Résumé

L'électronique de spin utilisant des matériaux organiques est un domaine de recherche émergeant à l'interface entre la spintronique et l'électronique organique/moléculaire [1]. Ces matériaux possèdent un avantage majeur: les éléments légers (C, O, H, N) dont les molécules sont composées présentent une interaction spin-orbite très faible et mènent donc à des temps de relaxation de spin très longs.

Pour mieux comprendre le transport de spin à travers l'interface entre un lm organique et un substrat ferromagnétique nous étudions le mouvement du spin d'électrons quand ils sont rééchis par un lm organique déposé sur une surface ferromagnétique. Notre expérience se distingue d'autres expériences utilisant des électrons polarisés en spin par le fait que la polarisation P 0 des électrons incidents est perpendiculaire par rapport à l'aimantation M du matériau ferromagnétique [2,3]. C'est seulement dans cette conguration initiale non collinaire que le mouvement du spin peut être observé. Le mouvement du spin consiste en deux sous-mouvement, à savoir une précession d'un angle ε autour de l'aimantation M et une rotation d'un angle φ soit dans la direction parallèle à M soit antiparallèle à M (voir encart dans la Fig. 1).

Le principe de l'expérience est montré dans la Fig. 1. Un cristal de GaAs sert de source d'électrons polarisés en spin. Le faisceau polarisé frappe l'échantillon sous un angle de 45 • par rapport à la normale de la surface. Les électrons rééchis traversent ensuite une grille retardatrice qui ne laisse passer que des électrons élastiques. Ces électrons sont ensuite accélérés à une énergie de 100 keV pour la mesure de leur polarisation dans un détecteur de spin.

La Fig. 2 montre l'angle de précession ε en fonction de l'épaisseur de phthalocyanine (Pc) pour des électrons d'une énergie E-E F = 9 eV. Trois différents régimes d'épaisseur peuvent être identiés. Le premier régime s'étend de zéro à 0.2 monocouche (ML) où ε reste constante. Dans le deuxième régime, qui va de 0.2 à 0.6 ML, ε montre une très forte diminution. Finalement, epsilon s'annule pour des épaisseurs supérieures à 0.6 ML. Nous soulignons que ce comportement est vu avec des petites diérences pour toutes les énergies étudiées (de 7 à 50 eV). On pourrait donc penser que cet eondrement du signal magnétique est du à une disparation du magnétisme dans le lm de Co induite par la présence des molécules de Pc. Cependant, des mesures de la Nos expériences sur les lms de CoPc déposés sur un autre ferromagnétique, à savoir le Fe(001) ont montré que le choix du substrat ferromagnétique n'a pas d'importance pour l'existence de cet eet. Ce qui est encore beaucoup plus étonnant est l'observation qu'on trouve le même type de comportement même si les molécules sont séparées du lm de Co par une couche d'Au. Cela montre qu'une interaction directe des molécules avec le ferromagnétique n'a aucune importance pour l'observation de l'eet.

Dans le but de trouver la cause de cet eet, nous avons varié aussi le type de molécule organique. Dans un premier temps d'autres molécules de Pc ont été essayées (CoPc, FePc et MnPc). Quelque soit l'atome central de la molécule, le comportement est très similaire. Puis, Pc a été remplacé par d'autres molécules aromatiques telles que PTCDA et Coronene. Cependant, le même comportement global a pu être observé. Nous avons aussi essayé des molécules non-aromatiques telles que Pentacontane (C 50 H 102 ) ainsi que des molécules sans hydrogène telles que C 60 . Finalement, nous avons évaporé des atomes de carbone pour former une couche de graphite amorphe. Encore une fois, le même type de comportement est observé.

Pour le moment aucune idée sur l'origine de cet eet très surprenant des molécules organiques sur le mouvement du spin ne peut être présentée.

Dans ma deuxième partie de thèse, nous avons eectué des expériences de photoémission polarisée en spin à la ligne de lumière "Cassiopée" du synchrotron "Soleil" sur des lms de MnPc et H 2 Pc déposés sur une surface ferromagnétique de Co(001). Le but était d'étudier les propriétés polarisées en spin de l'interface entre le lm organique et le substrat ferromagnétique.

Nous présentons dans la Fig. 3 les spectres pour les deux canaux de spin ainsi que la polarisation du spin P pour le système MnPc (xML)/Co(001) (x = 0, 1.3, 2.6, 3.9 et 5.2). On trouve que le dépôt de MnPc induit une modication importante de la polarisation de spin proche du niveau de Fermi. Dans la gamme d'énergie de liaison de 0.2-0.3 eV on remarque un changement de signe à cause du dépôt. Alors, nous déduisons que le dépôt de MnPc conduit non seulement à une suppression de la polarisation négative du Co, mais contribue également à une polarisation positive. La densité d'états sur les sites de Co étant plus importante que celle sur les sites de Mn, de N et de C, cette contribution positive de la polarisation due aux molécules doit être substantielle.

Pour obtenir le signal de photoémission qui vient seulement de l'interface organique/ferromagnétique nous avons dévéloppé une procédure particulière de soustraction, dont sa validité a été vériée. Figure 4 de diérence obtenus à partir de cette procédure. De cette analyse, nous pouvons donc armer que la polarisation de spin à température ambiante à E F des deux premières couches de MnPc adsorbés sur le Co(001) est très importantes et approche +80% ± 10%. Nous notons que d'autres expériences du type photoémission résolue en spin sur des systèmes similaires ont été faites récemment par d'autres groupes [4,5]. Alors que ces mesures montrent également l'existence des états induits par la présence des molécules de Pc, ces derniers ne possèdent que de très faible polarisation.

An de vèrier ces résultats expérimentaux, des calculs théoriques sur des interfaces du type Pc/Co ont été eectués. Ces calculs ont montré l'existence des états d'interface polarisés en spin due à l'hybridation des bandes électroniques.

Une étude en fonction de l'énergie de photon nous renseigne sur deux as- pects de ces états électroniques. Premièrement, ils ne montrent pas de dispersion de leur position d'énergie. Cela prouve qu'il s'agit des états d'interface, c.à.d. des états électroniques localisés à l'interface organique/ferromagnétique. Deuxièmement, une mesure en énergie de photon plus élevée (100 eV) montre que ces états d'interface sont majoritairement du caractère C ou N 2p. Finalement, la comparaison des données obtenues avec MnPc et H 2 Pc montre qu'il n'y a pas de diérences signicatives entre les spectres de diérence résolus en spin. Cette observation prouve clairement que l'ion central Mn 2+ dans la molécule MnPc ne joue pas un rôle important dans la formation des états d'interface polarisés en spin.
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+D=FJAH Introduction

Since its discovery by J.J. Thomson more than one hundred years ago, the electron has become fundamental to modern technology. There are two elds of technology at the moment which use the electron for their operation, conventional electronics and spintronics. While spintronics [6,7] deals with the control and the manipulation of the spin of the electron, conventional electronics manipulates its charge by an electric eld without taking into account the spin degree of freedom. So, spintronics is a promising eld in the information technology because spintronics devices allow for the ecient control on the motion of electrons by acting on their spin through magnetic means. Most importantly, it has the advantage of high storage capacity, high integration density and increased processing speed over conventional electronic devices.

The rst steps in spintronics were done thirty years ago with the discovery of the giant magnetoresistance (GMR). In 1986, Grünberg and coworkers reported the antiferromagnetic coupling of Fe in Fe/Cr/Fe trilayers [8], where magnetoresistance ratio was observed to be several % [9]. In 1988, Fert and coworkers discovered a magnetoresistance of ≈ 40% by using antiferromagnetically coupled Fe/Cr multilayers [10]. Because of its enormous amplitude this magnetoresistance eect has been named "giant magnetoresistance (GMR)". These discoveries have been awarded with the physics Nobel prize in 2007. Similar GMR-eects have been observed later for many metallic systems, in which ferromagnetic layers are always separated by a nonmagnetic metallic spacer layer. Already in 1975 experiments were performed in which instead of the metallic spacer layers insulating layers were studied. In these magnetic tunnel junctions (MTJs) very signicant tunneling magnetoresistance (TMR) values were discovered by Julliére [11]. Magnetic tunnel junctions regained interest only in 1995 by experiments with amorphous barrier materials performed by Moodera and coworkers [12] and Miyzaki and coworkers [13]. In 2004, MgO(001) single crystalline lms were introduced in TMR devices as a tunneling barrier, which made possible the coherent spin tunneling in a Chapter 1. Introduction 2 Fe/MgO/Fe system [14,15]. Currently, experimental TMR values of about 600% at room temperature are obtained in Fe/MgO/Fe MTJs [16].

Since 1999, scientists are trying to marry spintronics with molecular electronics by replacing the inorganic spacer layers for instance in MTJs by organic layers. In fact, organic spintronics, when compared to its inorganic counterpart, oers many advantages. From the application point of view, organic materials open the way to cheap, low-weight, mechanically exible, chemically interactive, and bottom-up fabricated electronics. Furthermore, more ecient and innovative devices may be produced due to the long spin coherence time and spin-ip length, thanks to the weak spin-orbit coupling for light elements such as hydrogen, carbon, and nitrogen. Model vertical magneto-resistive devices have been produced using ferromagnetic metals or half-metals [17] as ferromagnetic electrodes and evaporated small molecules as tunnel barriers. Typically a few 10% of tunnel magnetoresistance has been obtained at low temperatures and a few % at room temperature. These results show the interesting eciency of spin transfer through organic materials.

Motivation and Outline

The objective of my work is to understand the electronic and magnetic interactions at the interface between an organic semiconductor and a ferromagnetic metal. In fact, the study of the spin properties of metal-organic interfaces has recently received considerable attention [1,1820] because of the prospect of developing a new generation of spin devices. From the fundamental point of view a lot of interesting physics takes place at the interface between ferromagnets and molecules [21,22]. Eects ranging from ferromagnetic coupling between a molecule's transition metal site and the ferromagnet [20], to metallic [23], spin-polarized states induced on the molecule by the interface's chemical bonds [24] have been subsumed in a recent analysis by Sanvito et al. [25] as signatures of a spinterface that can craft spin-polarized transport [24,26].

Despite these very promising features, however, a more complete understanding of the spinterface properties, in particular the spin transport through the molecular layer, needs the knowledge of (1) how incident spin-polarized electrons are inuenced when interacting with the molecular layer and (2) the knowledge of the molecule-induced electronic band structure at the interface.

Motivation and Outline

This is exactly the goal of the present study. The rst point is treated by performing spin-polarized electron scattering experiments on very dierent spinterfaces, consisting of dierent ferromagnetic metals as well as of dierent organic layers. The second point is treated by performing spin-resolved photoemission spectroscopy measurements on several prototypical spinterfaces.

The thesis is divided into ve chapters. Chapter 2 describes the dierent theoretical concepts necessary for an understanding of both the spin-polarized electron scattering experiments and the spin-resolved photoemission experiments. The experimental set-ups as well as the preparation and characterization of the studied samples are presented in chapter 3 

The spin and its mathematical formulation

An electron with an orbital angular momentum L possesses a magnetic dipole moment µ given by the relation:

µ L = -e 2m g L L (2.1)
where g L the gyromagnetic ratio for the orbital motion is 1. Because of this magnetic moment an electron interacts with a magnetic eld. So, it is expected that an electron with an orbital angular momentum equal to zero (l = 0) will not interact with a magnetic eld. However, in 1922, Stern and Gerlach [27,28] conducted an experiment, whose results were quite unexpected. In this experiment, a beam of Ag atoms with vanishing orbital angular momentum passed through an inhomogeneous magnetic eld. Because of the vanishing orbital angular momentum they did not expect any deviation of the Ag-beam. However, they found a separation of the Ag-beam into two beams after having passed the inhomogenous magnetic eld region. In 1925, Goudsmit and Uhlenbeck [START_REF] Goudsmit | [END_REF] suggested that an electron has, in addition to its orbital angular momentum L, an additional intrinsic angular momentum S called spin. Supposing that the spin of an electron can take only two values, an explanation for the Stern-Gerlach experiment has been found. The spin is described by the operator S, which has three components S x , S y and S z . Similarly to the orbital angular momentum, they obey the same commutation relations [30]:

[S i , S j ] = i ε ijk S k (2.2)
where ε ijk is the Levi-Civita symbol. It follows that the eigenvectors of S 2 and S z are, respectively:

S 2 |s, m = 2 s(s + 1)|s, m (2.3) S z |s, m = m|s, m
(2.4) In the case of electrons the dimensionality of the spin space is 2. One can take as an orthonormal basis |↑ , |↓ the common eigen-kets of S 2 and S z which verify the following conditions:

         S 2 |↑ = 3 4 2 |↑ S 2 |↓ = 3 4 2 |↓ S z |↑ = +1 2 |↑ S z |↓ = -1 2 |↓
(2.5)

with

↑ |↓ = 0 ↑ |↑ = ↓ |↓ = 1
(2.6)

Spin polarization

The spinor basis states of a general spin wavefunction of a single electron are dened as follows:

χ ↑ = |↑ = 1 0
(2.7)

χ ↓ = |↓ = 0 1
(2.8)

The spin operator S can be dened by the Pauli matrices σ = 2 S, which only aect the spin state:

σ x = 0 1 1 0 ; σ y = 0 -i i 0 ; σ z = 1 0 0 -1 .
(2.9) An electron beam is said to be polarized if there exists a direction for which the two possible spin states are not equally populated. If all spins have the same direction, they are represented by a pure spin state. In such a case, the electron spin is described by a linear combination of the two basis spinors as follows:

χ = a 1 1 0 + a 2 0 1 = a 1 a 2 .
(2.10)

By denition, we have χ * = (a * 1 , a *

2 ) and therefore χ * χ = a * 1 a 1 + a * 2 a 2 with the normalization condition χ * χ = 1. Taking the angles θ and ϕ as shown in Fig. 2.2, the spin function χ is specied by a 1 = cos θ 2 and a 2 = sin θ 2 e iϕ . For more explanation we refer to the book by Kessler [START_REF] Kessler | Polarized electrons[END_REF].

