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Bonjour je vais vous presente le theme de recherche nanosystemes magnetique et plus particulairement mes avtivitees de recherche lie a la spintronique moleculaire
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Pour comprendre que est la spintroniqye je vais vous explique comme marche un dispositif spintronique et ou sont les limitations des dispositifs actuelements employees
tout d’abord Un dispositif spintronique doit génère une courante qui est polarise en spin et il doit détecte cette curante. Le modèle de dispositif le plus simple est le "Giant Magneto Resistor" 
ou GMR. Le dispositif est characterise par deux couche ferromagnétique séparé par une couche separatrice métallique. 
la couche separatrice est cruciale parce que si n’y a pas cette couche on ne peux pas separe les deux electrodes. 
cette technologie était employé dans les disk dure a partir de 1997 et en 2007 le prix nobel était attibue a albert fert et péter grunberg pour leur découverte 
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quand le dispositif est dans le mode antiparalleele, les deux electrodes FM sont polarise de facon opposee, donc les electron polarise en spin comme l’electrode du bas peuvent passe, mais 
ils sont bloquee par l’electrode du haut et le courrant ne passe pas. quand le dispositif est dans le mode parallel les deux electrodes sont polarise de la meme facon donc les electrons avec 
le meme spin que les electrode donc il passe pas seulment  a travers l’electrode du bas, mais ausse il passe par l’electrode du haut, donc le courrant polarise en spin passe par le dispositif. 
il est possible de controle l’etat de polarisation de l’electrode FM par des champ magnetique exterieurs et faibles, d’ou le terme magnetoresistance. 
cette technologie était employé dans les disk dure a partir de 1997 et en 2007 le prix nobel était attibue a albert fert et péter grunberg pour leur découverte  
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Spin transport through semi-conductors

•Metal based devices do not amplify the signal

• Fabricate spin-based transistors
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Les dispositif actuellement employes sont fabriques à paritre de metaux. quand la couche separatrice est un metal ou un isolant, il n’est pas possible de module le courant. Les dispositif à 
base de metaux sont des excellent transporteur de courant, mais ils ne amplifient pas le signal. Donc si on peuvait incorpore des semi-conducteurs dans ces dispositifs, il sera possible de 
amplifie le signal, et de genere des transitors à base de spin. 
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L’idee du projet est de fabrique des dispositifs à partir de semi-conducteurs moleculaires. pour quoi moleculaires? parce que ca
permet de fabriquer des dispositif plus petit. parce que on peut functionalize les molecules donc on peurra controller le dispositif par des perturbations autre que un champ magnetique. et 
parce que dans les materiaux organique le temp de spin-relaxation tres long donc les electron n’on pas le temp de changer de polarization dans la couche separatrice ce qui donne un 
meilleure rendement au dispositif. 
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Mais quand on veux utilise des composant moleculaire dans des dispositifs spintronique on rencontre des problèmes: les plus importants est que le mechanism de injection des spins dans 
les couches semiconductrices n’est pas bien compris, que il y a une grand difference de conduction entre le metal ferromagnetique et la couche semiconductrice. et que l’interface entre le 
FM et la couche separatrice est crucial pour le bonne fonctionnement du dispositif. les deux solutions trouve jusqu’a present sont: l’introduction de une couche isolant qui permet au dispositif 
de fonctionner par effet tunnel. et l’utilisation de demi-metaux comme le LSMO au lieux de métaux semiconducteurs, qui permet une meilleure superposition avec une couche separatrice 
semiconductrice. 
pour la fabrication systematique de dispositifs spintoriques a base de semiconducteurs nuveaux materiaux fonctionels doivent etre synthetise, et le control 
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A
new step for spintronics would be
to benefit from molecular engineer-
ing offered by molecules and self-

assembled monolayers (SAMs) in particular.
Up to now, SAMs have been successfully
used to tune the wettability and work func-
tion of the metal!organic interface in elec-
tronic devices,1!4 but only two reports have
highlighted them as promising for spintronic
devices.5,6 Here, we present results on a
building block for molecular/organic spin-
tronics tailoring: the development of the
required missing SAM grafting protocols
over La2/3Sr1/3MnO3 (LSMO). LSMO is a highly
spin-polarized manganite (nearly one spin
direction at the Fermi level), air-stable ferro-
magnetic oxide,7,8 which was promoted
as one of the most used electrodes9!12 in
organic spintronics.11,13!17 However, in con-
trast to the extensive use of chemisorbed
SAMs on coinage nonmagneticmetals, prop-
er grafting protocols over LSMO are lacking
in the literature and SAMs have yet to be
integrated in standard LSMO-based molecu-
lar spintronic devices.
Since the first reports on the formation

of SAMs, monofunctionalized long alkane
chains (CnH2nþ1X) have proven themselves
as one of the preferred and most successful
self-assembling units.18,19 At the end of the
chain, thiols and carboxylic and phosphonic
acidsalongwith silanegroupshavecommonly
been used as molecular anchors.18!21 In this
report, we have tested different combinations
of common organic solvents and thesemono-
fuctionalized long alkane surfactants for the
functionalization of LSMO surfaces.

RESULTS AND DISCUSSION

As a first step toward the functionaliza-
tion of LSMO surfaces we tested different

combinations of common organic solvents
(hexane, chloroform, toluene, acetone,
ethanol, and tetrahydrofuran) and dodecyl-
carboxylic acids (X = !COOH), octadecyl/
dodecyl-phosphonic acids (X = !PO3H2),
octadecyl-silanes (X = !Si(OCH3)3, !SiCl3),
octadecyl-amino (X =!NH2), and octadecyl-
thiol (X = !SH). Results are summarized in
Table S1.
Only in the case of the alkyl-phosphonic

acids were noticeable differences between
water advancing contact angle (wCA) val-
ues obtained upon immersion of the LSMO
substrate in the neat solvent and alkyl-phos-
phonic solution observed. This fact suggests
that only phosphonic acids effectively bind
to the LSMO surface22 and should be the
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richard.mattana@thalesgroup.com.
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ABSTRACT (La,Sr)MnO3manganite (LSMO) has emerged

as the standard ferromagnetic electrode in organic spin-

tronic devices due to its highly spin-polarized character and

air stability. Whereas organic semiconductors and polymers

have been mainly envisaged to propagate spin informa-

tion, self-assembled monolayers (SAMs) have been over-

looked and should be considered as promising materials

for molecular engineering of spintronic devices. Surprisingly, up to now the first key step of

SAM grafting protocols over LSMO surface thin films is still missing. We report the grafting of

dodecyl (C12P) and octadecyl (C18P) phosphonic acids over the LSMO half-metallic oxide.

Alkylphosphonic acids form ordered self-assembled monolayers, with the phosphonic group

coordinated to the surface and alkyl chains tilted from the surface vertical by 43! (C12P) and 27!
(C18P). We have electrically characterized these SAMs in nanodevices and found that they act as

tunnel barriers, opening the door toward the integration of alkylphosphonic acid//LSMO SAMs

into future molecular/organic spintronic devices such as spin OLEDs.

