phen in the LS (HS) state
X Magnetic susceptibility

Xm Molar magnetic susceptibility

Aq(2) Barrier height for transition from LS to HS (HS to LS) states
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Cooperativity term

Attempt frequency in the scope of the transition-state theory

Molar density

Overall cross section for transition from the excited to the ground state
by a single-electron process

Static dipole moment of second-ML Fe-phen in the LS (HS) state
Electric field

Magnetic field

distance between the lobes

Distance between the STM tip and the sample

Energy

Additional potential energy for the SCO molecule in the HS (LS) state
in the presence of an electric field

Gibbs free energy

Difference in Gibbs free energy between the LS and the HS states in
the absence of external electric field

Enthalpy

Current

Total angular momentum quantum number

Transition rate from initial state (IS) to final state (FS)
Magnetization

Pressure

Proportion of molecules in the HS state

Spin-state-switching rate

Entropy

Temperature

Transition temperature

Critical temperature for the LIESST effect

Internal energy of a system (thermodynamic)

Sample voltage

Sample-voltage threshold (see Sec. 14.3.2 for definition)

Switching rate from initial state (IS) to final state (FS) given by the
transition-state theory



Acronyms

AF antiferromagnetic

AFM atomic force microscopy

AES Auger electron spectroscopy

CIP current in plane

CPP current perpendicular to plane

CITS current-imaging tunneling spectroscopy

DEIMOS  dichroism experimental installation for magneto-optical spectroscopy

DFT density functional theory
DOS density of states

EB exchange bias

Fe-phen Fe(phen)2(NCS)2

FM ferromagnetic

fwhm full with at half maximum
GMR giant magnetoresistance

HOMO highest-occupied molecular orbital
HOPG highly-oriented pyrolytic graphite

HS high spin
IEC interlayer exchange coupling
IETS inelastic electron tunneling spectroscopy

IPCMS institut de physique et chimie des matériaux de Strasbourg
LDOS local density of states
LEED low energy electron diffraction
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LFT
LIESST
LumMoO
LH

LS

LT

Lv
MBE
ML
MnPc
MOKE
MR
MLCT
NEXAFS
0OSCs
Pc
phen
QWS
RT
SCO
SOLEIL
SPM
STS
STM
SOXIESST
TMR
UHV
XAS
XMCD
XNLD
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ligand field theory

light-induced excited spin-state trapping
lowest-unoccupied molecular orbital
linear horizontal

low spin

low temperature

linear vertical

molecular beam epitaxy

monolayer

manganese phthalocyanine
magneto-optical Kerr effect
magnetoresistance

metal-ligand charge transfer

near edge X-ray absorption fine structure
organic semiconductors
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Résumé

Comprendre les propriétés des interfaces molécules/métaux est d’une importance capitale
pour la spintronique organique. La premiére partie porte sur ’étude des propriétés magné-
tiques de molécules de phtalocyanine de manganése. Nous avons montré que les premiéres
couches moléculaires forment des colonnes avec un arrangement antiferromagnétique sur la
surface de Co(100). Ces derniéres ménent & de I'anisotropie d’échange. La seconde partie
porte sur 1'étude d’une molécule a transition de spin, la Fe(phen);(NCS),, sublimée sur
différentes surfaces. Nous avons identifié les états de spin d’une molécule unique sur du
Cu(100). De plus, nous avons commuté I’état de spin d’une molécule unique pourvu qu’elle
soit suffisamment découplée du substrat.

Mots clés : Spintronique organique, transition de spin, phtalocyanine, Fe(phen)s(NCS)o,
couplage d’échange, spinterface, effet Kondo, spectroscopie d’absorption des rayons X, di-
chroisme circulaire magnétique de rayons X, microscopie & effet tunnel.

Summary

Understanding the properties of molecules at the interface with metals is a fundamental
issue for organic spintronics. The first part is devoted to the study of magnetic properties
of planar manganese-phthalocyanine molecules and Co films. We evidenced that the first
molecular layers form vertical columns with antiferromagnetic ordering on the Co(100) sur-
face. In turn, these molecular columns lead to exchange bias. The second part is focused
on the study of a spin-crossover complex, Fe(phen)s(NCS)2 sublimed on different metallic
surfaces. We identified the two spin states of a single molecules on Cu(100). By applying
voltages pulses, we switched the spin state of a single molecule provided that it is sufficiently
decoupled from the substrate.

Keywords: Organic spintronic, spin crossover, phthalocyanine, Fe(phen)s(NCS)s, ex-
change bias, interlayer exchange coupling, spinterface, Kondo effect, X-ray absorption spec-
troscopy, X-ray magnetic circular dichroism, scanning tunneling microscopy.