In order to see the physical signicance of the angles θ and ϕ, we dene the components of the polarization vector as the expectation values of the Pauli spin operators:

P = σ = χ|σ|χ
(2.11) Thus, the three dimensional polarization vector P is given by:

P x = a * 1 a 2 + a * 2 a 1 = sin θ cos ϕ
(2.12)

P y = i(a * 2 a 1 -a * 1 a 2 ) = sin θ sin ϕ
(2.13)

P z = |a 1 | 2 -|a 2 | 2 = cos θ.
(2.14) From these equations we obtain the degree of polarization by:

P = P 2 x + P 2 y + P 2 z (2.15)
We generalize the denition of the polarization if the state χ = a 1 a 2 is not normalized by: P = χ|σ|χ χ|χ .

(2.16)

Partially polarized electron beam

Until now only pure spin states were considered, i.e. states for which there exists a dened direction of the spins. Now, let us consider a partially polarized electron beam which is a statistical mixture of spin states. In this case, the polarization of the total system is the average of the polarization vectors P (n) of the individual systems which are in a pure spin state χ (n) :

P = n w (n) P (n) = n ω (n) χ (n) |σ|χ (n) χ (n) |χ (n) , (2.17) 
where the factors ω (n) take into account the relative weight of the states χ (n) :

ω (n) = N (n) n N (n)
(2.18)

2.3. Electron-spin motion with N (n) the number of electrons in the state χ (n) . To simplify the polarization vector in equation 2.17, we choose the direction of the polarization vector to be along the z-direction. In this case the polarization is given by P = N ↑ -N ↓ N ↑ +N ↓ , where N ↑ and N ↓ are the number of electrons having a spin value of /2 and -/2, respectively. An electron beam with an arbitrary polarization can therefore be considered to be made up of a totally polarized fraction and an unpolarized fraction which are mixed in the ratio P/(1 -P ). Let us for example consider an ensemble of 100 electrons, that has 80 electrons with spin in the z-direction and 20 electrons with a spin in the -zdirection. With N ↑ = 80 and N ↓ = 20 we have:

P = N ↑ -N ↓ N ↑ + N ↓ = 80 -20 80 + 20 = 0.6 = 60% (2.19)
This case can also be expressed by saying that 60% of the beam is totally polarized and 40% is unpolarized (see Fig. 2.3).

Electron-spin motion

In the following the spin polarization vector P 0 of the incident electrons is perpendicularly oriented with respect to the magnetization M of the ferromagnetic lm. We note that in the following the direction of M is dened to be that of the majority-spin electrons. For simplicity, we consider in this chapter a completely polarized electron beam, i.e. P 0 = 1.

In the particular spin conguration, which we consider here, the spin is a coherent superposition of a majority-spin and a minority-spin state. If P 0 is along the x-axis and M along the z-axis, these two spin states are represented by a (1,0) and a (0,1) spinor, respectively, and the initial spin conguration reads:

χ 0 ∼ 1 0 + 0 1 .
The two partial waves have an arbitrary but identical phase prior to reection at the surface of the ferromagnetic material. However, since the reection process depends on the spin, the amplitudes of the two spin wave functions are dierent after reection, and the total spin wave function will be:

χ ∼ |r ↑ |e iθ ↑ 1 0 + |r ↓ |e iθ ↓ 0 1
with |r ↑,↓ | the module of the spin-dependent reection amplitudes and θ ↑,↓ the corresponding reection phases.

The expectation values of the Pauli matrices yield the spin polarization vector P of the electron beam after reection:

P = < χ|σ|χ > < χ|χ > =    |r ↑ ||r ↓ | cos θ ↓ -θ ↑ |r ↑ ||r ↓ | sin θ ↓ -θ ↑ |r ↑ | 2 -|r ↓ | 2 |r ↑ | 2 + |r ↓ | 2 -1    .

By introducing the intensity asymmetry

A = |r ↑ | 2 -|r ↓ | 2 |r ↑ | 2 + |r ↓ | 2
and the angle

ε = θ ↓ -θ ↑
the spin polarization vector becomes:

P =    √ 1 -A 2 cos ε √ 1 -A 2 sin ε A    .

Fundamentals of photoemission

This corresponds to a precession of the polarization vector around the magnetization direction by an angle ε and simultaneously a rotation by an angle φ in the plane spanned by P and M (see Fig. 2.4): 

φ = arctan A √ 1 -A 2 .

Fundamentals of photoemission

Photoemission spectroscopy (PES) is used to investigate the occupied electronic band structure in solids [START_REF] Cardona | Photoemission in Solids I[END_REF][START_REF] Hüfner | Photoelectron Spectroscopy, Principles and Applications[END_REF]. This method is based on the photoeect, which was discovered by Hertz and Hallwachs in 1887 and explained 1905 by Einstein by introducing the concept of the photon.

For the interpretation of the photoemission process which is sketched in Fig. 2.5, a phenomenological model called the three-step model is often used [START_REF] Berglund | [END_REF]. In this model, the photoemission process is divided into three distinct and independent steps:

1. Optical excitation of the electron in the bulk. In the rst step, photoionization takes place, i.e. an electron occupying an initial electronic state is excited into an unoccupied nal state through absorption of a photon. The second step can be described in terms of an eective mean free path which is proportional to the probability that the excited electron will reach the surface without scattering. Finally, the electron overcomes the work function and escapes through the surface into the vacuum where it is detected. Within this last process, the momentum perpendicular to the surface is not conserved, and the electron is refracted in a similar manner to that of light at the interface between two materials. The parallel component of the momentum, however, is still conserved (analogous to Snell's law for

Fundamentals of photoemission light). The consideration of energy conservation [ 28] leads to an expression

for the kinetic energy E kin of the photoemitted electron:

E kin = hυ -Φ -E B (2.20)
where E kin is measured with respect to the vacuum level E vac , Φ is the work function of the sample, and E B is the binding energy relative to the Fermi level E F .

Because of the conservation of the parallel momentum [ 35] one can write:

k // = 2m 2 E kin • sin ϑ (2.21)
where k // is the parallel wave vector of the initial state and ϑ is the polar emission angle (see Fig. 2.6). E kin , Φ and ϑ can all be measured directly from the experiment. Therefore, the energy and the in-plane wave vector of the electronic state before photoemission can be determined from eqs ( 2.20) and

(2.21). According to Fermi's golden rule, the transition probability w f i for an optical excitation between the N-electron ground state Ψ N i and the possible nal states Ψ N f is given by [36]:

w f i ∝ | Ψ N f |A • p|Ψ N i | 2 δ(E N f -E N i -hυ) (2.22)
where E N i and E N f are the initial-and nal-state energies of the N-particle system, respectively. The term A • p is called the direct transition term which takes into account the interaction between the photon and the electron, where p is the electron momentum operator and A the electromagnetic vector potential.

The equation 2.22 simplies within the sudden approximation, which assumes that the electron is instantaneously removed by photoexcitation. In this case, the wave function of the nal state can be written as:

Ψ N f ∼ φ k f Ψ N -1 f (2.23)
where φ k f is the wave function of the photoelectron and Ψ N -1 f is the nal state wave function of the (N -1) electrons left behind, which can be chosen as an excited state with eigenfunction Ψ N -1 s and energy E N -1 s . The total transition probability is then given by the sum over all possible excited states s. By using the same notation, the initial state Ψ N i can also be factorized into a one-electron wavefunction φ k i and a Ψ N -1 i -electron wavefunction of the remaining (N -1) electrons:

Ψ N i ∼ φ k i Ψ N -1 i (2.24)
To calculate the total photoemission intensity I we use the relation I = f,i w f i and the equations (2.24, 2.23). We thus obtain [START_REF] Damascelli | [END_REF]:

I ∝ f,i |M f,i | 2 s |C s,i | 2 δ(E kin + E N -1 s -E N i -hυ) (2.25) with |C s,i | 2 = | Ψ N -1 s |Ψ N -1 i | 2 and M f,i = Φ k f |A • p|Φ k i . We used here Ψ N -1 s instead of Ψ N -1 f
because this term takes into account all the possible excited states, as discussed above. Finally, it should be mentioned that a more complete description of the photoemission process can be obtained within the Green function formalism (see reviews [START_REF] Damascelli | [END_REF]38] for more information). In the following I will describe the two essential components of the experimental set-up, namely the spin-polarized electron source and the spin detector. A detailed description of the other parts of the experimental set-up can be found in [START_REF] Joly | Étude de mouvement du spin d'électrons dans des systèmes ferromagnétique mesuré en géométrie de réexion par spectroscopie électronique résolue en spin[END_REF][START_REF] Bismaths | Étude de movement du spin d'électrons dans les puits quantique dépendant du spin[END_REF] 

+D=FJAH ! Experimental techniques, sample preparation and characterization

Spin-polarized electron source

As spin-polarized electron source a GaAs crystal is used. GaAs is a direct band gap semiconductor with a minimum band separation of 1.52 eV at room temperature near the center of the Brillouin zone as shown in Fig. 3.2(a) [START_REF] Pierce | [END_REF]42]. Due to spin-orbit interaction the valence band is divided into a fourfold degenerated P 3 2 -level and a two-fold degenerated P 1 2 -level, which have a separation of △ = 0.34 eV. The four-fold degenerated P 3 2 -level contains two "heavy hole (hh)" levels with m j = ± 3 2 and two "light hole (lh)" levels with

m j = ± 1 2 .
The electrons of the conduction band are in the state 4S 1 2 which is two-fold degenerated. The selection rules for photoemission (△l = ±1, △m = ±1, 0) allow both the electronic transition from 4P 3 2 states to 4S1 2 states and from 4P 1 2 states to 4S 1 2 states. In order to produce a polarized electron beam, the GaAs has rst to be activated. The activation consists in a deposition of Cs and oxygen onto 3.1. Spin-motion experiments the GaAs crystal. In this way the work function of the GaAs surface can be signicantly lowered such that electrons, which are optically excited into the conduction band can leave the crystal. The details of this activation procedure are described in [42,43]. In a second step we send onto the activated GaAs crystal a beam of right circularly polarized light (+σ) (photons have a magnetic moment m = +1, solid line in Fig. 3.2(b)). The only allowed transitions between the states of the valence band and those of the conduction band are then:

4P 3 2 m j = -3 2 → 4S1 2 m j = -1 2 4P 3 2 m j = -1 2 → 4S1 2 m j = +1 2 (3.1)
For left circularly polarized light (-σ) (photons have a magnetic moment m = -1, dotted line in Fig. 3.2(b)) the only allowed transitions are:

4P 3 2 m j = +3 2 → 4S1 2 m j = +1 2 4P 3 2 m j = +1 2 → 4S1 2 m j = -1 2 (3.2)
The transition probabilities related to the levels can be calculated from the wave functions of the initial and nal states and are indicated in circles in Fig. 3.2(b). With a light energy of 1.42 eV, i.e. avoiding the excitation of electrons in the state P 1/2 , the degree of polarization is found to be P = (3 -1)/(3+1) = 50%. Experimentally, one reaches approximately a polarization of 25%. This is explained by the strong diusion of the excited electrons before being ejected into the vacuum. As these diusion processes are in general not spin conserving, the polarization of the emitted electrons is smaller. By switching from right-to left-circularly polarized light for the photoexcitation of the spin-polarized electrons, the direction of the initial spin polarization can be inverted.

The emitted electrons from the GaAs source will traverse an electron optics (see Fig. Earth's magnetic eld on the spin polarization direction. So, by applying a combination of electric and magnetic elds to the electron beam, the initial spin polarization P 0 can be rotated into any desired space direction. An unpolarized electron beam as well can be produced by applying linearly polarized light.

Spin detector

The spin detectors which are used in our spin-motion set-up as well as in the spin-resolved photoemission set-up, which is described later, are based on the so-called Mott scattering. What is Mott scattering? Let us consider an electron beam of fairly high energy (100 keV for the detector used in the spinmotion experiments and 30 keV for that of the photoemission experiments), which will be scattered by a thin foil consisting of a heavy metal such as Au, i.e. the target material shows a strong spin-orbit interaction. When an electron is scattered by a Au atom two interactions have to be considered, the Coulomb interaction V C , which is independent of the electron spin, and the spin-orbit interaction V so ∝ L•S with L and S the orbital and the spin angular momentum vector of the scattered electron, respectively. Let us suppose that Potential curves with (dashed) and without (solid) spin-orbit interaction are shown [START_REF] Kessler | Polarized electrons[END_REF].

We thus obtain a left-right scattering asymmetry:

A = N r -N l N r + N l (3.3)
with N r and N l the number of electrons scattered to the right and to the left, respectively. This asymmetry is proportional to the spin polarization of the electron beam normal to the scattering plane P n . With a proportionality constant S ef f called the eective Sherman factor we get:

A = S ef f P n . (3.4)
In our spin detectors we place two detectors at exactly the same scattering angle of 120 of the polarization. By placing two detectors in the vertical plane in the same way, we can measure the horizontal component of the polarization. In any experiment, however, there is always an articial asymmetry due to the fact that the detectors are not identical (dierent eciencies) and that the electron beam might be misaligned. In order to eliminate this articial asymmetry, we measure not only the scattered intensities when the incident polarization is P but also when it is -P . For a polarization P (indicated by ↑) we have

N ↑ l = nN E l Ω l I[1 + P n S ef f ] (3.5) N ↑ r = nN E r Ω r I[1 -P n S ef f ] (3.6)
with n the number of incident electrons, N the number of Au atoms per unit area, Ω l,r and E l,r the solid angles and the detector eciencies for the left and right detector, respectively, and I the dierential cross section.

For a polarization -P (indicated by ↓) we have:

N ↓ l = n ′ N ′ E l Ω l I[1 -P n S ef f ] (3.7) N ↓ r = n ′ N ′ E r Ω r I[1 + P n S ef f ] (3.8) 
where the primes indicate that the number of incident electrons and the eective target thickness can be dierent. We now obtain the intensities N l and N r in the following way:

N r = N ↑ r N ↓ l = nn ′ N N ′ E l E r Ω l Ω r I[1 -P n S ef f ] (3.9) N l = N ↓ r N ↑ l = nn ′ N N ′ E l E r Ω l Ω r I[1 + P n S ef f ] (3.10) 
By putting these expressions for N l and N r into the above asymmetry expression we obtain an asymmetry which does not include anymore any articial asymmetry coming from dierent detector eciencies and/or a misalignment of the incident electron beam.