KEYWORDS: molecular spintronics . self-assembled monolayers .
surface functionalization . phosphonic acids . perovskytes . LSMO
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Mais quand on veux utilise des composant moleculaire dans des dispositifs spintronique on rencontre des problèmes: les plus importants est que le mechanism de injection des spins dans 
les couches semiconductrices n’est pas bien compris, que il y a une grand difference de conduction entre le metal ferromagnetique et la couche semiconductrice. et que l’interface entre le 
FM et la couche separatrice est crucial pour le bonne fonctionnement du dispositif. les deux solutions trouve jusqu’a present sont: l’introduction de une couche isolant qui permet au dispositif 
de fonctionner par effet tunnel. et l’utilisation de demi-metaux comme le LSMO au lieux de métaux semiconducteurs, qui permet une meilleure superposition avec une couche separatrice 
semiconductrice. 
pour la fabrication systematique de dispositifs spintoriques a base de semiconducteurs nuveaux materiaux fonctionels doivent etre synthetise, et le control 
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Unravelling the role of the interface for spin
injection into organic semiconductors
Clément Barraud1, Pierre Seneor1*, Richard Mattana1*, Stéphane Fusil1,2, Karim Bouzehouane1,
Cyrile Deranlot1, Patrizio Graziosi3, Luis Hueso3†, Ilaria Bergenti3, Valentin Dediu3, Frédéric Petroff1

and Albert Fert1

Organic materials are attractive for building spintronics devices owing to their expected long spin lifetimes. Moreover, the
ability to control their properties by changing their composition and molecular structure makes them easier to tailor to
given tasks than inorganic materials. However, most studies of candidate organic spintronics materials focus on their bulk
spin transport characteristics. Here we investigate the equally important process of spin injection and how it is influenced
by interface coupling in the prototype organic semiconductor, Alq3. We fabricate nanometre-scale (La,Sr)MnO3/Alq3/Co
magnetic tunnel junctions that exhibit a magnetoresistive response of up to 300%. Furthermore, we develop a spin transport
model that describes the role of interfacial spin-dependent metal/molecule hybridization on the effective polarization allowing
enhancement and even sign reversal of injected spins.We expect such insights to lead towards themolecular-level engineering
of metal/organic interfaces to tailor spin injection and bring new electrical functionalities to spintronics devices.

Molecular spintronics, by combining the potential of
spintronics1 and molecular/organic electronics2, is now
considered as a promising alternative to conventional

spintronics with inorganic materials3. Besides flexibility, chemical
engineering and low production costs, the opportunity that
spin relaxation times could be enhanced by several orders of
magnitude compared with inorganic materials arouses a strong
interest for organic semiconductors4–6 (OSCs). Weak spin–orbit
coupling associated with light-element compounds and electronic
transport through ⇡ delocalized orbitals would be involved in
explaining this gain of spin lifetime. The pioneering spin-valve
effects were observed by Dediu and colleagues7 for sexithiophene.
Since then, most of the studies have been focused on Alq3
(tris[8-hydroxyquinoline]aluminium; refs 8–15), motivated by the
achievement of a sizeable inverse spin valve effect by Xiong
and colleagues8. However, the mechanisms underlying the spin
injection into the OSCs are still to be unravelled and remain one of
themain challenges of this new uprising field16.

Here, we report on giant tunnel magnetoresistance up to 300%
in Alq3-based nanojunctions using (La,Sr)MnO3 (LSMO) and
Co electrodes. We further develop a spin-dependent transport
model (taking into account interfacial spin hybridization) giving
an understanding of spin injection into organicmaterials/molecules
and opening new opportunities for chemically tailored spintronics
devices. Ultimately, owing to molecular engineering, the physical
properties of spintronics devices could be expected to be tailored
through playing with the anchoring groups and the backbone of
themolecules. The LSMO/Alq3/Co tunnel junctions are elaborated
from LSMO/Alq3 (10–30 nm) bilayers using a conductive-tip AFM
(CT-AFM) nanolithography process. Inhomogeneity and strong
metal diffusion8 could lead to short-circuits in wide-area tunnel
junctions. Although not solving the problem, the nanofabrication

1Unité Mixte de Physique CNRS/Thales, 91767 Palaiseau France associée à l’Université de Paris-Sud, 91405 Orsay, France, 2Université d’Evry-Val
d’Essonne, 91025 Evry, France, 3ISMN-CNR, Via Gobetti 101, 40129 Bologna, Italy. †Present address: CIC nanoGUNE, Avenida de Tolosa 76, E-20018 San
Sebastian, Spain and IKERBASQUE, Basque Foundation for Science, E-48011 Bilbao, Spain. *e-mail: pierre.seneor@thalesgroup.com;
richard.mattana@thalesgroup.com.
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Figure 1 | Schematic drawing of the organic MTJ. The device consists first
of a La0.7Sr0.3MnO3/Alq3 bilayer. A nanoindent in the Alq3 layer is realized
by a CT-AFM, allowing us to control the organic tunnel barrier thickness.
This nanohole is then filled with cobalt, leading to a
La0.7Sr0.3MnO3/Alq3/Co nanometric-size MTJ.

of our samples allows it to be circumvented. The desired Alq3
tunnel barrier thickness left after the indentation is obtained by
controlling the AFM tip penetration into the layer. The indentation
process is triggered by the tunnel current between the tip and
the sample. Finally, the nanoholes are filled with Co, leading to a
LSMO/Alq3/Co magnetic tunnel junction (MTJ) device (see Fig. 1
and the Methods section).

Alq3 as a tunnel barrier
As a preamble, to characterize the Alq3 thickness versus tip-
to-sample resistance, we defined matrices of nanoindents in
which sequences of resistances in the range of 105.5–1011 � were
taken as threshold values to stop the process. The lower bound
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intermolecular interactions, which considerably limit the carrier 
mobility. !e injection of carriers into OSCs is best described14 in 
terms of thermal and "eld-assisted charge tunnelling across the inor-
ganic/organic interface, followed by carrier di#usion into the bulk of 
the OSC. Furthermore, the carriers propagate by random site-to-site 
hopping between pseudo-localized states that are distributed within 
an energy interval of approximately 0.1 eV. Two conducting chan-
nels are usually considered active: the lowest un occupied molecular 
level (LUMO) for n-type and the highest occupied molecular level 
(HOMO) for p-type carriers; however, defects and interface states 
may also have to be considered depending on the material and its 
structural quality. Another important issue is the strong electron–
phonon interaction leading to the carriers having a polaronic char-
acter (for more extensive reading we suggest a recent review15).

In principle, any discussion of spintronics e#ects requires an 
accurate de"nition of the spin polarization of the carriers. For 
in organic surfaces or interfaces featuring band-like behaviour, 
it has been shown16 that the spin polarization may be de"ned in 
di#erent ways, depending on the speci"c experimental or theoreti-
cal approach adopted. !e simplest de"nition, which considers just 
the density of states (N) at the Fermi level (EF), is that spin polari-
zation is equal to (N  − N )/(N  + N ), and it is mostly valid for 
static cases such as, for example, spectroscopic characterization. !e 
symbol ( ) indicates majority (minority) spin orientation in a fer-
romagnetic material with respect to the direction of magnetization. 
In experiments that involve current across interfaces, the de"nition 
of spin polarization may require the substitution of N by Nv (bal-
listic regime) or by Nv2 (di#usive regime), depending on the speci"c 
interface and transport mechanism considered16. Here, v is the Fermi 
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velocity in the spin-polarized material, and Nv and Nv2 are de"ned 
by inte gration over the Brillouin zone. It has not yet been possible to 
establish which particular de"nition is applicable for ferromagnetic/
organic interfaces. !e injection of charge/spins across such inter-
faces corresponds to a transition from extended (band character) 
states into almost fully localized ones, which accounts for a dra-
matic symmetry breaking and leads to the failure of the common 
models used for purely inorganic interfaces17. Similarly, the exten-
sion of the band-symmetry model developed for TMR (inorganic) 
devices should be treated with caution when applied to inorganic 
spintronics18,19: the symmetry breaking mentioned above consti-
tutes a serious barrier and requires a considerable modi"cation of 
these models.