We note that the spin detector for our spin-motion experiments is sensitive only to the components P x and P z of the polarization vector. That is the reason why later only these components will be discussed and exploited. From the previous discussion the component P x is given by:

P x = 1 S ef f N ↑ l N ↓ r -N ↓ l N ↑ r N ↑ l N ↓ r + N ↓ l N ↑ r (3.11) 21 

Spin-motion experiments

To get the component P z , we must measure the intensities in the "top" (t) and "bottom" (b) detectors:

P z = 1 S ef f N ↑ t N ↓ b -N ↓ t N ↑ b N ↑ t N ↓ b + N ↓ t N ↑ b (3.12)
Now, we consider the conguration of our experiment, which corresponds to an electron beam polarized along the x-axis, initially propagating along the z-direction, and a magnetization which is in the (yz)-plane at an angle of 45 • with respect to the (xz)-plane. We use the following convention for the vector polarization obtained in the conguration (M σ) : P (M σ) where M = + if the magnetization is in the direction dened in Figure 3.4, and σ = + if the polarization vector is in the x-direction. For the conguration (M σ) = (++) we get:

P (++) =      P 0 √ 1 -A 2 cos ε 1 √ 2 (A + P 0 √ 1 -A 2 sin ε) 1 √ 2 (A -P 0 √ 1 -A 2 sin ε) (3.13)
After reversing only the direction of the initial spin polarization we get:

P (+-) =      -P 0 √ 1 -A 2 cos ε 1 √ 2 (A -P 0 √ 1 -A 2 sin ε) 1 √ 2 (A + P 0 √ 1 -A 2 sin ε) (3.14)
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After reversing only the direction of the magnetization we get:

P (-+) =      +P 0 √ 1 -A 2 cos ε 1 √ 2 (-A -P 0 √ 1 -A 2 sin ε) 1 √ 2 (-A + P 0 √ 1 -A 2 sin ε) (3.15)
After reversing both the direction of the initial polarization and of the magnetization one obtains:

P (--) =      -P 0 √ 1 -A 2 cos ε 1 √ 2 (-A + P 0 √ 1 -A 2 sin ε) 1 √ 2 (-A -P 0 √ 1 -A 2 sin ε) (3.16)
By taking the equations 3.11, 3.12 and other identications which are discussed in detail by Logan Tati-Bismaths in his thesis [START_REF] Bismaths | Étude de movement du spin d'électrons dans les puits quantique dépendant du spin[END_REF], we are able to write the expression of the polarization P (1), (2) x and P (1), (2) z , where (1) and (2) designate one of the four congurations (±M, ±σ):

P (1),(2) x = 1 S ef f N (1) l N (2) r -N (2) l N (1) r N (1) l N (2) r + N (2) l N
(1) r (3.17)

P (1),(2) z = 1 S ef f N (1) t N (2) b -N (2) t N (1) b N (1) t N (2) b + N (2) t N (1) b (3.18)
From these equations we are able to nd the asymmetry, the initial polarization P 0 and the precession angle ε by using the combination of dierent polarizations:

A = 1 √ 2 (P (--),(+-) z + P (-+),(++) z ) (3.19) 
P 0 = 1 4 (P (++),(--) x + P (-+),(+-) x ) + 1 2 (P (-+),(++) z -P (--),(+-) z ) 1 -A 2 (3.20) ε = sin -1 1 √ 2 (P (-+),(++) z -P (--),(+-) z ) P 0 √ 1 -A 2 (3.21)
3.2. The spin-resolved photoemission experiment

The spin-resolved photoemission experiment

The photoemission experiments have been performed at the synchrotron SOLEIL in Paris. Using synchrotron radiation oers the possibility of covering a wide spectral range, from the visible to the x-ray region, with an intense and highly polarized continuous spectrum. In addition, there are other important advantages such as variable polarization, high brightness, and small photon spots. The measurements were carried out in an ultra-high vacuum system by using a hemispherical energy analyzer. Figure 3.5 shows the generic conguration of a spin-resolved photoemission experiment. A high-intensity photon beam is produced by an undulator which is located in the storage ring. This beam is monochromatized by a grating monochromator at a desired energy, and then it is focused onto the sample. The photoemitted electrons are then collected in normal emission by the energy analyzer, where the kinetic energy of the electrons is determined. We note here, that the hemispherical analyzer is the most commonly used instrument in PES at the present time.

As electron detectors channeltrons are mostly used. However, to improve the detection eciency a multi-channel detection system with a micro-channel plate (MCP) instead of a single channeltron is used. In this system each for Fe/Ag(001)). For the lm system Fe/Pt(001), on the other hand, there have been only few studies [53].

While Co lms on Cu(001) are in-plane magnetized for all thicknesses Fe lms on Ag(001) and on Pt(001) exhibit an reorientation transition of the magnetization from out-of-plane to in-plane for thicknesses of 4 ML [ 54] and 2.2 ML [53], respectively. In all cases lms of 15 ML thickness are deposited such that the magnetization of all ferromagnetic lms lies in-plane.

In the second step of the sample preparation we deposit dierent organic molecules or amorphous carbon onto the ferromagnetic lm at room temperature. The organic molecules are evaporated by radiative heating while carbon lms are evaporated by electron beam bombardment and the evaporation rate is controlled by a quartz microbalance. In the electron scattering experiments the molecular or carbon lms are grown as follows: at a typical growth rate of 1 ML/10 min we make a deposition during 15 s. This is followed by a measurement that takes several minutes. Then, the procedure is repeated. As a result, the eective deposition rate is much slower than 1 In certain cases where we have chosen Co(001) as ferromagnetic lm we deposited an intermediate layer of Au on top of the Co lm in order to separate the molecules from the latter. In this way we are able to distinguish eects which are induced by a direct contact of the molecules with the ferromagnetic surface from those which are not induced by a direct contact. For the characterization of the growth and the structure of the Au(111) lms on top of Co(001), we refer the reader to the work on electron-spin motion in Au lms on Co(001) performed in our group [55]. The advantage of Au for the present study is the fact that it exhibits at low electron energies a very large inelastic mean free path (IMFP) [55]. This enables us to observe still a signicant spin-motion signal from the Au/Co interface even for Au thicknesses as large as 15 ML.

In the following two crucial questions will be addressed: (1) Are we really depositing intact molecules? (2) How do we determine the thickness of the Chapter 3. Experimental techniques, sample preparation and characterization 26 organic layers?

The rst question has been addressed by studying exemplarily the system CoPc/Cu(001) by low-energy electron diraction (LEED). LEED experiments at low coverages (see Fig. 3.7 (left) for 0.6 ML CoPc on Cu(001)) show already evidence of some ordering of the molecules on Cu(001) at room temperature with a typical liquid-like rst-order ring around the substrate (0,0) LEED spot and a fourfold-shaped second-order structure. This indicates strong nearestneighbor ordering of the molecules but only weak long-range order. For thicker CoPc lms of 2 ML thickness the long-range ordering of the molecules on the Cu(001) surface becomes clear (see Fig. 3.7 (right) for 2 ML CoPc on Cu(001)). Both rst and second order spots are visible (third order spots can be vaguely perceived) which indicates a very good long-range ordering. Very similar LEED images have been observed for CuPc on Cu(001) by Buchholz et al. [56]. The central message is therefore that we are indeed dealing with intact Pc molecules on the surface as any disintegration of the Pc molecules would lead to a completely dierent LEED image. Moreover, the Pc molecules are immune to damage by the incident electron beam as the LEED image was stable for periods of hours under the LEED electron beam, not only at low energies but also at much higher energies (150 eV). Thus, we can exclude any damage by our spin-polarized electron beam, as, rst, the electron energies are usually much lower than typical LEED energies and, 3.3. Samples second, the beam current in the spin-motion experiments is in the nA-range while that of a LEED experiment is typically in the µA-range.

What is the thickness of the organic layers? to calibrate the organic layer thickness we exploit the fact that in most measurements reectivity maxima appear that turn out to be at a thickness of 1 ML. In fact, the presence of islands for a non-integer coverage leads to a disordered surface such that diuse electron scattering is enhanced. Consequently, the intensity of the specular elastic peak is reduced and becomes only maximum for a completed ML, for which the number of islands is minimum.

We note that intensity maxima can also be due to a quantum-well eect.

In this case they can appear at any thickness depending on the electronic band structure of the overlayer material. A quantum-well origin of at least most of the maxima observed in our experiments with the organic layers can, however, be excluded. In most experiments the reectivity maxima for a given system appear always at the same deposition time (keeping the evaporation rate constant) independent of the primary electron energy. However, the thickness position of quantum-well induced reectivity maxima vary in general very strongly with the electron energy [55,57].

Combined measurements of the electron reectivity and the Auger signal as a function of the organic layer deposition time allowed us to calibrate the thickness independently. For the particular case of CoPc on Co(001) a calibration using the reectivity maximum, which is supposed to be at 1 ML coverage, results in IMFP values of 1.5 ± 0.15 nm and 3.3 ± 0.4 nm for electrons with kinetic energies of 277 eV (carbon Auger peak) and 782 eV (high energetic Auger Co peak), respectively. These IMFP values are close to those given in the literature for many planar organic molecules. We refer here for instance to the theoretical work by Tanuma et al. [58] and the experimental work by Laibinis et al. [59] in which measurements of the IMFP in self-assembled monolayers of n-alkanethiols on dierent metallic substrates have been performed. Both theory and experiment give quite similar values to those obtained in our experiments, namely 1.5 nm and 2.7 nm for electrons of 277 eV and 782 eV kinetic energy, respectively. Similar Auger experiments with the other planar molecules (PTCDA, coronene, pentacontane) studied in the present work give similar values. This proves that our calibration method based on the reectivity maxima which appear in most cases at 1 ML coverage (in certain cases an additional maximum at 0.5 ML is identied) is correct.
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We note that all studied planar molecules have similar interlayer distances of about 0.35 nm.

Another independent check of the coverage is made in the case of CoPc/Co(001) and MnPc/Cu(001) by measuring the work function change of the substrate as a function of the organic layer coverage (see paragraph "Is the breakdown due to a "mirror"-eect?" in chapter 4). As the main changes of the interface dipole usually appear during the deposition of the rst monolayer, we expect a saturation for larger coverages. Indeed, the calibration of the organic layer thickness based on the reectivity maxima is consistent with this fact.

In the case of C 60 layers we tried another way to independently calibrate the thickness. While the rst layer of C 60 is chemisorbed on metallic surfaces [6062] and therefore relatively strongly bonded, further layers are only weakly bonded via the van-der-Waals interaction. Consequently the rst C 60 layer has a sublimation temperature that is substantially higher than that of the C 60 molecules in subsequent layers (450 K) [63]. In order to obtain exactly 1 ML of C 60 we performed the experiment in the following way: In a rst step we evaporated at room temperature a thick C 60 lm. In a second step we heated the system at 600 K. We note that much higher temperatures above 760 K are necessary to lead to a fragmentation of C 60 -molecules into graphite [63]. During heating we observed the Auger signal and realized after 10 min a dramatic decrease of the ratio of the Auger signals of C and Co, indicating the sublimation of C 60 layers and therefore a reduction of the C 60 coverage. As further heating during 30 min did not change anymore the Auger ratio we have strong reasons to believe that we obtained in this way a stable ML of C 60 . Knowing the ratio of the Auger signals of 1 ML C 60 on Co(001) we were thus able to calibrate the thickness scale in the spin-motion experiments. We note that the above thickness calibration is consistent with the calibration based on the reectivity maxima.

The thickness of the carbon layers (interlayer distance is 0.34 nm) have been calibrated in the same way as explained already for the organic molecules. Like for the organic molecules reectivity maxima appear in the spin-motion experiments. By combining measurements of the electron reectivity and of the Auger signal we obtain IMFP values of 0.8 ± 0.1 nm and 2.5 ± 0.4 nm for electrons with kinetic energies of 277 eV and 782 eV, respectively. These values are close to those found in a combined theoretical and experimental work [64] 

For the synchrotron and inverse photoemission experiments

In the case of spin-polarized photoemission (SPARPES) and spin-polarized inverse photoemission (SPIPES) experiments, we also used a Cu(100) single crystal as substrate which was prepared as explained in the previous section.

In these experiments MnPc and H 2 Pc molecules were deposited onto thin Co lms grown epitaxially on the Cu(001) substrate.

Part II

Results and discussion
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Electron-spin motion experiments regime extends from zero to 0.28 ML. Here, ε exhibits only very little changes. From 0.28 ML on, a second regime up to about 0.5 ML, in which ε breaks down very rapidly, is seen. For larger coverages the strongly reduced ε shows only a very slow decrease and disappears completely for thicknesses above 1 ML. Interestingly, the behavior of φ (Fig. 4.1 (bottom)) is not identical to that of ε. In the rst thickness regime (0-0.28 ML) it shows a signicant increase of its absolute value. Although the absolute value of φ decreases above 0.28 ML also quite rapidly, the second thickness regime extends now up to about 0.75 ML. For larger coverages φ is zero.

The most peculiar feature of the thickness dependence is surely the fact that both spin-motion angles change very abruptly above 0.28 ML and that they become zero for thicknesses as small as 1 ML. It seems that there exists a sort of threshold value above which the system changes completely its behavior with respect to the reection of electrons. In the following we will try to nd out how general this breakdown-phenomenon is. In this way we will also see which explanations can be excluded.

Does the breakdown depend on the energy of the primary electrons?

In order to study the eect of the electron energy on the behavior of the reected electrons, we measured the reectivity R as well as the the electronspin motion angles ε and φ as a function of CoPc lm thickness for dierent electron energies (see Fig. 4.2 and Fig. 4.3).

Although some details dier with energy (slightly dierent threshold values, dierent behavior for thicknesses below the threshold value, additional features at around 0.5 ML, slightly dierent thickness values for which the spin-motion angles disappear), we see that the general behavior as a function of thickness is quite similar for all energies studied:

(1) The existence of a threshold value d 1 , above which the absolute values of both spin-motion angles change very strongly. We note at this point that the determination of the small d 1 value is accompanied by a relatively large error.

There are two systematic errors which are responsible for it. Beside a certain drift of the evaporation rate during the measurements, the most important source of error is the fact that even if the shutter of the evaporator is closed, molecules always diuse in the vacuum chamber and lead thus to a very small but non-negligible evaporation rate on the sample surface (veried by Auger spectroscopy). This is the reason why we missed the threshold in our very rst measurements with Pc (not shown). In order to reduce this disturbing eect, one has to start the measurement of the thickness dependence as rapidly as possible.

(2) A very strong change of the spin-motion angles above d 1 up to a thickness of about 0.5 ML is observed. This latter thickness will be called in the following d 2 . A further observation is that this change between d 1 and d 2 is quite linear.

(3) For thicknesses above d 2 two behaviors are observed, depending on the ε-or φ-value which is reached at d 2 . If the value is zero (see for instance φ in Fig. 4.3 (left)) the measured quantity remains zero. If the value is nonzero (see for instance φ in Fig. 4.3 (right)) a decrease of its absolute value, but now on a larger thickness scale, is observed. Figure 4.4 shows the three quantities R, ε, and φ as a function of the primary electron energy for several CoPc thicknesses. Although it is of course very dicult, if not impossible to evidence for all energies a threshold value, it is clear that both spin-motion angles approach zero very rapidly. This is an important result as it shows the independence of the breakdown-phenomenon on the energy of the primary electrons. This excludes any explanation which is based on the particular electronic band structure of the CoPc molecules.

We emphasize that while the spin-motion angles break down in the thickness regime between about 0.2 and 0.5 ML the degree of spin polarization of the reected electron beam remains unchanged for all thicknesses studied (see for instance Figure 4.5 for electrons with a primary energy of 8 eV). Thus, any depolarization of the electron beam during interaction with the CoPc-covered Co surface, for instance by spin-ip scattering, is excluded. 

Is the breakdown due to a change of the surface magnetization?

To exclude a possible eect of the CoPc molecules on the surface magnetization of Co, we measured the polarization of secondary electrons as a function of CoPc thickness. As the spin polarization of the secondary electrons reect the magnetization state of the ferromagnetic surface, they are an ideal probe for this type of study. Figure 4.6 shows the spin polarization of secondary electrons created by primary electrons of 132 eV energy. We emphasize that the exponential decay of the signal is as expected. Because of the limited IMFP of the secondary electrons less and less of them are created in the ferromagnetic substrate while more and more secondaries are created in the nonmagnetic CoPc layer with increasing CoPc thickness. For thick CoPc coverages we indeed expect to observe zero spin polarization. The essential point of Fig. 4.6 is that the secondary spin polarization does not exhibit any particular change in the thickness regime where the breakdown of the spin-motion angles exists (between around 0.25 ML and 0.5 ML). If there were a strong decrease in the magnetization in this thickness regime we would see a corresponding drop in the secondary electron spin polarization. As this is not the case, a signicant change of the Co surface magnetization due to deposition of CoPc can be excluded. We note that measurements of the x-ray magnetic circular dichroism as well as rst-principle calculations give no indication of a signicant reduction of the Co magnetic moment due to Pc coverage [65]. Finally, we note that both a change of the magnetic anisotropy leading to a switching of the easy axis of magnetization and a dramatic increase of the coercive eld to values above the applied magnetic eld strength can be excluded as well. In both cases the measured secondary electron spin polarization would be zero.

Is the breakdown due to a "mirror"-eect?

As phthalocyanine is a semi-conductor, it is possible that it leads to an electrical surface charge during the measurement with electrons. In this case, the charging could lead to a "mirror"-eect, i.e. the primary electrons are reected by the CoPc layer without reaching the Co substrate. Therefore, one would not expect any electron-spin motion signal. However, this scenario can be excluded. If there were such an eect, the primary electrons would not be able to create secondary electrons in the Co substrate. Consequently, the polarization of secondary electrons would be zero, which is not the case (see Fig. 4.6).

Another fact which excludes the possibility of a "mirror"-eect, is that the two spin-motion angles ε and φ do not behave in the same manner in several cases (see for instance Figures 4.1 (middle) and (bottom)). While ε is already zero, φ is still far from zero. However, in the case of a "mirror"-eect one would expect that both spin-motion angles disappear simultaneously.

In this context we have also studied the work function changes of Co(001) and Cu(001) when covered by Pc by measuring the energy position of the cuto of the secondary electron distribution. Work function changes upon molecular adsorption on metal surfaces are caused by a charge transfer between the molecules and the metal substrate, leading to the formation of an interface dipole. Figure 4.7 shows the work function changes of Co(001) covered by CoPc (top) and Cu(001) covered by MnPc (bottom). In both cases an exponential-like behavior, as expected, with a saturation for coverages above 1 ML is observed. There is no indication at all that something particular happens with the interface dipole in the thickness regime from 0.25 to 0.5 ML. and MnPc thickness on Cu(001) (bottom).

Does the breakdown depend on the choice of the ferromagnetic substrate?

To continue to seek for an explanation of this phenomenon, we decided to vary the ferromagnetic substrate using Fe(001) instead of Co(001). In this study we prepared Fe(001) lms in two dierent ways, namely by depositing Fe onto a Ag(001) or onto a Pt(001) single crystal. 

Is the interaction of the molecules with the ferromagnetic substrate of any importance?

Even if a signicant eect of the CoPc layer on the magnetization of Co can be excluded, an inuence on the spin-dependent electronic band structure of Co due to an interaction between the molecules and the substrate cannot. The latter can in principle lead to strong changes of the spin-dependent reection 4.6. Is the interaction of the molecules with the ferromagnetic substrate of any importance?

properties of the Co surface and therefore of the spin-motion angles. However, very recent spin-resolved photoemission experiments as well as calculations performed on MnPc and H 2 Pc layers deposited onto Co(001) show, while strongly spin-polarized molecule-induced interface states could be evidenced, no indications of a signicantly changed electronic band structure of Co [65]. 

E-E F = 8 eV R (arb.units) Figure 4.9: For the system CoPc/Au(9ML)/Co/Cu(001), the following quantities as a function of CoPc coverage are shown: spin-averaged electron reectivity R (top), precession angle ε (middle), and rotation angle φ (bottom). The primary energy is 8 eV.

To check whether the contact of CoPc molecules with the surface of Co is crucial for observing the breakdown-phenomenon, we have studied a dierent system. Instead of putting the molecules directly on the surface of Co, we rst deposit a Au lm of 9 ML thickness on top of it as an intermediate layer. We have chosen Au, because the IMFP of electrons at low electron energies in Au is quite large [55] such that a signicant portion of the detected primary electrons have "seen" the Co/Au interface and thus have experienced an electron-spin motion within the Co substrate even in the presence of a relatively thick Au lm. We note that only Au in immediate contact with a ferromagnetic substrate, i.e. the rst Au layer, can be polarized. But, even in this case the induced magnetization in Au is ridiculous small (0.03 µ B /atom [69]). Consequently, the non-magnetic molecules cannot possess any induced magnetization when they are separated from the ferromagnetic substrate by an intermediate Au layer as thick as 15 ML.

We note for the sake of completeness that molecules deposited directly onto the nonmagnetic Cu(001) substrate surface do not exhibit any spin-motion signal. To see how general the breakdown-phenomenon is we studied dierent types of organic molecules:

(1) Dierent phthalocyanines with a varying central metal ion in order to test the possible role of the latter: CoPc, FePc, MnPc, and H 2 Pc.

(2) Other aromatic molecules such as PTCDA (containing beside carbon and hydrogen also oxygen) and coronene (containing only carbon and hydrogen).

(3) The non-planar molecule C 60 . As C-H bondings are not existing in C 60 , their possible role can be tested.

(4) The alkane pentacontane, in which the carbon atoms are exclusively bonded by single bonds, in order to test the possible role of the aromaticity of the organic molecules in (1)-( 3).

(5) And nally pure amorphous carbon. As in the rst considered case, namely CoPc, we deposited several molecule species not only directly onto a ferromagnetic substrate but also onto an intermediate Au layer in order to decouple the molecules from the ferromagnetic substrate. In all cases, i.e. for all molecules as well as amorphous carbon (see Fig. 4.11) in direct contact or not to the ferromagnetic substrate, a very similar behavior as a function of thickness is observed. In particular, the presence of three coverage regimes determined by the thicknesses d 1 and d 2 is found for any choice of the molecule species. Therefore, it can be concluded that the existence of the breakdown-phenomenon does not depend at all on the precise structure and composition of the organic molecule. It seems to be the mere presence of carbon atoms (independent of their state of hybridization) that is the essential ingredient to obtain the breakdown-phenomenon.

Figure 4.12 shows for instance the rotation angle φ as well as the secondary electron spin polarization as a function of the pentacontane thickness. This is one of the nicest examples we have, because it shows both the begin (at d 1 ) and the end of the breakdown (at d 2 ) of φ in a very clear manner. In fact, from this logarithmic plot it becomes clear that after the strong decay that ends at about 0.45 ML the further decrease of φ follows an usual exponential behavior. We note that the decrease is roughly two times faster than that of the secondary electron spin polarization. This is not astonishing. In fact, the primary electrons -before being detected -cross two times the organic layer while the secondary electrons which are created within the sample are crossing only once the organic layer, such that the secondary spin polarization should decrease less rapidly by a factor of 2. energies studied. We note that the determination of the thickness d 1 , apart from the problems mentioned in chapter "Does the breakdown depend on the energy of the primary electrons?", is particular dicult in certain cases.

Whether its determination is easy or dicult depends on the manner the measured quantity (ε or φ) varies at the beginning. If the absolute value of the quantity decreases as a function of thickness it becomes very dicult or even impossible to identify a threshold. Particularly easy is the situation when the absolute value of the quantity remains constant or even increases.

In these cases the existence of a threshold value d 1 becomes obvious. In the following we suggest the hypothesis that the appearance of the breakdown phenomenon depends on the average carbon surface density in each system. In order to see whether this hypothesis is consistent with our data we have to know the average carbon surface density σ M L C for a completed ML (see table 4.1). In the case where data are not available in the literature for a system the σ M L C -value of a similar system has been taken. For instance no data are available for molecules on Co(001) such that we take data for systems with Cu(001) as substrate.

By multiplying the average carbon surface density σ M L C for a completed ML with the thickness d 2 expressed in units of ML we obtain directly the average carbon surface density that is obtained at the end of the breakdown (see Fig. 4 coronene, be it on Co(001) or on Au (111), we obtain very similar values,

d 2 • σ M L C = 8±2 nm -2 .
The situation is quite dierent for C 60 and carbon for which

d 2 • σ M L C
is about two times and four times larger than for the planar molecules, respectively. This discrepancy between the planar molecules on the one hand and C 60 and carbon, on the other hand, let us conclude that it is not the value of the average carbon surface density which determines the d 2 -value. We nevertheless emphasize that a minimum average carbon surface density might be necessary to obtain the breakdown eect. However, this point cannot be veried as we do not have molecules with much lower average carbon surface density.

Further analysis of the problem shows us that it seems to be rather the by the molecules or carbon occupied sample surface (occupancy) which determines the values of d 2 . By inspection of STM images in the literature rough values for the occupancy values can be obtained: 0.54 for PTCDA [77], 0.64 for Pc [70], 0.68 for pentacontane [73], 0.8 for coronene [74], 0.92 for C 60 [76] and 1 for carbon. Interestingly, the product of the occupancy-and the d2values is now approximately the same for all systems studied, namely about 0.3 ML (see Fig. 4.16). This is a quite astonishing result. Should we not expect to have a saturation of any type of eect rather for a completed ML? One could understand such a low saturation value if we hypothesize that the molecules or the carbon islands appear much larger for the reected electrons, i.e. they have a cross-section which is larger than the "actual" size of the molecules or carbon islands. As we said before, one might expect a saturation of the eect for a completed ML. If we apply this to the (hypothetical) enlarged cross-section of the molecules we must conclude that the cross-section has to be about three times larger than the "actual" size of the molecules. breakdown phenomenon presents a threshold thickness d 1 . The presence of a threshold is very often typical of an onset of some percolation process, i.e. one needs to have the formation of long-range connectivity. This could mean that the occurrence of the breakdown phenomenon requires the long-range connectivity of the (hypothetical) enlarged cross-sections of the molecules. Figure 4.17 shows the ratio of the threshold and the saturation value

d 1 /d 2 .
Surely, the values of d 2 and particularly of d 1 are aected by a relatively large margin of error. Consequently, the scatter of the ratio d 1 /d 2 is very signicant.

One might wonder now if any other element than carbon is able to induce the same type of breakdown of the spin-motion angles. Of course, we are not able to make a systematic study of the whole periodic system. However, certain experiments which have been performed in the past by several of us as well as by other groups indicate that the following elements do not show this behavior: Au [55], Cu [57], Ag [78], Pd [78], Mn [79], Cr [80], V [81], Pb [82], Mg [82], and O [83]. In these experiments either the spin-motion angles or the exchange asymmetry, being closely related to the rotation angle φ, have been measured. Experiments with Si, a neighbour of C in the periodic system, have not been performed but could be very dicult to be conclusive because of the strong tendency of Si to alloy with the ferromagnetic transition metals at least at room temperature. Experiments at low temperatures, which are not possible with the present set-up, might be interesting. We speculate, however, that the compound boron nitride (BN), which is isoelectronic to carbon, might be a possible candidate.

Does the breakdown depend on the orientation of the initial spin polarization?