!e "rst report on experimental injection in OSPDs was 
published as recently as 2002 (ref. 20). !e authors designed a lateral 
device that combined ferromagnetic electrodes and OSC conducting 
channels 100–500 nm in length (Fig. 1a). !e selected ferro magnetic 
material was a highly polarized manganite (La0.7Sr0.3MnO3, or 
LSMO). !is material was already well known for its spin-injection 
properties and has proved to be highly successful in diverse inor-
ganic spintronic devices, such as tunnel junctions19 and arti"cial 
grain-boundary devices21. Sexithiophene (6T), a rigid conjugated-
oligomer rod, and a pioneer in organic thin-"lm transistors22, was 
chosen for the spin-transport channel. A strong magnetoresistive 
response was recorded up to room temperature in 100-nm and 
200-nm channels (Fig. 1b), and was explained as a result of the 
conservation of the spin polarization of the injected carriers. Using 
the time-of-%ight approach, a spin-relaxation time of the order of 
1 μs was found. !is work designated organic materials as extremely 

Figure 1 | Organic spintronic devices. a, Lateral spin device as published by Dediu et al.20. In this device, two ferromagnetic LSMO electrodes patterned by 
electron-beam lithography were separated by 70–500 nm and bridged by a 6T channel. b, Magnetoresistance (H = 0.3 T, where H is the magnetic field) 
of the lateral spin device depicted in a as a function of the channel length. The error bars indicate the possible local deviations from the nominal channel 
length. c, Magnetoresistance loop of a LSMO (100 nm)/Alq3 (130 nm)/Co (3.5 nm) spin-valve device measured at 11 K (ref. 23). As indicated in the figure, 
an antiparallel (AP) configuration of the magnetization of the electrodes corresponds to a low-resistance state. d, Schematic of a typical vertical inorganic–
organic spin valve. In this case, LSMO is the bottom electrode and Co is the top one. A typical MR measurement is performed by applying a bias voltage to 
the metallic ferromagnetic electrodes and the current is measured as a function of the in-plane external magnetic field. e, Magnetoresistance loop of a LSMO 
(20 nm)/6T (100 nm)/Al2O3 (2 nm)/Co (20 nm) vertical spin-valve device measured at 40 K. Figure reproduced with permission: c, © 2004 NPG. 
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Figure 4 | Bias-voltage and temperature dependence of the magnetoresistance. a, R(H) magnetoresistance curves of the LSMO/Alq3 ⇠ 2 nm/Co
nano-MTJ recorded at 2 K and at five different bias voltages (�5 mV, �10 mV, �20 mV, �45 mV, �100 mV). b, Bias-voltage dependence of the
magnetoresistance obtained from I(V) curves recorded in the parallel and antiparallel magnetic configurations (line). The data corresponding to the R(H)
curves recorded at different bias voltage are also reported (circles) . c, Variation of magnetoresistance (left scale) and resistance (right scale) as a function
of the temperature.

surface24. It also indicates a loss of spin polarization during the
tunnel transport as shown by the correlated magnetoresistance and
resistance decrease in temperature25 (Fig. 4c). This is supported
by the bias-voltage dependence of the magnetoresistance (Fig. 4b)
obtained from magnetoresistance measurements recorded at dif-
ferent bias voltages and from I–V curves both in the parallel
(PA) and antiparallel (AP) magnetic configurations. We observe
a strong decrease of magnetoresistance at low voltages followed
by a slower decrease at higher voltages. Note that the magne-
toresistance remains positive whatever the applied bias voltage.
Again, the decrease of magnetoresistance is stronger than the one
observed in LSMO-based inorganic tunnel junctions24 explained
by magnon excitations22. In our organic tunnel junctions, the
magnetoresistance is reduced by a factor 2 at 25mV (Fig. 4b) and
the magnetoresistance effect vanishes at 200mV. In addition to
magnons, which are known to play an important role in MTJs,
phonons are also expected to exert a key influence for organic
barriers26. For instance, it has been demonstrated that phonons
play a significant role in the coupling of certain molecules to a
metallic surface27.

We first discuss the amplitude of the magnetoresistance.
Assuming that the spin polarization of the LSMO/Alq3 interface
(PLSMO) is positive and fully polarized28, the spin polarization of
the Co/Alq3 interface, obtained from the simple Jullière’s formula
for tunnelling magnetoresistance TMR = (RAP � RPA)/RPA =
2PCoPLSMO/(1� PCoPLSMO), reaches at least +60%. Note that this
ideal situation for LSMO corresponds to a lower bound for the
cobalt spin polarization. A lower LSMO spin polarization would
lead to a higher Co spin polarization. The positive sign of PCo/Alq3
in our MTJs is in agreement with previously reported results15.
They extract a positive sign for PCo/Alq3 (+27%) from Meservey–
Tedrowmeasurements29 in Co/Alq3/Al tunnel junctions. Although
we obtain the same sign, the magnitude is much higher in our
junctions. This could be explained by pointing out that in contrast
to commonly measured large-area MTJs (micrometre size and
above), we probe only local nanometre-scale properties. This is
of particular relevance for highly inhomogeneous layers such as
organic thin films. The high spin polarization can also be linked
to specific spin-dependent hybridization of the orbitals at the
metal/organic interface30. For example, chemical reaction and
complex formation at the interface between the electrode and
Alq3 were proposed31 as a possible mechanism to explain the
shift of the band structure of Alq3 deposited on various non-
magnetic metallic electrodes.

We now discuss the sign of the magnetoresistance of
LSMO/Alq3/Co trilayers. Since the first result8, the inverse spin
valve effect has been regularly observed in the case of millimetre
square large MTJs and thick9–12 Alq3 layers in the 130–250 nm
range. It has been pointed out by the different authors that the

real Alq3 thickness involved in the transport is difficult to estimate
and the thickness should actually be reduced by up to 100 nm,
leaving junctions in the few tens of nanometres to 140 nm range.
It is commonly accepted to analyse this sign in the framework
of the Jullière model leading to opposite spin polarizations for
the interfaces. With LSMO (PLSMO > 0) thought of as a spin
analyser28, this naturally leads to PCo/Alq3 < 0. However, it was
pointed out that both positive and negative magnetoresistance
could be observed in thick LSMO/Alq3/Co devices as a function
of applied voltage14. In addition, for the same LSMO/Alq3 bilayers,
here we report a positive magnetoresistance for locally probed
thin tunnel barriers, whereas a negative one has been observed
for larger and thicker ones13. Although one could relate those
last discrepancies to materials fluctuations between studies, in the
following we propose a description of a spin injection mechanism
explaining the observed discrepancies.

Spin hybridization transport model
We now discuss how the formation of spin-hybridization-induced
polarized states (SHIPS) in the first molecular layer at the electrode
interface can change completely the magnetoresistance of organic
spin valves with respect to what is usually found in conventional
inorganic ones. This can lead to an increase of the effective
spin polarization of the electrodes or even change their sign.
For this purpose, we introduce a simple one-dimensional model
followingBardeen’s approach. For a systemwith transmissionTif

�� 0

depending on the initial i and final state f and spin directions � , one
can write the conductance at zero bias as:

G�� 0
(EF)=

2⇡e2

h

X

(i,f )

|Tif
�� 0 |2�(Ei �EF)�(Ef �EF) (1)

Usually, in the case of direct tunnelling, the transmission coefficient
is kept constant and the conductance is rewritten as proportional
to the spin-dependent density of states (S-DOS) of the electrodes
N � (E). This leads to the original Jullière formula for the TMR
with the spin polarization expressed as P = (N " �N #)/(N " +N #).
In a more realistic approach, the transmission coefficient is also
affected by the specific bonding of different band states of the
electrodes at the organic interface, which leads to a weighting of the
S-DOS contribution. This gives rise to an ‘effective’ S-DOS entering
the spin polarization.