In all experiments presented up to now we studied the spin-motion angles for which the initial spin polarization P 0 was aligned perpendicularly with respect to the magnetization M . Furthermore, in all cases P 0 was also oriented perpendicularly with respect to the scattering plane. In order to test whether the orientation of P 0 with respect to the scattering plane has any importance for the breakdown-eect, we performed an experiment in which P 0 lied in the scattering plane (see inset in Fig. 4.18). Figure 4.18 shows for the case of PTCDA/Co(001) ε as a function of the PTCDA thickness for both orientations of P 0 . As the thickness dependencies are very similar, in particular with the same values for d 1 and d 2 , the orientation of P 0 has obviously no inuence on the breakdown-eect. What happens if we orient P 0 not perpendicularly with respect to the magnetization direction, but parallel or antiparallel to it? In this case, of course, we will not be able to measure any spin motion. However, we can measure the so-called exchange asymmetry

A ex = R ↑↑ -R ↑↓ R ↑↑ + R ↑↓
where R ↑↑ and R ↑↓ are the reected electron intensities with P 0 parallel and antiparallel to M , respectively. If we take into account that the intensities R ↑↑ and R ↑↓ are proportional to the quantities |r ↑ | 2 and |r ↓ | 2 , respectively, which we introduced in chapter "Electron-spin motion", we can directly identify the asymmetry

A = |r ↑ | 2 -|r ↓ | 2 |r ↑ | 2 + |r ↓ | 2
with the exchange asymmetry A ex . As A and the rotation angle φ are closely related, we thus expect the same type of breakdown-phenomenon also for A ex . Figure 4.19 shows the exchange asymmetry A ex , which is normalized to an initial spin polarization of 100%, as a function of FePc thickness on Fe(001). Indeed, A ex behaves as expected and exhibits the breakdown-eect. Finally, we consider the conguration for which P 0 is zero. The only quantity which we can measure in this case is the spin polarization which is created due to the spin-dependent reection of the electrons at the surface of the ferromagnetic substrate. As elastic exchange scattering, responsible for spin ips, is of negligible importance [84], the spin polarization P created with an unpolarized electron beam should be identical to the exchange asymmetry A ex created with a (completely) polarized electron beam, P = A ex . As A ex exhibits the breakdown-phenomenon, we expect the same behavior for P . In fact, this is exactly what we observe for instance for the system C 60 /Co(001) in Fig. 4.20. Up to now we have studied the breakdown-eect on elastically scattered primary electrons. In order to nd out whether all primary electrons, being elastically or inelastically scattered, are subject to this eect, we performed two types of measurements. In the rst experiment electrons leaving the sample are detected in the spin detector. For this experiment the retardation grid of the energy analyzer was set to zero such that all electrons scattered within the angular acceptance angle of the energy analyzer of a few degrees, independent of their loss in energy, are detected. Figure 4.21 shows the spin polarization of the detected electrons as a function of the CoPc thickness on Co(001) for two dierent primary energies, 132 and 26.5 eV. In the case of 132 eV the spin polarization shows a nice exponential decay, while that at 26.5 eV exhibits a change of slope around 0.5 ML. In order to understand this dierence between these two primary energies, we have to know which electronic distributions are formed during interaction of the incoming electron beam with the sample. There are three contributions: (1) elastically scattered primary electrons, (2) inelastically scattered primary 4.9. Does the breakdown only concern elastically scattered electrons?

electrons, and (3) secondary electrons. As we have detected the scattered electrons in o-specular geometry (by 5o o), the contribution of elastically scattered primaries is very small. Thus, the spin polarization in Fig. 4.21 consists of only two contributions, namely that of inelastically scattered primaries and of secondaries. The key to understand the dierence between the signals for 132 and 26.5 eV is the fact that the number of secondaries increases dramatically with increasing primary energy and can be much higher than the number of the incoming primaries, while the number of inelastically scattered primaries can never be larger than that of the incoming primaries. Consequently, for 132 eV the contribution of secondary electrons is dominating the signal, such that the contribution of inelastically scattered primary electrons can be neglected. The situation is quite dierent at 26.5 eV. As the energy of the incoming primaries is now much smaller the number of secondaries is dramatically reduced with respect to the situation at 132 eV (by one order of magnitude) and becomes comparable to the number of inelastically scattered primaries. The change in slope for 26.5 eV can now simply be explained if we assume that the inelastically scattered primary electrons are subject to the breakdown-eect, leading to the same d 2 value (of about 0.5 ML) as for the elastically scattered primaries. For thicknesses larger than d 2 the inelas- tically scattered primaries are still contributing to the total intensity, but as their spin polarization is now zero or at least strongly reduced, the total spin polarization is signicantly smaller.

In a second experiment the absorbed sample currents I ↑↑ a and I ↑↓ a with P 0 parallel and antiparallel to M , respectively, are measured. In this way we obtain the spin asymmetry of the absorbed sample current:

A a = I ↑↑ a -I ↑↓ a I ↑↑ a + I ↑↓ a
We note that the absorbed current I a is complementary to the total reected current I r , i.e. I a = I 0 -I r with I 0 the from the electron source arriving current. By measuring A a we have access to the spin asymmetry of the total reected current, which is a simple sum of the elastic reected current, being the sum of the LEED beam intensities (not only of the (00)-beam), and the inelastic reected current which accounts for all electrons reected with energies inferior to the primary energy and at arbitrary angles. This becomes clear when we consider that the requirement of charge conservation has to be Chapter 4. Electron-spin motion experiments 54 fullled. Thus, any change in the spin asymmetry of the total reected current must lead to a complementary change of A a . The magnitudes of these two asymmetries are simply related by the ratio of the coecients for reection and absorption [85]. Figure 4.22 shows the negative spin asymmetry of the absorbed sample current -A a and for comparison the spin asymmetry of the (00)-beam A (00) as a function of CoPc thickness for the system CoPc/Co(001).

We note that a relatively low primary energy of 13 eV has been chosen in order to keep the contribution of secondary electrons to the current leaving the sample small. The essential point is that -A a and A (00) exhibit a very similar behavior. This proves that the breakdown-phenomenon which is observed for the (00)-beam is also present when we consider the total reected current.

We emphasize that the (00)-beam is only a small part of the total reected current. 4.10 Does the breakdown inuence the spinltering within the ferromagnetic lm?

While studying the eect on the absorbed sample current, we realized that this type of experiment might also give a response to another question, namely 4.10. Does the breakdown inuence the spin-ltering within the ferromagnetic lm?

whether the breakdown phenomenon inuences the spin-ltering within the ferromagnetic lm. For this we have rst to look at the inset in Fig. 4.22. It shows the asymmetry A a for a pure uncovered Co(001) lm as a function of the electron energy. By going to much higher electron energies (up to 130 eV) we see that the asymmetry changes sign at around 80 eV and remains positive for higher energies. To understand this behavior we have to remind that the total reected current which is complementary to the absorbed current consists in general in elastically and inelastically scattered primary electrons as well as secondary electrons. However, at the high electron energies the contribution of secondary electrons is dominating such that the contribution of primary electrons can be neglected. The change in sign of A a is now understood in the following way. Because of the spin asymmetry of the IMFP of the electrons in the ferromagnetic Co lm, i.e. the spin ltering eect, the primary electrons are subject to a dierent number of collisions across the ferromagnetic layer depending on whether the spin is a majority-spin or a minority-spin. Consequently, majority-spin and minority-spin primary electrons create dierent number of secondary electrons. As majority-spin electrons have a longer IMFP than minority-spin electrons [86], the latter create more secondary electrons and lead therefore to a smaller I a -value, i.e. a positive value of A a . We therefore understood that measuring the absorbed current at high electron energies could be a way to see whether the spin-lter eect within the ferromagnetic lm is inuenced or not by the deposition of organic molecules.

The same type of experiment as described before has therefore been performed at a much higher primary electron energy of 132 eV. Figure 4.23 shows the asymmetry A a and for comparison the asymmetry of the (00)-beam A (00) as a function of CoPc thickness for the system CoPc/Co(001). WhileA (00) exhibits a clear breakdown as also observed for much lower electron energies (see Fig. 4.22), A a behaves quite dierently as it is only little varying and does not show a breakdown of the signal in the thickness range where this is observed for the elastic electrons. The essential point is that the presence of the organic layer has obviously no particular eect on the spin ltering properties within the ferromagnetic lm, while the spin-dependent reection properties are strongly inuenced. The exponential decrease of A a with increasing CoPc thickness, which is observed for coverages above 0.5 ML, on the other hand, is as expected, as CoPc does not exhibit a spin-dependence of the IMFP such that the production of the secondary electrons becomes spin-independent for large CoPc thicknesses. 4.11 Does the breakdown depend on the quality of the substrate surface?

In order to see whether the surface quality has any inuence on the breakdownphenomenon we performed the following experiment. In a rst step we prepared a substrate consisting of a Au and a Co layer on top of a Cu(001) single crystal. From our studies of this system we know that it possesses a narrow height distribution [55]. On this substrate we evaporated CoPc until the breakdown of the ε-signal at about 0.5 ML was completed. In a second step we sputtered (without (!) subsequent annealing) the CoPc-covered surface slightly until an ε-signal was again measurable. The idea was to introduce a signicant roughness into the surface. Then, we started the redeposition of CoPc and stopped again after completion of the breakdown. In a third step the whole procedure was again repeated. Most importantly, the breakdownphenomenon always appears and moreover results always in the same d 2 value of about 0.5 ML whatever the state of the surface is. We note that, on the 4.12. Is the breakdown due to an interference eect?

other hand, the initial ε-signal (before CoPc deposition) is clearly inuenced by this procedure, as it is reduced by 40% from 14 to 8 • . 4.12 Is the breakdown due to an interference eect?

An explanation of the breakdown-phenomenon based on a possible interference of electrons can be excluded for two reasons: 1) in the case of an interference the three quantities R, ε, and φ should behave in a particular way, because they are not at all independent of each other. One expects for instance a strong relationship between the spin motion angles and the reectivity [55]. However, by considering all data no clear relationship between reectivity and the spin motion angles is found. In fact, in the interesting thickness range between d 1 and d 2 the reectivity shows all sort of behavior: weak or strong increase, weak or strong decrease or even non-monotonous behavior. In order to express these dierent behaviors by a single quantity we have calculated the ratio R(d 2 )/R(d 1 ) of the reectivities for the coverages d 2 and d 1 . The ratio is plotted in Fig. 4.25 and shows ratios between 0.2 and 4. Of particular importance is the fact that some data exist which have a ratio close to 1, i.e. the reected intensity in these cases does not vary much between d 2 and d 1 , while the spin-motion angles do.

2) Our measurements of the secondary spin polarization at two dierent primary energies (26.5 and 132 eV, Fig. 4.21) showed us that inelastically scattered primary electrons exhibit also this breakdown-phenomenon. As no coherence exists between the inelastically scattered electrons, interferenceonly possible with coherent electrons -cannot be at the origin of this phenomenon. 4.13 Does a buried organic lm behave dierently?

We have seen in the preceding chapters that the deposition of organic molecules or carbon has a dramatic eect on the spin-motion angles as well as on related quantities. The fact that the breakdown-phenomenon appears even in lm systems in which the ferromagnetic substrate and the organic layer are well separated from each other, let us suppose that the behavior of the interface vacuum/organic layer is of crucial importance for an understanding of the breakdown-phenomenon. One might wonder therefore whether a modication of this interface could lead to a dierent behavior. In this vein we studied the spin-motion angles as a function of Au deposition on top of a Co(001) lm 

Do spin-motion rst principle calculations predict the breakdown-phenomenon?

In order to unravel the physical origin behind the molecule-induced breakdown-phenomenon we performed spin-motion rst principle calculations on carbon-covered Fe(001) lms using linear mun-tin orbital (LMTO) [ 87,88] and layered Korringa-Kohn-Rostoker (LKKR) methods [89,90]. We note that the same type of calculations performed recently by our group on MgO lms on Fe(001) [91] and Fe(001) lms on Ag(001) [92] showed reasonable agreement with the experimental results and allowed them to understand the particular behavior they observed in these experiments. Two systems are investigated: 9 ML of Fe(001) and 1 ML C on 9 ML Fe(001). As 1 ML is much larger than the thickness d 2 of C (about 0.25 ML), which we found in our experiments, we expect a complete disappearance of the spin-motion angles for Fe covered by 1 ML of C and this independent of the electron energy. The calculations are performed in three steps. First, structural relaxation of the lm system is performed until the forces become smaller than 0.001 eV/ in order to determine the most stable geometry. Second, the electronic band structure is calculated using the LMTO method to nd out the potential and charge distribution of the system's ground state. Finally, using the LKKR method and the converged potential the electron spin-motion angles of electrons reected from Fe(001) and from 1 ML C/Fe(001) are obtained. We emphasize that the geometry of the spin-motion calculations is chosen identical to the experimental one.

Figure 4.27 shows the eect of carbon coverage on the calculated spinmotion angles ε and φ as a function of the electron primary energy. We can immediately conclude that 1 ML of carbon does not result in a breakdown of the spin-motion angles. Instead it rather leads to more pronounced structures at certain energies compared to the Fe(001) case.

At this point we should emphasize that in the spin-motion calculations the electrons are scattered by a potential which is not supposed to be changed by the presence of the incident electrons. Thus, one might speculate that a possible modication of the scattering potential due to the incident electrons could be at the origin of the breakdown-eect. On the other hand, in this case the eect should depend on the incident electron intensity. However, we varied the incident current over several orders of magnitude, but did not nd any modication of the breakdown-phenomenon.

Conclusion

By performing spin-polarized electron scattering experiments on very dierent spinterfaces, consisting of dierent ferromagnetic metals as well as of dierent organic layers, we observe a completely unexpected behavior of the spinpolarized reection properties of these spinterfaces. Submonolayer coverages of organic molecules or pure carbon make the electron reection amplitude independent of the spin, i.e. both the reectivity and the reection phase become independent of the spin orientation of the incident electrons. The spinmotion angles are subject to a breakdown if a threshold value d 1 (between 0.1 and 0.25 ML dependent on the system) is exceeded. For thicknesses larger than d 2 (between 0.3 and 0.5 ML dependent on the system) the spin-motion angles are zero or at least very small compared to their initial values without coverage. We have shown that this behavior is a very general phenomenon and it is independent of X the energy of the primary electrons, Samples were then transferred to the spin-polarized photoemission chamber. The photons impinge on the sample under an angle of 45 • with a horizontal linear polarization. The experiment is thus sensitive to the hybridization of Co surface sites with MnPc molecular orbitals (MO) that are both in-plane (σ-MO) and out-of-plane (π-MO). The photoelectrons were in turn energyanalyzed by a hemispherical energy analyzer and collected in a spin detector for spin sensitivity. The energy resolution is 130 meV. Figure 5.1 shows the direct photoemission data for both spin channels, as well as the resulting spin polarization P , for the system Cu(001)//Co(15ML)/MnPc(xML) (x=0, 1.3, 2.6, 3.9, and 5.2). The absolute intensities can be compared as all measurements were performed under the same conditions, in particular with the same incoming photon intensity. We notice that in the case of the uncovered Co(001) (Fig. 5.1 a), the majority spin spectrum shows a clear broad peak around -1 eV, whereas the minority spin spectrum shows only a peak at about -0.25 eV around the Fermi energy. When we compare our results with perviously reported studies on the same surface electronic structure of Co(001), we expect in our case to see another spin-down future around -0.36 eV which was called minority-spin surface resonance state [93]. In our measurements, we never saw this peak, this is understandable if we assume that the samples were slightly contaminated during the transfer to the measurement chamber. This explanation is justied because a similar work was already studied by Miyamoto and his coworkers [93]. By going to higher thicknesses of MnPc molecules, the two peaks decrease which means that we are dealing with interface states.

For uncovered Co(001) the spin polarization is strongly negative at E F . This is understandable since the 3d-bands of ferromagnetic Co are exchange split and therefore the DOS for the minority-spin channel is much higher at E F as compared to that of the majority-spin channel. As MnPc thickness increases, there appears near E F , against the strong backdrop of Co-induced negative P , a relative decrease in this negative P . Since this MnPc-induced upturn in fact leads to a switchover in sign, we infer that additional MnPc is not merely suppressing the negative P of Co, but is in fact contributing a net positive P . Given the much larger density of states on the Co sites relative to that of the single Mn site, the N and the C sites, this positive P contribution must be substantial and be weighed more heavily within the overall signal since it is at the sample surface. This proves already that there is some molecule-induced contribution which is signicantly (positively) polarized.

For the sake of comparison R. Bertacco and coworkers from Milan, Italy, performed within the framework of a collaboration spin-resolved inverse photoemission experiments on the same system. These experiments were performed using a collimated and transversely polarized electron beam of 25% polarization from a GaAs photocathode. The spectra were taken in the isochromatic mode by collecting photons at a xed photon energy of 9.3 eV, while varying the incident-beam energy [94]. The energy of the incident electrons was varied between 9 and 17 eV. Data were collected at room temperature and at normal incidence. The energy resolution is 750 meV. an analysis of the spin polarization (not shown) exhibits a decrease of the absolute value of the spin polarization with increasing MnPc thickness without a sign change as seen in the direct photoemission data. The situation is therefore not as clear as in the case of the photoemission data and needs further consideration. We thus need a procedure which allows us to extract the spin polarization of only the molecular sites. Such a procedure is presented and explained in its very details in the following.

To extract the spin polarization P of only the molecular sites, we adopt a subtraction procedure that takes into account the attenuation of the signal arising from ever deeper atomic sites away from the sample surface. Since our 5.1. Spin-polarized interface states in Phthalocyanine lms on ferromagnetic Co(001) theory shows that the spin-hybridized interface states occur within only a few eV from the Fermi level, one element of this procedure is to ensure that, once the molecular signal is extracted, the spin polarization far from E F is zero.

The following subtraction procedure is described regarding spin-polarized direct photoemission data. A similar procedure is applied regarding spinpolarized inverse photoemission data (see Fig. f ↑,↓ (xML MnPc)=f ↑,↓ (xML MnPc/Co) -e ( -x λ ) f ↑,↓ (Co) with λ the inelastic mean free path of the electrons in MnPc. Unfortunately, this "straightforward"-procedure has the great disadvantage that both the MnPc thickness and λ have to be known with sucient accuracy. However, in particular the values of λ reported in the literature for low kinetic energies are signicantly scattering such that a reliable determination of for instance the interfacial spin polarization becomes dicult. Moreover, the knowledge of the absolute MnPc thickness is necessary. We nevertheless try in a rst step to determine the dierence spectra by taking the absolute MnPc thicknesses as granted and by supposing a "reasonable" range of λ values (between 1 and 1.6 nm). Application of this method to both direct and inverse spin-resolved photoemission reveals that the intensity of the dierence spectra around E F is signicantly positively polarized.

In a second step, we try to obtain the above attenuation factor without being obliged to know neither the absolute MnPc thickness nor the value of λ. The following procedure is only based on the fact, that the relative MnPc thicknesses are known and that the experiments are performed under the same conditions (same photon intensity). We emphasize that the relative thicknesses could be determined with great accuracy, while the absolute thicknesses are aected by a larger margin of error.

First, we plot the spin-resolved intensity as a function of MnPc thickness for several binding energies (see Fig. 5.3). For the spin-up intensity an exponential decrease is seen for energies below -0.4 eV. For lower binding energies down to the Fermi level clear deviations from the exponential behavior are observed indicating the presence of a spin-up hybridized interface state in this energy range. For higher binding energies of several eV (not shown), on the other hand, the intensity is rather increasing with thickness indicating the appearance of molecular (bulk) states. For the spin-down intensity an exponential decrease is found for energies between 0 and -0.5 eV, while strong deviations from this behavior are seen for higher binding energies. This indicates the presence of a spin-down hybridized interface state in this higher binding energy range. In fact, theory expects that only the rst ML contributes to the DOS by the creation of interface states within this energy range while all other layers contribute only very little. For a given binding energy, we may extract the attenuation factor by taking the ratio of intensity before and after deposition of MnPc. For which binding energy and spin direction should this ratio be calculated?. From the above discussion of the spin-polarized intensity as a function of MnPc thickness for several binding energies it is clear that we have to take the spin-down intensity in the energy region close to the Fermi level. In fact, in this energy region the spin-down intensity shows no or at least very weak MnPc-induced intensity, such that only spin-down Co features are seen which are attenuated by the MnPc layers. Thus the ratio of the spin-down intensities close to E F yields directly the attenuation factor necessary for the subtraction procedure. So, the attenuation factor used to calculate the dierence spectra f ↑,↓ (1. To ensure that the attenuation factor is valid, we slightly varied it to see how it inuences the spin polarization of the dierence spectra at higher binding energies (from -4.5 to -6 eV). For the dierence spectra f ↑,↓ (1.3 ML MnPc), for example, zero polarization is found for the same factor which we nd also from the exponential intensity decrease, α = 0.56 (see Fig. 5.4). 0,40 0,45 0,50 0,55 0,60 By applying the above described subtraction procedure the moleculeinduced spectral contributions both for direct and for inverse spin-resolved photoemission can be obtained. We present in Fig. 5.5 the spin-resolved difference spectra of direct and inverse PE spectroscopy of Co/MnPc at RT (2.6 ML MnPc for direct and 2 ML MnPc for inverse PE) that are obtained by this subtraction procedure. Both direct and inverse PE experiments reveal a signicant (nearly no) spin ↑(↓) intensity at/near E F , which indicates a high P of the Pc-induced states in the vicinity of E F . Assuming that the spin asymmetry of spectra is directly related to P , we can safely state that the P at room temperature and at E F of the rst two layers of MnPc adsorbed on Co(001) reaches +80% ± 10%, i.e, is opposite in sign to that of bare Co.

By performing the above spin-polarized photoemission experiments on MnPc deposited on a ferromagnetic Co(001) surface, we were able to evidence the spin-polarized properties of the MnPc/Co(001) spinterface. Several questions were raised by these observations and prompted us to perform additional experiments on MnPc as well as on a very similar system, namely H 2 Pc/Co(001).

Are the Pc-induced states really interface states?

A test of the interface-state character of a spectroscopic feature is provided by studies of its dispersion with the electron wave vector perpendicular to the surface. This can easily be checked by varying the photon energy in the experiment. Our results show that the spin-up feature at -0.3 eV binding energy, which is clearly present at all photon energies studied, does not exhibit any dispersion (see Fig. 5.6). We conrm the interfacial nature of P by examining the impact of additional Pc coverage. Upon appropriately subtracting the spin-resolved spectra of 1 ML H 2 Pc/Co from those of 2 ML H 2 Pc/Co, the intensity of the interface states is strongly reduced (see Fig. 5.7 (left)). From the bar graph: Fig. 5.7 (right), we see that the second Pc layer contributes only 20% to the total intensity of the interface states of Fig. 5.5, which could reect deviations from perfect layer-by-layer growth. The third ML does not contribute at all to the interface states intensity. We expect that such a large eect for free atoms shall trend similarly in solid-state systems. Consequently, if the interface states were mainly of Co 3d character, they should also be present at 100 eV photon energy. However, spin-resolved photoemission measurements at this photon energy do not reveal any sign of the Pc-induced interface state (see Fig. 6) shows that there are no signicant dierences between the spin-resolved dierence spectra. In particular, the most prominent feature in the spin-up channel has in both cases similar intensity, the same binding energy position and the same width. This observation clearly proves that the central ion does not play an important role in the formation of the spinpolarized interface states.

What does theory predict?

In collaboration with a theoretical group at the IPCMS, we were able to understand the strong positive spin polarization of the interface states close to the Fermi level. The calculations were performed by Fatima Ali-Ibrahim as part of her PhD thesis. All density functional theory (DFT) calculations were carried out by means of the VASP package [96] and the generalized gradient 5.2. What does theory predict?

approximation for exchange-correlation potential as parametrized by Perdew, Burke, and Ernzerhof [97]. They used the projector augmented wave (PAW) pseudopotentials as provided by VASP [98]. The weak van-der-Waals (vdW) interaction was computed within the so-called GGA-D2 approach developed by Grimme [99] and later implemented in the VASP package [100]. This formalism can correctly reproduce the experimentally determined atomic distances between molecular sites and metallic sites [101]. Fcc Co(001) and fcc Cu(001) surfaces were modeled by using a supercell of 3 atomic ML of 8 × 8 atoms separated by a vacuum region. The lattice vector perpendicular to the surface is 3 nm. This results in a supercell of 249 atoms, including the 57 atoms of the MnPc molecule. Since experiments used cobalt lms epitaxially grown on Cu(001), a fcc lattice parameter of 0.36 nm for both cobalt and copper was used in the calculations. It was found that additional MLs will not change signicantly the results [102]. A kinetic energy cuto of 450 eV has been used for the plane-wave basis set. For the study of a single molecule on a metallic surface, only the Γ-point was used to sample the rst Brillouin zone. DOS were calculated using a 1 meV energy mesh and a Gaussian broadening of 20 meV FWHM. Spin-orbit interaction was included pertubatively in the augmentation region at each atomic site.

Earlier calculations performed on Co/Pc interfaces with unrelaxed atomic positions predicted a spin polarization of -25% [24], rather than the +80% now measured experimentally. To more realistically describe the interface, the new formalism used by Fatima Ali-Ibrahim relaxes atomic positions and includes van-der-Waals forces so as to quantitatively reproduce the crucially important molecule-substrate distance inferred from x-ray standing wave measurements [101]. This leads to a nal distance ∆z between Co and the adsorbed molecule of 2.1 A • .

To unravel the formation of the spinterface, we rst examine the states of the two systems "molecule-Co" with common Fermi level in the absence of interactions between them (see Fig. 5.9(a)). The Co d-spin ↓ band crosses E F , while the d spin ↑ band ends at E-E F = -0.7eV. Above this energy level, the spin ↑ sub-band exhibits only small DOS spikes that correspond to surface states. The molecule exhibits a MO only in the spin ↓ channel near E F . Adsorption-induced displacements of the molecule's atoms overall promote a slight energy shift (∼ 30 meV) of the MOs.

We now turn on interactions between the molecule and the Co surface by reducing ∆z to 3.5 A • (Fig. 5.9(b)). At this distance, π-orbitals that spatially extend perpendicularly to the nascent interface promote wavefunction overlap between the molecule and Co surface sites, causing E F to shift from E=-2.4 eV to E=-2.2 eV. At the vicinity of E F , the Co spin ↓ states and spin ↑ surface states are little aected. In contrast, the interaction strongly modies the molecule's states: while planar states remain mostly unaected, perpendicular states experience the onset of hybridization. We emphasize here that there are no spin ↑ MO at/near E F (right-hand panel of Fig. 5.9(b)).

At the nal ∆z = 2.1 A • (Fig. 5.9(c)), the molecule and Co surface sites may fully hybridize to form the spinterface. More precisely, all combinations of s-p,p-d and s-d hybridization may occur. Because fcc Co(001) is obviously not half-metallic [17,103], the Co/MnPc spinterface shall strongly transmit the highly spin-polarized d-component of the Co DOS and attenuate the sand p-components. Thus, the important question is: How is the Co d-band DOS transmitted onto the molecule in each spin channel?

Prior to adsorption and in the spin ↓ channel, the Co d band z-DOS intersects E F and the z-DOS of the free molecule also exhibits a MO at/near E F . Hybridization is therefore governed by the wellknown spinterface mechanism of spin-dependent broadening of MOs due to band hybridization [25,26,110]. The resulting BISS (band-induced spinterface states) are shaded in red in Fig. 5.9(d). These BISS exhibit a at, continuous energy dependence across E F .

However, the molecule does not exhibit any sizeable, preexisting spin ↑ z-DOS at the vicinity of E F to hybridize with, and the Co surface's d-band does not cross E F . Another spinterface formation mechanism must therefore account for the appearance of entirely new, hybrid states in the spin ↑ channel within -2.7 eV <E< -1.9 eV, i.e. at the vicinity of E F (see right-hand panel of Fig. 5.9(c) and the segment of the spinterface z-DOS shaded in green in Fig. 5.9(d)). Due to the Pauli exclusion principle, these newly formed SISS (surface-induced spinterface states) which lie at the vicinity of E F cannot occupy the spin ↓ states since they are already occupied by Co,and hence appear only in the spin ↑ channel. The presence of two sharp, tall peaks near E F reects a lifting of degeneracy induced by upward (downward) buckling of the benzene rings below (at) E F along each of the two orthogonal axes that dene the free molecule's 4-fold symmetry. This underscores how crucial it is to fully relax the interface structure if one wishes to study SISS.