Recalling that most of the OSCs such as Alq3 are closer to small
molecules than conventional semiconductors, the first molecular
layer is thought to have a key role for charge injection into such
OSCs (refs 32,33). In the following, we describe how the SHIPSmay
contribute to this effective S-DOS. For a ferromagnetic metal, one
could expect that a spin-dependent broadening (spectral density� )
of those localized states arises from the coupling (hybridization)
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intermolecular interactions, which considerably limit the carrier 
mobility. !e injection of carriers into OSCs is best described14 in 
terms of thermal and "eld-assisted charge tunnelling across the inor-
ganic/organic interface, followed by carrier di#usion into the bulk of 
the OSC. Furthermore, the carriers propagate by random site-to-site 
hopping between pseudo-localized states that are distributed within 
an energy interval of approximately 0.1 eV. Two conducting chan-
nels are usually considered active: the lowest un occupied molecular 
level (LUMO) for n-type and the highest occupied molecular level 
(HOMO) for p-type carriers; however, defects and interface states 
may also have to be considered depending on the material and its 
structural quality. Another important issue is the strong electron–
phonon interaction leading to the carriers having a polaronic char-
acter (for more extensive reading we suggest a recent review15).

In principle, any discussion of spintronics e#ects requires an 
accurate de"nition of the spin polarization of the carriers. For 
in organic surfaces or interfaces featuring band-like behaviour, 
it has been shown16 that the spin polarization may be de"ned in 
di#erent ways, depending on the speci"c experimental or theoreti-
cal approach adopted. !e simplest de"nition, which considers just 
the density of states (N) at the Fermi level (EF), is that spin polari-
zation is equal to (N  − N )/(N  + N ), and it is mostly valid for 
static cases such as, for example, spectroscopic characterization. !e 
symbol ( ) indicates majority (minority) spin orientation in a fer-
romagnetic material with respect to the direction of magnetization. 
In experiments that involve current across interfaces, the de"nition 
of spin polarization may require the substitution of N by Nv (bal-
listic regime) or by Nv2 (di#usive regime), depending on the speci"c 
interface and transport mechanism considered16. Here, v is the Fermi 
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velocity in the spin-polarized material, and Nv and Nv2 are de"ned 
by inte gration over the Brillouin zone. It has not yet been possible to 
establish which particular de"nition is applicable for ferromagnetic/
organic interfaces. !e injection of charge/spins across such inter-
faces corresponds to a transition from extended (band character) 
states into almost fully localized ones, which accounts for a dra-
matic symmetry breaking and leads to the failure of the common 
models used for purely inorganic interfaces17. Similarly, the exten-
sion of the band-symmetry model developed for TMR (inorganic) 
devices should be treated with caution when applied to inorganic 
spintronics18,19: the symmetry breaking mentioned above consti-
tutes a serious barrier and requires a considerable modi"cation of 
these models.

!e "rst report on experimental injection in OSPDs was 
published as recently as 2002 (ref. 20). !e authors designed a lateral 
device that combined ferromagnetic electrodes and OSC conducting 
channels 100–500 nm in length (Fig. 1a). !e selected ferro magnetic 
material was a highly polarized manganite (La0.7Sr0.3MnO3, or 
LSMO). !is material was already well known for its spin-injection 
properties and has proved to be highly successful in diverse inor-
ganic spintronic devices, such as tunnel junctions19 and arti"cial 
grain-boundary devices21. Sexithiophene (6T), a rigid conjugated-
oligomer rod, and a pioneer in organic thin-"lm transistors22, was 
chosen for the spin-transport channel. A strong magnetoresistive 
response was recorded up to room temperature in 100-nm and 
200-nm channels (Fig. 1b), and was explained as a result of the 
conservation of the spin polarization of the injected carriers. Using 
the time-of-%ight approach, a spin-relaxation time of the order of 
1 μs was found. !is work designated organic materials as extremely 

Figure 1 | Organic spintronic devices. a, Lateral spin device as published by Dediu et al.20. In this device, two ferromagnetic LSMO electrodes patterned by 
electron-beam lithography were separated by 70–500 nm and bridged by a 6T channel. b, Magnetoresistance (H = 0.3 T, where H is the magnetic field) 
of the lateral spin device depicted in a as a function of the channel length. The error bars indicate the possible local deviations from the nominal channel 
length. c, Magnetoresistance loop of a LSMO (100 nm)/Alq3 (130 nm)/Co (3.5 nm) spin-valve device measured at 11 K (ref. 23). As indicated in the figure, 
an antiparallel (AP) configuration of the magnetization of the electrodes corresponds to a low-resistance state. d, Schematic of a typical vertical inorganic–
organic spin valve. In this case, LSMO is the bottom electrode and Co is the top one. A typical MR measurement is performed by applying a bias voltage to 
the metallic ferromagnetic electrodes and the current is measured as a function of the in-plane external magnetic field. e, Magnetoresistance loop of a LSMO 
(20 nm)/6T (100 nm)/Al2O3 (2 nm)/Co (20 nm) vertical spin-valve device measured at 40 K. Figure reproduced with permission: c, © 2004 NPG. 
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Alq3

Wednesday, 11 June 14
in this slide I will show you some examples of efforts undertaken towards molecular spintronic devices
here on the left is probably the first example of a hybrid spin valve. in both studies the spin valve is composed of an lsmo bottom electrode, an cobalt top electrode and an Alq3 separating 
layer
similar experimental setups were used but in one case a negative magnetoresistance was seen and in the other a positive one
this phenomena was attributed to the quality of the interface, which dictates the device response



Introduction
Towards molecular spintronics

ARTICLES

PUBLISHED ONLINE: 13 JUNE 2010 | DOI: 10.1038/NPHYS1688

Unravelling the role of the interface for spin
injection into organic semiconductors
Clément Barraud1, Pierre Seneor1*, Richard Mattana1*, Stéphane Fusil1,2, Karim Bouzehouane1,
Cyrile Deranlot1, Patrizio Graziosi3, Luis Hueso3†, Ilaria Bergenti3, Valentin Dediu3, Frédéric Petroff1

and Albert Fert1

Organic materials are attractive for building spintronics devices owing to their expected long spin lifetimes. Moreover, the
ability to control their properties by changing their composition and molecular structure makes them easier to tailor to
given tasks than inorganic materials. However, most studies of candidate organic spintronics materials focus on their bulk
spin transport characteristics. Here we investigate the equally important process of spin injection and how it is influenced
by interface coupling in the prototype organic semiconductor, Alq3. We fabricate nanometre-scale (La,Sr)MnO3/Alq3/Co
magnetic tunnel junctions that exhibit a magnetoresistive response of up to 300%. Furthermore, we develop a spin transport
model that describes the role of interfacial spin-dependent metal/molecule hybridization on the effective polarization allowing
enhancement and even sign reversal of injected spins.We expect such insights to lead towards themolecular-level engineering
of metal/organic interfaces to tailor spin injection and bring new electrical functionalities to spintronics devices.

Molecular spintronics, by combining the potential of
spintronics1 and molecular/organic electronics2, is now
considered as a promising alternative to conventional

spintronics with inorganic materials3. Besides flexibility, chemical
engineering and low production costs, the opportunity that
spin relaxation times could be enhanced by several orders of
magnitude compared with inorganic materials arouses a strong
interest for organic semiconductors4–6 (OSCs). Weak spin–orbit
coupling associated with light-element compounds and electronic
transport through ⇡ delocalized orbitals would be involved in
explaining this gain of spin lifetime. The pioneering spin-valve
effects were observed by Dediu and colleagues7 for sexithiophene.
Since then, most of the studies have been focused on Alq3
(tris[8-hydroxyquinoline]aluminium; refs 8–15), motivated by the
achievement of a sizeable inverse spin valve effect by Xiong
and colleagues8. However, the mechanisms underlying the spin
injection into the OSCs are still to be unravelled and remain one of
themain challenges of this new uprising field16.