Focusing now on the DOS that contributes to transport at RT, we present in Fig. 5.10(c-d) spinpolarised spatial maps, taken along the dashed line of Fig. 5.10(a), of the Co/MnPc interface DOS within E F -25meV < E < E F +25meV (see Fig. 5.10(b)). Aside from the central Mn site, the remaining N and C sites exhibit very large positive spin polarization at E F thanks to electronic states that are clearly hybridized with the Co interface atoms. In fact, these interface states are present on all atomic species of the molecule (Fig. 5.9(e)) and their amplitude trends with the number of molecular nearestneighbors for a given Co spinterface site.

At E F , both the energetically smooth BISS in the spin ↓ channel and the energetically sharp SISS in the spin ↑ channel dene the sign and amplitude of the spinterface's spin polarization. Due in large part to the energetically sharp SISS that crosses E F , we nd that P = 80%. Thus, considering the limitations of the comparison, we nd that both theory and the direct/inverse PE experiments yield the same sign and high amplitude of the spin polarization at E F (see Fig. 5.5 and Fig. 5.9(e)). Furthermore, peaks in the spin ↑ (↓) PE (see Fig. 5.5) and DOS spectra (see Fig. 5.9(d)) at ∼ E -E F = -0.3(-1.0)eV underscore a reasonably good agreement between theory and the direct PE experiment thanks to its good energy resolution (130 meV), while a qualitative agreement is found with inverse PE. We now discuss spintronics prospects for these Co/Pc spinterfaces. Indeed, an ideal spin-polarized current source (IspCS) should 1) exhibit a very high degree of spin polarization P that 2) endures well above room temperature (RT) for technological applications; 3) be both cheap and straightforward to synthesize considering existing industrial capabilities; 4) be compatible with miniaturization challenges at the nanoscale; and 5) provide an easy integration path with a semiconductor so as to enable transport of, and operations on, the highly spin-polarized current.

Candidates toward an IspCS include half-metallic ferromagnets, which ideally conduct electrons of only one spin direction [103] and could, using merely a band hybridization mechanism of spinterface formation [25,26] lead to ecient spinterfaces. Such materials have been studied using direct PE [104] and been integrated into devices with sizeable P, not only at low temperature [17] but also at RT [105]. However, this track fails criteria 3 and 4 for an IspCS because such materials are sensitive to disorder. Dilute magnetic semiconductors oer an interesting solution to criterion 5, but lose their half-metallic property well below RT [106]. Another track is to resistively lter the current so as to spin-polarize it. Fe/MgO-based IspCS accomplish this [107] through tunneling across MgO [108] and can reach P = 85% [109], but this resistive solution to spinltering a) must involve several dielectric monolayers that b) must be of nite lateral extent in order to promote k // conservation. This resistive solution is therefore not as practical toward nanoscale applications (criterion 4) as a conductive one involving merely an interface that can scale down laterally to the individual molecule [110].

In contrast, the Co/Pc interface involves diering spinterface formation mechanism in each spin channel to yield a high P (criterion 1). Since both mechanisms are driven by direct rather than indirect [20] hybridization, the resulting current source is spin-ltered across a conductive [23,24] interface (criterion 4) and inherits the large temperature resiliency of the Co interface magnetization (criterion 2). Such spinterfaces utilize cheap, abundant materials that can be straightforwardly deposited and will not degrade when processed appropriately into devices [111] even at typically large process tem-peratures [112](criterion 3). Finally, with its spin-polarized molecular plane, this IspCS candidate elegantly mitigates the conductivity mismatch problem [113] associated with interfaces between metals and semiconductors, which is promising toward satisfying criterion 5. Indeed, the hybridization of wavefunctions from the interfacial molecular plane of high P with those of subsequent molecular layers away from the interface is intrinsically favored. Furthermore, referring to Fig. 5.10, conductivity is substantially lowered when going from Co to the Pc spinterface due to a strongly attenuated spin ↓ channel. These attributes of the Co/Pc spinterface represent important pre-requisites toward a future room temperature demonstration of sizeable spin transport in the diusive regime. 
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 1 Figure 1: L'expérience consiste en une source d'électrons polarisés en spin, un échantillon qui est aimanté d'une façon rémanente, une grille retardatrice pour l'analyse d'énergie et un détecteur de spin. Les deux mouvements de spin, à savoir la précession d'angle ε et la rotation d'angle φ sont présentés dans l'encart.
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 2 Figure 2: L'angle de précession ε en fonction de l'épaisseur de H 2 Pc pour des électrons d'une énergie primaire de 9 eV. L'encart montre la molécule de H 2 Pc.
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 3 Figure 3: (a-e) Spectres de photoémission résolue en spin (spin up: symboles noirs, spin down: symboles rouges) du système MnPc/Co(001) pour cinq diérentes épaisseurs de MnPc et (f ) la polarisation de spin en fonction de l'énergie de liaison. L'énergie des photons est de 20 eV.
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 814 Figure 4: Spectres de diérence. Les spectres du lm de Co pur ont été soustraits des spectres du système 2.6 ML MnPc/Co(001) en utilisant un facteur approprié.
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 21 Figure 2.1: Schematics of the Stern-Gerlach experiment.

Figure 2 . 2 :

 22 Figure 2.2: Spin direction.

Figure 2 . 3 :

 23 Figure 2.3: Partially polarized beam.
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 24 Figure 2.4: Illustration of the two types of motion of the spin-polarization vector. The initial spin polarization P 0 precesses around the magnetization M by an angle ε and rotates simultaneously in the plane P-M by an angle φ.
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 3 Escape of the photoelectron into vacuum.

Figure 2 .

 2 Figure 2.5: Schematic diagram of the principle of photoemission spectroscopy. It shows the relation between the energy levels in a solid and the energy distribution of the emitted electrons produced by photons of energy hυ.
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 26 Figure 2.6: Geometry of an PES experiment in which the emission direction of the photoelectron is specied by the polar angle ϑ and the azimuthal angle ϕ.
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 31631 Figure 3.1: Schematics of the experiment. This gure does not show the source chamber or the means of evaporation and characterization within the main chamber.
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 1832 Figure 3.2: Spin-polarized photoemission from GaAs. (a) The energy bands of GaAs at the center of the Brillouin zone showing the band gap energy E g and the spin-orbit splitting of the valence bands △. (b)The allowed transitions between m j sublevels for circularly polarized light σ + (solid line) and σ -(dotted line), with relative transition probabilities given by the numbers in circles[START_REF] Pierce | [END_REF].
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 1 Spin-motion experimentsthe spin is perpendicular to the scattering plane. In this case the scattering of an electron to the right has not the same probability as the scattering to the left. This becomes clear when we consider the orientation of L in these two cases. In fact, they are opposed to each other such that the scalar product L • S and thus the spin-orbit interaction changes sign. Consequently, the total scattering amplitude, being determined by the sum V C + V so (see Fig.3.3), and thus the probability for a scattering to the right will be dierent from a scattering to the left.
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 33 Figure 3.3: Spin-dependent scattering from a gold foil arising due to spin-orbit interaction.Potential curves with (dashed) and without (solid) spin-orbit interaction are shown[START_REF] Kessler | Polarized electrons[END_REF].

  • to the right and to left of the Au target to count the number of the scattered electrons. The two detectors to the left and to the right are placed in the horizontal plane, so that they give us only the vertical component Chapter 3. Experimental techniques, sample preparation and characterization 20
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 34 Figure 3.4: Conguration of the initial polarization P 0 and M the magnetization in our experiment.
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 3 Figure 3.5: Generic beamline equipped with a plane grating monochromator and a Scienta electron spectrometer.
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 3 Experimental techniques, sample preparation and characterization 24 channel detects electrons with dierent pass energies. Our spin-resolved photoemission experiments were undertaken at the Cassiopee beamline. This experiment is equipped with a Scienta SES2002 electron analyzer which uses a MCP as detector. But the analyzer used in our experiment was modied by the Scienta company to include a Mott spin detector for spin analysis. A part of the electron beam is sent to the classical Scienta 2D detector, while the rest enters the spin detector through a transfer optics. The angular acceptance of the analyzer is about ±8 • . 3.3 Samples 3.3.1 For the electron-spin motion experiments In the rst step of the sample preparation dierent ferromagnetic lms (Co and Fe) have been deposited on dierent single crystalline substrates (Cu(001), Ag(001), and Pt(001)) at room temperature from a rod heated by electron beam bombardment. Prior to deposition, the single crystalline substrate was cleaned by several cycles of Ar-ion sputtering and annealing at 800 K. The lm systems Co/Cu(001) and Fe/Ag(001) have been extensively investigated in the past (see for instance Refs. [4447] for Co/Cu(001) and Refs. [4852]
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 36 Figure 3.6: Molecule of (a) H 2 Pc, (b) metal-substituted Pc (here CoPc), (c) PTCDA, (d) coronene, (e) C 60 , and (f) pentacontane.
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 3 Figure 3.7: (left) LEED image of 0.6 ML CoPc on Cu(001) taken at 14.5 eV. (right) LEED image of 2 ML CoPc on Cu(001) taken in o-center position such that the (0,0) beam appears to the left. The electron energy is 16.5 eV. The crystallographic axes of the Cu(001)-crystal are indicated.
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 29338 Figure 3.8: Raman spectrum of a Au-covered 2 ML a-C lm on Co(001). The presence of both peaks "G" ("graphite") and "D" ("disorder") is typical of amorphous carbon lms.
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 4136439660432141 Figure 4.1: For the system CoPc/Co/Cu(001), the following quantities are shown as a function of CoPc lm thickness: the spin-averaged electron reectivity R (top), the precession angle ε (middle), and the rotation angle φ (bottom). The primary electron energy is 7 eV
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 41 Figure 4.1(top) shows the reectivity as a function of CoPc thickness at a primary electron energy E -E F =7 eV. After a sharp decay of the intensity it increases again and exhibits a maximum around a thickness of one ML. As explained in chapter "Samples" we attribute this behavior to the variation of the CoPc lm morphology during deposition, evolving from an incompletely lled to a lled layer for a thickness of one ML. The behavior of the spinmotion angles, on the other hand, is quite dierent. In fact, in the case of ε (Fig. 4.1 (middle)) we can identify three dierent thickness regimes. The rst
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 42 Figure 4.2: Spin-averaged electron reectivity R, precession angle ε, and rotation angle φ as a function of CoPc lm thickness for two dierent electron energies: 9 eV (left) and 11 eV (right).
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 243 Figure 4.3: As Fig. 4.2, but for other two dierent electron energies: 13 eV (left) and 27 eV (right).
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 44 Figure 4.4: For the system CoPc/Co/Cu(001), the following quantities as a function of electron energy for dierent CoPc coverages are shown: spin-averaged electron reectivity R (top), precession angle ε (middle), and rotation angle φ (bottom).
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 445 Figure 4.5: For the system CoPc/Co/Cu(001) the degree of spin polarization of the reected electron beam as a function of CoPc thickness is shown. The primary energy of the electrons is 8 eV.
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 46 Figure 4.6: Spin polarization of secondary electrons as a function of CoPc thickness. The energy of the primary electrons is 132 eV. The full line is a t to the data based on an exponential decay. Note the logarithmic polarization scale.
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 547 Figure 4.7: The work function changes as a function of CoPc thickness on Co(001) (top)

Figure 4 .

 4 8 shows both the spin-averaged electron reectivity and the spin-motion angles as a function of the CoPc thickness on Fe/Ag(001) (left column) and on Fe/Pt(001) (right column). The strong similarity of the thickness-dependent behavior with that of CoPc lms on Co(001) let us immediately conclude that the choice of the ferromagnetic substrate has no importance for the existence of the breakdown-
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 48 Figure 4.8: For the systems CoPc/Fe/Ag(001) (left column) and CoPc/Fe/Pt(001) (right column), the following quantities as a function of CoPc lm thickness are shown: spinaveraged electron reectivity R (top), precession angle ε (middle), and rotation angle φ (bottom). The primary energies are 16.5 eV and 23 eV, respectively.

Figure 4 .

 4 Figure 4.9 shows the reectivity and the electron-spin motion angles as a function of CoPc thickness for primary electrons of 8 eV energy. We observe again the same type of behavior as a function of CoPc thickness: a breakdown of the spin-motion angles above a threshold thickness and the disappearance of both spin-motion angles for thicknesses above 0.5 ML. Moreover, the values of d 1 and d 2 are very close to those obtained with CoPc being in direct contact with Co. Further experiments with an even thicker intermediate Au layer of 15 ML give a similar result (see Fig. 4.10). The fact that it is not necessary at all to have any contact of the molecules with the ferromagnetic substrate to obtain the breakdown of the spin-motion signal is surely the most surprising result.
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 410 Figure 4.10: For the system CoPc/Au(15ML)/Co/Cu(001), the precession angle ε as a function of CoPc coverage is shown. The primary energy is 7.8 eV.
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 411 Figure 4.11: For the system C/Co/Cu(001) the rotation angle φ as a function of C coverage is shown. The primary energy is 11 eV.
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 4 Figure 4.12: For the system pentacontane/Co/Cu(001) the rotation angle φ as a function of the pentacontane thickness is shown. The primary energy is 7 eV. The three thickness regimes are indicated. Note the logarithmic φ-and spin polarization-scale.

Figures 4. 13

 13 Figures 4.13and 4.14 show the thicknesses d 1 and d 2 for all systems and

  Figures 4.13and 4.14 show the thicknesses d 1 and d 2 for all systems and

Figure 4 . 13 :

 413 Figure 4.13: The thicknesses d 1 and d 2 obtained from measurements of the precession angle ε.

2 )Figure 4 . 15 :

 2415 Figure 4.15: The product of d 2 and the average carbon surface density σ M L C of a completed ML is shown for all systems studied. In the case of C 60 it is the onto surface projected average carbon density.