Here, we report on giant tunnel magnetoresistance up to 300%
in Alq3-based nanojunctions using (La,Sr)MnO3 (LSMO) and
Co electrodes. We further develop a spin-dependent transport
model (taking into account interfacial spin hybridization) giving
an understanding of spin injection into organicmaterials/molecules
and opening new opportunities for chemically tailored spintronics
devices. Ultimately, owing to molecular engineering, the physical
properties of spintronics devices could be expected to be tailored
through playing with the anchoring groups and the backbone of
themolecules. The LSMO/Alq3/Co tunnel junctions are elaborated
from LSMO/Alq3 (10–30 nm) bilayers using a conductive-tip AFM
(CT-AFM) nanolithography process. Inhomogeneity and strong
metal diffusion8 could lead to short-circuits in wide-area tunnel
junctions. Although not solving the problem, the nanofabrication

1Unité Mixte de Physique CNRS/Thales, 91767 Palaiseau France associée à l’Université de Paris-Sud, 91405 Orsay, France, 2Université d’Evry-Val
d’Essonne, 91025 Evry, France, 3ISMN-CNR, Via Gobetti 101, 40129 Bologna, Italy. †Present address: CIC nanoGUNE, Avenida de Tolosa 76, E-20018 San
Sebastian, Spain and IKERBASQUE, Basque Foundation for Science, E-48011 Bilbao, Spain. *e-mail: pierre.seneor@thalesgroup.com;
richard.mattana@thalesgroup.com.

Co
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Alq3

(La, Sr)MnO3

Figure 1 | Schematic drawing of the organic MTJ. The device consists first
of a La0.7Sr0.3MnO3/Alq3 bilayer. A nanoindent in the Alq3 layer is realized
by a CT-AFM, allowing us to control the organic tunnel barrier thickness.
This nanohole is then filled with cobalt, leading to a
La0.7Sr0.3MnO3/Alq3/Co nanometric-size MTJ.

of our samples allows it to be circumvented. The desired Alq3
tunnel barrier thickness left after the indentation is obtained by
controlling the AFM tip penetration into the layer. The indentation
process is triggered by the tunnel current between the tip and
the sample. Finally, the nanoholes are filled with Co, leading to a
LSMO/Alq3/Co magnetic tunnel junction (MTJ) device (see Fig. 1
and the Methods section).

Alq3 as a tunnel barrier
As a preamble, to characterize the Alq3 thickness versus tip-
to-sample resistance, we defined matrices of nanoindents in
which sequences of resistances in the range of 105.5–1011 � were
taken as threshold values to stop the process. The lower bound
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intermolecular interactions, which considerably limit the carrier 
mobility. !e injection of carriers into OSCs is best described14 in 
terms of thermal and "eld-assisted charge tunnelling across the inor-
ganic/organic interface, followed by carrier di#usion into the bulk of 
the OSC. Furthermore, the carriers propagate by random site-to-site 
hopping between pseudo-localized states that are distributed within 
an energy interval of approximately 0.1 eV. Two conducting chan-
nels are usually considered active: the lowest un occupied molecular 
level (LUMO) for n-type and the highest occupied molecular level 
(HOMO) for p-type carriers; however, defects and interface states 
may also have to be considered depending on the material and its 
structural quality. Another important issue is the strong electron–
phonon interaction leading to the carriers having a polaronic char-
acter (for more extensive reading we suggest a recent review15).

In principle, any discussion of spintronics e#ects requires an 
accurate de"nition of the spin polarization of the carriers. For 
in organic surfaces or interfaces featuring band-like behaviour, 
it has been shown16 that the spin polarization may be de"ned in 
di#erent ways, depending on the speci"c experimental or theoreti-
cal approach adopted. !e simplest de"nition, which considers just 
the density of states (N) at the Fermi level (EF), is that spin polari-
zation is equal to (N  − N )/(N  + N ), and it is mostly valid for 
static cases such as, for example, spectroscopic characterization. !e 
symbol ( ) indicates majority (minority) spin orientation in a fer-
romagnetic material with respect to the direction of magnetization. 
In experiments that involve current across interfaces, the de"nition 
of spin polarization may require the substitution of N by Nv (bal-
listic regime) or by Nv2 (di#usive regime), depending on the speci"c 
interface and transport mechanism considered16. Here, v is the Fermi 

V
I

w = 70–500 nm

LSMO LSMO
6T

–1.0

–0.8

–0.6

–0.4

–0.2

0

200100
Channel length (nm)

R(
H)

–R
(0

) (
G

300 400

Magnetic field (Oe)

17.5

20.0

26.0

22.5 P P

11 K

AP AP

1,500–1,500
–10

0

10

20

30

40

-750 7500

O O

O
N

N

N
AlR 

(k
)

R/
R 

(%
)

AP AP

T = 40 K

Magnetic field (kOe)
–3.0

–2

–1

0

3.0–1.5 1.50

PP

Substrate
LSMO

OS
Co

I
R/RI (%

)

a b

c d e

SS S
SSS

velocity in the spin-polarized material, and Nv and Nv2 are de"ned 
by inte gration over the Brillouin zone. It has not yet been possible to 
establish which particular de"nition is applicable for ferromagnetic/
organic interfaces. !e injection of charge/spins across such inter-
faces corresponds to a transition from extended (band character) 
states into almost fully localized ones, which accounts for a dra-
matic symmetry breaking and leads to the failure of the common 
models used for purely inorganic interfaces17. Similarly, the exten-
sion of the band-symmetry model developed for TMR (inorganic) 
devices should be treated with caution when applied to inorganic 
spintronics18,19: the symmetry breaking mentioned above consti-
tutes a serious barrier and requires a considerable modi"cation of 
these models.

!e "rst report on experimental injection in OSPDs was 
published as recently as 2002 (ref. 20). !e authors designed a lateral 
device that combined ferromagnetic electrodes and OSC conducting 
channels 100–500 nm in length (Fig. 1a). !e selected ferro magnetic 
material was a highly polarized manganite (La0.7Sr0.3MnO3, or 
LSMO). !is material was already well known for its spin-injection 
properties and has proved to be highly successful in diverse inor-
ganic spintronic devices, such as tunnel junctions19 and arti"cial 
grain-boundary devices21. Sexithiophene (6T), a rigid conjugated-
oligomer rod, and a pioneer in organic thin-"lm transistors22, was 
chosen for the spin-transport channel. A strong magnetoresistive 
response was recorded up to room temperature in 100-nm and 
200-nm channels (Fig. 1b), and was explained as a result of the 
conservation of the spin polarization of the injected carriers. Using 
the time-of-%ight approach, a spin-relaxation time of the order of 
1 μs was found. !is work designated organic materials as extremely 

Figure 1 | Organic spintronic devices. a, Lateral spin device as published by Dediu et al.20. In this device, two ferromagnetic LSMO electrodes patterned by 
electron-beam lithography were separated by 70–500 nm and bridged by a 6T channel. b, Magnetoresistance (H = 0.3 T, where H is the magnetic field) 
of the lateral spin device depicted in a as a function of the channel length. The error bars indicate the possible local deviations from the nominal channel 
length. c, Magnetoresistance loop of a LSMO (100 nm)/Alq3 (130 nm)/Co (3.5 nm) spin-valve device measured at 11 K (ref. 23). As indicated in the figure, 
an antiparallel (AP) configuration of the magnetization of the electrodes corresponds to a low-resistance state. d, Schematic of a typical vertical inorganic–
organic spin valve. In this case, LSMO is the bottom electrode and Co is the top one. A typical MR measurement is performed by applying a bias voltage to 
the metallic ferromagnetic electrodes and the current is measured as a function of the in-plane external magnetic field. e, Magnetoresistance loop of a LSMO 
(20 nm)/6T (100 nm)/Al2O3 (2 nm)/Co (20 nm) vertical spin-valve device measured at 40 K. Figure reproduced with permission: c, © 2004 NPG. 
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Figure 4 | Bias-voltage and temperature dependence of the magnetoresistance. a, R(H) magnetoresistance curves of the LSMO/Alq3 ⇠ 2 nm/Co
nano-MTJ recorded at 2 K and at five different bias voltages (�5 mV, �10 mV, �20 mV, �45 mV, �100 mV). b, Bias-voltage dependence of the
magnetoresistance obtained from I(V) curves recorded in the parallel and antiparallel magnetic configurations (line). The data corresponding to the R(H)
curves recorded at different bias voltage are also reported (circles) . c, Variation of magnetoresistance (left scale) and resistance (right scale) as a function
of the temperature.

surface24. It also indicates a loss of spin polarization during the
tunnel transport as shown by the correlated magnetoresistance and
resistance decrease in temperature25 (Fig. 4c). This is supported
by the bias-voltage dependence of the magnetoresistance (Fig. 4b)
obtained from magnetoresistance measurements recorded at dif-
ferent bias voltages and from I–V curves both in the parallel
(PA) and antiparallel (AP) magnetic configurations. We observe
a strong decrease of magnetoresistance at low voltages followed
by a slower decrease at higher voltages. Note that the magne-
toresistance remains positive whatever the applied bias voltage.
Again, the decrease of magnetoresistance is stronger than the one
observed in LSMO-based inorganic tunnel junctions24 explained
by magnon excitations22. In our organic tunnel junctions, the
magnetoresistance is reduced by a factor 2 at 25mV (Fig. 4b) and
the magnetoresistance effect vanishes at 200mV. In addition to
magnons, which are known to play an important role in MTJs,
phonons are also expected to exert a key influence for organic
barriers26. For instance, it has been demonstrated that phonons
play a significant role in the coupling of certain molecules to a
metallic surface27.

We first discuss the amplitude of the magnetoresistance.
Assuming that the spin polarization of the LSMO/Alq3 interface
(PLSMO) is positive and fully polarized28, the spin polarization of
the Co/Alq3 interface, obtained from the simple Jullière’s formula
for tunnelling magnetoresistance TMR = (RAP � RPA)/RPA =
2PCoPLSMO/(1� PCoPLSMO), reaches at least +60%. Note that this
ideal situation for LSMO corresponds to a lower bound for the
cobalt spin polarization. A lower LSMO spin polarization would
lead to a higher Co spin polarization. The positive sign of PCo/Alq3
in our MTJs is in agreement with previously reported results15.
They extract a positive sign for PCo/Alq3 (+27%) from Meservey–
Tedrowmeasurements29 in Co/Alq3/Al tunnel junctions. Although
we obtain the same sign, the magnitude is much higher in our
junctions. This could be explained by pointing out that in contrast
to commonly measured large-area MTJs (micrometre size and
above), we probe only local nanometre-scale properties. This is
of particular relevance for highly inhomogeneous layers such as
organic thin films. The high spin polarization can also be linked
to specific spin-dependent hybridization of the orbitals at the
metal/organic interface30. For example, chemical reaction and
complex formation at the interface between the electrode and
Alq3 were proposed31 as a possible mechanism to explain the
shift of the band structure of Alq3 deposited on various non-
magnetic metallic electrodes.

We now discuss the sign of the magnetoresistance of
LSMO/Alq3/Co trilayers. Since the first result8, the inverse spin
valve effect has been regularly observed in the case of millimetre
square large MTJs and thick9–12 Alq3 layers in the 130–250 nm
range. It has been pointed out by the different authors that the

real Alq3 thickness involved in the transport is difficult to estimate
and the thickness should actually be reduced by up to 100 nm,
leaving junctions in the few tens of nanometres to 140 nm range.
It is commonly accepted to analyse this sign in the framework
of the Jullière model leading to opposite spin polarizations for
the interfaces. With LSMO (PLSMO > 0) thought of as a spin
analyser28, this naturally leads to PCo/Alq3 < 0. However, it was
pointed out that both positive and negative magnetoresistance
could be observed in thick LSMO/Alq3/Co devices as a function
of applied voltage14. In addition, for the same LSMO/Alq3 bilayers,
here we report a positive magnetoresistance for locally probed
thin tunnel barriers, whereas a negative one has been observed
for larger and thicker ones13. Although one could relate those
last discrepancies to materials fluctuations between studies, in the
following we propose a description of a spin injection mechanism
explaining the observed discrepancies.

Spin hybridization transport model
We now discuss how the formation of spin-hybridization-induced
polarized states (SHIPS) in the first molecular layer at the electrode
interface can change completely the magnetoresistance of organic
spin valves with respect to what is usually found in conventional
inorganic ones. This can lead to an increase of the effective
spin polarization of the electrodes or even change their sign.
For this purpose, we introduce a simple one-dimensional model
followingBardeen’s approach. For a systemwith transmissionTif

�� 0

depending on the initial i and final state f and spin directions � , one
can write the conductance at zero bias as:

G�� 0
(EF)=

2⇡e2

h

X

(i,f )

|Tif
�� 0 |2�(Ei �EF)�(Ef �EF) (1)

Usually, in the case of direct tunnelling, the transmission coefficient
is kept constant and the conductance is rewritten as proportional
to the spin-dependent density of states (S-DOS) of the electrodes
N � (E). This leads to the original Jullière formula for the TMR
with the spin polarization expressed as P = (N " �N #)/(N " +N #).
In a more realistic approach, the transmission coefficient is also
affected by the specific bonding of different band states of the
electrodes at the organic interface, which leads to a weighting of the
S-DOS contribution. This gives rise to an ‘effective’ S-DOS entering
the spin polarization.

Recalling that most of the OSCs such as Alq3 are closer to small
molecules than conventional semiconductors, the first molecular
layer is thought to have a key role for charge injection into such
OSCs (refs 32,33). In the following, we describe how the SHIPSmay
contribute to this effective S-DOS. For a ferromagnetic metal, one
could expect that a spin-dependent broadening (spectral density� )
of those localized states arises from the coupling (hybridization)
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intermolecular interactions, which considerably limit the carrier 
mobility. !e injection of carriers into OSCs is best described14 in 
terms of thermal and "eld-assisted charge tunnelling across the inor-
ganic/organic interface, followed by carrier di#usion into the bulk of 
the OSC. Furthermore, the carriers propagate by random site-to-site 
hopping between pseudo-localized states that are distributed within 
an energy interval of approximately 0.1 eV. Two conducting chan-
nels are usually considered active: the lowest un occupied molecular 
level (LUMO) for n-type and the highest occupied molecular level 
(HOMO) for p-type carriers; however, defects and interface states 
may also have to be considered depending on the material and its 
structural quality. Another important issue is the strong electron–
phonon interaction leading to the carriers having a polaronic char-
acter (for more extensive reading we suggest a recent review15).