Figure 4 . 18 :

 418 Figure 4.18: For the system PTCDA/Co/Cu(001) the precession angle ε as a function of PTCDA thickness is shown for two dierent orientations of the initial spin polarization P 0 . The primary energy of the electrons is 8 eV.

51 4. 8 .Figure 4 . 19 :

 518419 Figure 4.19: For the system FePc/Fe(001) the exchange asymmetry A ex as a function of FePc thickness is shown. The primary energy of the electrons is 8 eV.

Figure 4 .

 4 Figure 4.20: For the system C 60 /Co/Cu(001) the degree of spin polarization of the reected electron beam as a function of C 60 thickness is shown. The initial spin polarization is zero. The primary energy of the electrons is 28 eV.

Figure 4 . 21 :

 421 Figure 4.21: For the system CoPc/Co/Cu(001) the degree of spin polarization of inelastic electrons (both inelastically scattered primaries and secondaries) as a function of CoPc thickness is shown. The primary energies of the electrons are 26.5 and 132 eV.

Figure 4 .

 4 Figure 4.22: For the system CoPc/Co/Cu(001) both the asymmetry of the (00)-beam A (00) and the negative asymmetry of the absorbed sample current -A a as a function of CoPc thickness are shown. The primary energy of the electrons is 13 eV. The inset shows the asymmetry A a of an uncovered Co lm as a function of the electron energy. Note the logarithmic energy scale.

1 Figure 4 . 23 :

 1423 Figure 4.23: For the system CoPc/Co/Cu(001) both the asymmetry of the (00)-beam A (00) and the asymmetry of the absorbed sample current A a as a function of CoPc thickness are shown. The primary energy of the electrons is 132 eV.

Figure 4 . 24 :

 424 Figure 4.24: For the system CoPc/Au/Co(001) precession angle ε as a function of CoPc thickness is shown. The deposition process is interrupted two times by sputtering. The primary energy of the electrons is 11 eV.

1 Figure 4 . 25 :

 1425 Figure 4.25: The ratio R(d 2 )/R(d 1 ) for 1: H 2 Pc/Co, 2: CoPc/Co, 3: CoPc/Au/Co, 6: FePc/Fe/Ag, 8: PTCDA/Co, 10: pentacontane/Au/Co, 11: coronene/Co, 12: C 60 /Co, 13: C 60 /Au/Co, 14: C/Co. Note the logarithmic scale of the ordinate.

4. 14 .

 14 Do spin-motion rst principle calculations predict the breakdown-phenomenon? covered by 0.7 ML of carbon (seeFig. 4.26). Because of the breakdownphenomenon the ε-signal after deposition of 0.7 ML carbon is only 0.5 o while the starting signal before C-deposition was 16 o . In a second step Au has been deposited on this system. We obtain thus a buried carbon lm. Interestingly, deposition of Au, which leads to reection conditions at the Au/C interface that are quite dierent from those at the vacuum/C interface, does not result in a "recovery" of the ε-signal. Instead the small signal is only modulated by the Au deposition in a way similar to Au deposition on Co(001) (see inset in Fig.4.26). In the past these oscillations have been explained in terms of quantum-well states within the Au(111) layer[55].

Figure 4 . 26 :

 426 Figure 4.26: For the system Au/0.7 ML C/Co(001), the precession angle ε as a function of Au coverage is shown. The primary energy is 9 eV. The inset shows ε as a function of Au coverage on top of Co(001).

Figure 4 . 27 :

 427 Figure 4.27: Calculated ε (top panel) and φ (bottom panel) as a function of the electron energy for 9 ML of Fe(001) (thin line) and 1 ML of carbon on 9 ML Fe(001) (thick line) .
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 711272137314742743 the choice of the ferromagnetic substrate, X the choice of the organic molecule, X the orientation of the initial spin polarization, -polarized interface states in Phthalocyanine lms on ferromagnetic Co(001) . . . . . . . . . . . . . 63 5.1.1 Are the Pc-induced states really interface states? . . . Are the features in the two spin channels related? . . . What is the electronic character of the interface states? Does the central transition metal ion Mn 2+ play a role in the creation of the spin-polarized interface states . . What does theory predict? . . . . . . . . . . . . . . . . Instead of a conclusion: Spintronics prospects for Co/Pc spinterfaces . . . . . . . . . . . . . . . . . . . . . 79 5.1 Spin-polarized interface states in Phthalocyanine lms on ferromagnetic Co(001) To single out the spintronic properties of manganese phthalocyanine (MnC 32 N 8 H 16 : MnPc) interface with Co(001), we performed spin-polarized photoemission experiments at the beamline Cassiopée at the synchrotron SOLEIL. The Cu(001) substrate was cleaned through cycles of argon-ion etching and annealing in the preparation chamber. The clean Cu(001) surface was then covered with 15 ML of Co. MnPc was thermally evaporated to form the MnPc/Co(001) interface. Auger electron spectroscopy was used to conrm that the Cu(001)-, Co(001)-and MnPc-surfaces are devoid of contaminants.

5. 1 .

 1 Figure 5.1: Spin-polarized photoemission spectra (spin up: black symbols, spin down: red symbols) of Co(001)/MnPc for ve dierent MnPc thicknesses and the spin polarization as a function of binding energy. The photon energy is 20 eV.

Figure 5 . 2 :

 52 Figure 5.2: Spin-polarized inverse photoemission spectra (spin up: black symbols, spin down: red symbols) of Co(001)/MnPc for three dierent MnPc thicknesses (0, 1, and 2 ML) as a function of binding energy. Photons with an energy of 9.3 eV are detected.

  5.2). Our methodology supposes that the spin-resolved photoemission signal arising from Co sites remains essentially unchanged when the Co lm is covered by MnPc (see section 5.1.3).It also rests upon the observation that molecular adsorption onto Co clearly has a strong impact on photoemission, even in the raw spectra, implying substantial, not just second-order, changes. Several aspects support this supposition. 1) Supposing an inelastic mean free path in Co of about 0.8 nm, only 20% of the Co photoemission signal is coming from the topmost layer while 80% are coming from the lower Co layers. Thus, the strong changes that we witness are not likely to arise from modications of the topmost Co layer upon Pc adsorption. 2) Spin-resolved spectra at much higher photon energy (100 eV), which are dominated by Co 3d structures due to the strong photon-energy dependence of the photoionization cross section, show strong similarity for the uncovered and the 2.6 ML MnPc covered Co lm. 3) To check how the magnetic properties of Co are aected by the adsorption of MnPc, another group performed x-ray magnetic circular dichroism measurements at the Co L edges at room temperature. Using the so-called sum rules, we nd 1.73 µ B/at for the average spin moment per Co atom for 3 Co ML/Cu(001). Upon adsorption of 1 ML MnPc, the Co average spin moment is reduced to 1.67 µ B/at. If we assume that this reduction is borne only on the interface sites, then these sites carry a spin moment of at least 1.55 µ B/at. This minor reduction in spin moment is conrmed by ab-initio DFT calculations including spin-orbit coupling. This clearly excludes the possibility of a Co magnetic dead layer, and shows that modications to the Co surface sites are a secondary eect. Such a small loss of magnetization cannot account for the large changes in spin-polarized photoemission that we observe in the raw data. We therefore assert that, from our complementary photoemission, XAS experiments, and with theoretical support, that any reduction in the magnetic moment of Co sites that hybridize with molecular sites cannot account for the large signal that we witness in the subtracted photoemission data.In order to obtain the spin-resolved molecule-induced photoemission spec-tra f ↑,↓ (xML MnPc), the pure Co spectra f ↑,↓ (Co) have therefore to be subtracted from the xML MnPc/Co spectra f ↑,↓ (xML MnPc/Co) by taking into account the attenuation of the Co signal due to the presence of xML MnPc:

5. 1 .Figure 5 . 3 :

 153 Figure 5.3: The photoemission intensity in the spin-up (top) and the spin-down channel (bottom) for dierent binding energy positions as a function of MnPc thickness. The photon energy is 20 eV. The attenuation factor used to calculate the dierence spectra f ↑,↓ (1.3 ML MnPc), for instance, is obtained by taking the ratio of the intensities for 1.3 ML MnPc and pure Co in the spin-down channel at low binding energies (-0.25 eV): α = 1274/2270 = 0.56. Note the logarithmic intensity scale.

  3 ML MnPc) is obtained by taking the ratio of the intensities for 1.3 ML MnPc and pure Co in the spin-down channel at low binding energies (-0.25 eV): α = 1274/2270 = 0.56.

Figure 5 . 4 :

 54 Figure 5.4: The mean spin polarization in the binding energy range from -4.5 to -6 eV of the dierence spectra f ↑,↓ (1.3 ML MnPc) as a function of the attenuation factor α. Zero polarization is obtained for α = 0.56.

5. 1 .Figure 5

 15 Figure 5.5: Spin-resolved dierence spectra of direct (closed symbols; hυ=20 eV) and inverse (open symbols) photoemission (PE) spectroscopy at room temperature of Co/MnPc (2.6(2.0) ML for direct(inverse) PE) reveal a P ∼ +80% at E F .

  Figure 5.6: Spin-polarized dierence spectra (spin up: black symbols, spin down: red symbols) of H 2 Pc/Co(001) for three dierent photon energies (20, 40, and 50 eV).

Figure 5

 5 Figure 5.7: (Left) spin-polarized dierence spectra (spin up: black symbols, spin down: red symbols) of 2ML H 2 Pc/Co(001)-1ML H 2 Pc/Co(001) obtained at a photon energy of 40 eV. (Right) the Pc thickness dependence of the direct PE signal (hυ=20eV) reveals that Pc-induced intensity at low binding energies is essentially conned to the interface.

  Figure 5.8: Spin-resolved dierence spectra of direct PE spectroscopy at room temperature of Co(3 ML)/MnPc(2.6 ML) for hυ=100 eV show no sign of any Pc-induced interface state, indicating that the interface states are mainly of C or N 2p character.

Figure 5 . 9 :

 59 Figure 5.9: As the distance between molecule and the Co surface is reduced from (a) 6.6 A • to (b) 3.5 A • and to (c) the nal position of 2.1 A • , p-d hybridization with the Co spin ↓ band causes energetically sharp, spin ↓ MOs in the z-DOS to disperse (red area of panel d), leading to a monotonous spin-↓ z-DOS (black) at/near E F (right-hand graph of panel c). In the spin ↑ channel at the vicinity of E F , there are neither Co d band states nor MOs but simply Co surface states (panel a) that begin to hybridize as the molecule is brought closer in (panel b) and lead, at the nal molecular position (panel c), to energetically sharp peaks that cross E F . These surface induced spinterface states (SISS) carry virtually no Co s-character (gray datasets in panels a,b,c) and involve all atomic species of the molecule (panel e). The spinterface's planar DOS (pl-DOS; magenta) near E F is mostly featureless and adopts the spin polarization of Co (right and left-hand graphs of panel c).

Figure 5 .

 5 Figure 5.10: (a) Adsorption geometry of MnPc on Co(001). The spin ↑ and ↓ z-DOS within E F -25meV < E < E F + 25meV : (b) SISS (BISS) lead to a sharp (monotonous) energy dependence at E F ; and (c-d) spatial charge density maps, taken along the dashed line of panel (a), show how the numerous C and N sites of MnPc exhibit a highly spinpolarized density of states at E F that, furthermore, are hybridized with Co states and thus contribute to conduction.
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 123456 Figure A.1: Spin-averaged electron reectivity R (top), precession angle ε (middle), and rotation angle φ (bottom) are shown as a function of CoPc (left column) and H 2 Pc (right column) thickness on Co(001). The primary energies are 8 and 9 eV, respectively.
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  .15). For the planar molecules Pc, PTCDA, pentacontane, and The thicknesses d 1 and d 2 obtained from measurements of the rotation angle
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	Figure 4.14:					
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Table 4 .

 4 

	4.7. Does the breakdown depend on the choice of the organic
		molecule?
	system	σ M L C
	Pc/Cu(001)	17 (Ref. [56])
	Pc/Au(111)	14 (Ref. [70])
	PTCDA/Cu(001)	18 (Ref. [71])
	C 44 H 90 /Cu(001)	15 (Ref. [72])
	C 30 H 62 /Au(111)	15 (Ref. [73])
	coronene/Cu(001) 26 (Ref. [71])
	coronene/Ag(111) 21 (Ref. [74])
	C 60 /Cu(001)	60 (Ref. [75])
	C 60 /Au(111)	69 (Ref. [76])
	graphite	115

1: The average carbon surface density σ M L C of a completed ML in number of carbon atoms per nm 2 .

  The product of d 2 and the occupancy is shown for all systems studied.

	Pc/Co or Fe	Pc/Au/Co	PTCDA/Co	pentacontane/Co	pentacontane/Au/Co	coronene/Co	coronene/Au/Co	C 60 /Co	C 60 /Au/Co	carbon/Co
	Figure 4.16:									

Travel of the excited electron to the surface.

X the quality of the substrate surface.It is not due to X a change of the surface magnetization, X a depolarization of the primary electrons, X a "mirror"-eect, X a direct interaction of the molecules with the ferromagnetic substrate, X an interference eect.Furthermore, the breakdown-phenomenon is not limited to elastically scattered electrons, does not appear in transmission, and is not predicted by rst-principle calculations.Despite this wide range of results we are not able at the moment to identify the cause of this breakdown-phenomenon. We suggest to study this effect by an experimental method which combines spatial resolution at least in the nm-range with the sensitivity to the spin-dependent reection amplitude: spin-polarized low-energy electron microscopy. By sending polarized electrons with their spin parallel or antiparallel to the sample magnetization, it allows to measure the exchange asymmetry A ex , which has been shown to exhibit the breakdown-phenomenon. Such spatially resolved experiments could be of interest to elucidate the processes which are behind this unexplained phenomenon.

Appendix

In this appendix I will show as further illustration of the generality of the breakdown-phenomenon additional measurements of the electron-spin motion as a function of molecule lm thickness which are not presented in the main manuscript.