In principle, any discussion of spintronics e#ects requires an 
accurate de"nition of the spin polarization of the carriers. For 
in organic surfaces or interfaces featuring band-like behaviour, 
it has been shown16 that the spin polarization may be de"ned in 
di#erent ways, depending on the speci"c experimental or theoreti-
cal approach adopted. !e simplest de"nition, which considers just 
the density of states (N) at the Fermi level (EF), is that spin polari-
zation is equal to (N  − N )/(N  + N ), and it is mostly valid for 
static cases such as, for example, spectroscopic characterization. !e 
symbol ( ) indicates majority (minority) spin orientation in a fer-
romagnetic material with respect to the direction of magnetization. 
In experiments that involve current across interfaces, the de"nition 
of spin polarization may require the substitution of N by Nv (bal-
listic regime) or by Nv2 (di#usive regime), depending on the speci"c 
interface and transport mechanism considered16. Here, v is the Fermi 

V
I

w = 70–500 nm

LSMO LSMO
6T

–1.0

–0.8

–0.6

–0.4

–0.2

0

200100
Channel length (nm)

R(
H)

–R
(0

) (
G

300 400

Magnetic field (Oe)

17.5

20.0

26.0

22.5 P P

11 K

AP AP

1,500–1,500
–10

0

10

20

30

40

-750 7500

O O

O
N

N

N
AlR 

(k
)

R/
R 

(%
)

AP AP

T = 40 K

Magnetic field (kOe)
–3.0

–2

–1

0

3.0–1.5 1.50

PP

Substrate
LSMO

OS
Co

I
R/RI (%

)

a b

c d e

SS S
SSS

velocity in the spin-polarized material, and Nv and Nv2 are de"ned 
by inte gration over the Brillouin zone. It has not yet been possible to 
establish which particular de"nition is applicable for ferromagnetic/
organic interfaces. !e injection of charge/spins across such inter-
faces corresponds to a transition from extended (band character) 
states into almost fully localized ones, which accounts for a dra-
matic symmetry breaking and leads to the failure of the common 
models used for purely inorganic interfaces17. Similarly, the exten-
sion of the band-symmetry model developed for TMR (inorganic) 
devices should be treated with caution when applied to inorganic 
spintronics18,19: the symmetry breaking mentioned above consti-
tutes a serious barrier and requires a considerable modi"cation of 
these models.

!e "rst report on experimental injection in OSPDs was 
published as recently as 2002 (ref. 20). !e authors designed a lateral 
device that combined ferromagnetic electrodes and OSC conducting 
channels 100–500 nm in length (Fig. 1a). !e selected ferro magnetic 
material was a highly polarized manganite (La0.7Sr0.3MnO3, or 
LSMO). !is material was already well known for its spin-injection 
properties and has proved to be highly successful in diverse inor-
ganic spintronic devices, such as tunnel junctions19 and arti"cial 
grain-boundary devices21. Sexithiophene (6T), a rigid conjugated-
oligomer rod, and a pioneer in organic thin-"lm transistors22, was 
chosen for the spin-transport channel. A strong magnetoresistive 
response was recorded up to room temperature in 100-nm and 
200-nm channels (Fig. 1b), and was explained as a result of the 
conservation of the spin polarization of the injected carriers. Using 
the time-of-%ight approach, a spin-relaxation time of the order of 
1 μs was found. !is work designated organic materials as extremely 

Figure 1 | Organic spintronic devices. a, Lateral spin device as published by Dediu et al.20. In this device, two ferromagnetic LSMO electrodes patterned by 
electron-beam lithography were separated by 70–500 nm and bridged by a 6T channel. b, Magnetoresistance (H = 0.3 T, where H is the magnetic field) 
of the lateral spin device depicted in a as a function of the channel length. The error bars indicate the possible local deviations from the nominal channel 
length. c, Magnetoresistance loop of a LSMO (100 nm)/Alq3 (130 nm)/Co (3.5 nm) spin-valve device measured at 11 K (ref. 23). As indicated in the figure, 
an antiparallel (AP) configuration of the magnetization of the electrodes corresponds to a low-resistance state. d, Schematic of a typical vertical inorganic–
organic spin valve. In this case, LSMO is the bottom electrode and Co is the top one. A typical MR measurement is performed by applying a bias voltage to 
the metallic ferromagnetic electrodes and the current is measured as a function of the in-plane external magnetic field. e, Magnetoresistance loop of a LSMO 
(20 nm)/6T (100 nm)/Al2O3 (2 nm)/Co (20 nm) vertical spin-valve device measured at 40 K. Figure reproduced with permission: c, © 2004 NPG. 
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 In order to characterize the SMM behavior of TbPc 2  in the 
two types of deposit, magnetic hysteresis loops at different 
temperatures and sample orientation have been obtained by 
monitoring the XMCD signal at  M  5  edge as a function of the 
applied magnetic fi eld swept at ca. 8 mT s  − 1 . The temperature 
dependence of the hysteresis loops obtained for the thick fi lm 
sample ( Figure  3   a ) shows that the evaporated fi lm of TbPc 2  
has a blocking temperature higher than most SMMs, although 
with a strong tunneling near zero fi eld that cancels the rem-
nant magnetization and gives a butterfl y shape to the hyster-
esis. Recent magneto-optical investigations of frozen solutions 
of similar compounds [  25  ]  showed butterfl y-shape hysteresis for 
the anionic and cationic derivatives, but not for the neutral one. 
As our UV–vis spectra exclude that the TbPc 2  has undergone a 
redox reaction during the evaporation, we ascribe the difference 
between the evaporated fi lm and the frozen solution to packing 
effects of the molecules. Butterfl y shape hysteresis loops observ-
able up to  T   =  15 K indeed characterize also the pristine crystal-
line material.  

 The angular dependence of the hysteresis (Figure  3 b) shows 
a larger magnitude of the magnetization on increasing the 
angle that the magnetic fi eld forms with the normal to the sur-
face, thus confi rming our previous assumption about the orien-
tation of the molecules. 

 The thin fi lm was investigated  in situ  exactly under the same 
conditions adopted for the thicker fi lm, and the hysteresis loop 
recorded at  T   =  8 K is shown in  Figure  4  . Interestingly, it was 
impossible to detect opening of the hysteresis cycle. To explore 
if slow dynamics of the magnetization is present at lower tem-
peratures we repeated the characterization at the SIM beamline 

angular dependence of their magnetic response can also be 
exploited to confi rm the XNLD data and investigate further the 
organization of the molecules on surface. The X-ray Magnetic 
Circular Dichroism, XMCD, defi ned as the difference between 
the XAS obtained using right   σ    −   and left   σ    +   circularly polarized 
X-rays, has therefore been measured (see SI). The XMCD signal 
of the evaporated thick fi lm measured at 8 K with a 3 T mag-
netic fi eld normal to the substrate is signifi cantly weaker than 
the one measured at   θ    =  45 ° , see Figure  2 d, indicating that Tb-
double-decker molecules are arranged in the standing confi gu-
ration with the easy magnetization axes of the molecules lying 
in the fi lm plane. On the contrary, in the thin fi lm the strongest 
XMCD signal is measured with the photon beam normal to the 
fi lm (see Figure  2 e) confi rming that the evaporated molecules 
are arranged in lying confi guration with the easy axis of mag-
netization perpendicular to the surface as already reported. [  13  ]  It 
is interesting to notice the weak XMCD signal detected at   θ    =  0 °  
for the thick fi lm, where the magnetic fi eld is applied along the 
hard axis of magnetization of the TbPc 2  molecules. The normal-
ized intensity observed at   θ    =  45 °  is signifi cantly smaller than 
that observed in the thin fi lm at the same angle. In the former 
case, in fact, at   θ    =  45 °  there are still molecules with their hard 
plane parallel to the fi eld due to the random orientation of the 
molecular axes in the plane of the thick fi lm. 

 The shape of the XMCD spectra can be nicely reproduced 
by the LFM calculations introduced above, as shown in 
Figure  2 f for a lying down confi guration. The normalized inten-
sity observed at  T   =  8 K,  B   =  3 T, and   θ    =  0 °  for the thin fi lm is 
found to correspond to ca. 60% of the saturation value, i.e.,  T   =  
0 K, expected for a ground state characterized by  M J    =   − 6. 

      Figure  3 .     Temperature (a) and angular dependence (b) of the hysteresis loops obtained from the XMCD signal at 1237 eV expressed as percentage of 
the isotropic XAS. In the inset scheme of the orientation of TbPc 2  molecules and their easy axes of magnetization in the thick fi lm.  
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peculiar SMM behavior is retained after thermal deposition. 
Interestingly, this process induces an oriented arrangement of 
the molecules with the easy axis of magnetization lying in the 
plane or out of plane depending on the thickness of the fi lm. 
The spontaneous orientation of molecules, combined with 
the relatively high temperature opening of the hysteresis loop 
in the thick fi lm, make Tb double-decker compounds prom-
ising candidates for the investigation of the interplay of SMM 
behavior and transport processes in molecular spintronic 
devices. 

 However, it is important to underline that, in contrast to 
tetranuclear iron(III) complexes that preserve unaltered SMM 
behavior in the monolayer deposit, [  5  ]  TbPc 2  shows signifi cant 
changes in the magnetization dynamics when the thickness is 
scaled down to the monolayer regime.  

 Experimental Section  
 Synthesis of TbPc 2  · CH 2 Cl 2  : The neutral bis(phthalocyaninato)terbium 

complex, was synthesized according to the fi rst procedure of Weiss 
et al. [  14  ]  with a slight modifi cation of the heating time, as recently 
reported elsewhere. [  11  ]   

 Thermal deposition of TbPc 2  : A 200 nm thick fi lm of TbPc 2  compound 
was thermally evaporated from a quartz crucible fi lled with 30 mg of 
microcrystalline powder and heated up in a Joule-heated Knudsen cell. 
A K-type thermocouple connected to the crucible has been employed 
for measuring the ramp temperature during the warming up stage. The 
apparatus has been equipped with a cold cathode and a quartz crystal 
microbalance (QCM) placed in front of the source, thus allowing the 
real-time monitoring of both the pressure variations and the thickness of 
the deposited fi lm. QCM signal and pressure trend during evaporation 
coupled with a preliminary AFM thickness calibration (see SI) have 
been used to monitor the deposition rate also for  in situ  experiments at 
synchrotron facilities. 

 The thermal evaporation of layers of TbPc 2  on Au(111) single crystals 
was done directly at the ID08 beamline of ESRF, and  in situ  characterized 
by the X-ray natural linear dichroism (XLND) and X-ray magnetic circular 
dichroism (XMCD) measurements. The thermal evaporation of layers of 
TbPc 2  on a polycrystalline Au fi lm was performed at the SIM beamline of 
the SLS and  in situ  characterized (XMCD measurements).  

 ToF-SIMS characterization : ToF-SIMS analysis was carried out with 
a TRIFT III time-of-fl ight secondary ion mass spectrometer (Physical 
Electronics, Chanhassen, MN, USA) equipped with a gold liquid-metal 
primary ion source. Positive and negative ion spectra were acquired with 
a pulsed, bunched 22 keV Au  +   primary ion beam by rastering the ion 
beam over a 100  µ m  ×  100  µ m sample area.  

 Analysis of the X-ray spectra : The X-ray absorption spectra of the  M 4,5   
edges of Tb 3 +   have been calculated within the ligand fi eld multiplet 
approach with the Slater integrals associated to the Coulomb repulsions 
scaled down to 80% of the atomic values and the spin-orbit parameters 
shell  ζ  3 d   =  13.368 eV for the 3 d  and  ζ  4 f   =  0.221 eV for the 4 f  shell. 
The spectra are linear combinations of three independent spectra s 0 , s 1 , 
and s 2  theshapes of which do not depend on the crystal fi eld. We then 
did not consider any crystal fi eld parameter for the calculation. In doing 
so one gets rid of numerous unknown parameters and focus on the two 
parameters that can be determined experimentally, that are [i (  ε    ×    ε   ∗ ) 
 <  gs   |   J   |   gs  > ] given by XMCD and [1/2  < gs |  (  ε    ·   J ) (  ε   ∗   ·   J ) + (  ε   ∗   ·   J ) (  ε    ·  
 J ) |  gs  > –1/3 J(J + 1)] given by XNLD. [  19  ]    

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 

of the swiss light source (SLS) in Villigen, Switzerland, using 
the TBT setup for lower temperature measurements. [  26  ]  A sim-
ilar in situ evaporation of a TbPc 2  thin fi lm was this time carried 
out on a Au polycrystalline fi lm as the lower temperature appa-
ratus does not allow the single crystal treatment properly. The 
results we obtained at 4.5 and 2.0 K with normal incidence and 
sweeping rate of ca. 4 mT s  − 1  are also reported in Figure  4 . The 
fast saturation at the lowest temperature confi rms the preferen-
tial orientation of the molecules on surface in lying confi gura-
tion in agreement with the XNLD and XMCD results reported 
above. Only a very small opening of the loop and at much lower 
temperatures compared to the thick fi lm is observed.  

 At this stage we can exclude that the differences in the 
magnetic behavior are due to major structural modifi cations 
induced by the interaction with the surface, because ToF-
SIMS analysis of the thin fi lm revealed the presence of intact 
molecules. The identical XMCD line shape in thick and thin 
fi lms does not evidence any strong electronic effect induced by 
the surface proximity, but we underline that the lanthanide edge 
is not very sensitive to the environment and the occurrence of 
an interaction between the surface and the Pc ligands cannot 
be excluded. One could argue that the magnetic irreversibility 
at relatively high temperature is originated by intermolecular 
magnetic interactions promoted by the stacked arrangement of 
the molecules that is not present in the monolayer. However, 
preliminary measurements on bulk samples of TbPc 2  magneti-
cally diluted in YPc 2  suggest a more complex scenario. As this 
investigation involves a temperature region where the magnetic 
relaxation occurs through a thermally activated process, we 
should also consider the possibility of a different phonon effi -
ciency in the thick and the thin fi lms, but further investigations 
are necessary to clarify this point. 

 To conclude, our magnetic characterization of evaporated 
TbPc 2  molecules carried out on both thick and thin evapo-
rated fi lms confi rms that the double decker structure and the 

      Figure  4 .     Temperature dependence of the hysteresis loops obtained from 
the XMCD signal at 1237 eV, normalized to the intensity observed at  B   =  
2.6 T. In the inset scheme of the orientation of TbPc 2  molecules and their 
easy axes of magnetization in the thin fi lm.  
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in this example a single molecule magnet was used. the authors showed that the orientation of the molecule varied according to the evaporation condition used.
a different response was obtained when the molecules were in plane or out of plane
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Unravelling the role of the interface for spin
injection into organic semiconductors
Clément Barraud1, Pierre Seneor1*, Richard Mattana1*, Stéphane Fusil1,2, Karim Bouzehouane1,
Cyrile Deranlot1, Patrizio Graziosi3, Luis Hueso3†, Ilaria Bergenti3, Valentin Dediu3, Frédéric Petroff1

and Albert Fert1

Organic materials are attractive for building spintronics devices owing to their expected long spin lifetimes. Moreover, the
ability to control their properties by changing their composition and molecular structure makes them easier to tailor to
given tasks than inorganic materials. However, most studies of candidate organic spintronics materials focus on their bulk
spin transport characteristics. Here we investigate the equally important process of spin injection and how it is influenced
by interface coupling in the prototype organic semiconductor, Alq3. We fabricate nanometre-scale (La,Sr)MnO3/Alq3/Co
magnetic tunnel junctions that exhibit a magnetoresistive response of up to 300%. Furthermore, we develop a spin transport
model that describes the role of interfacial spin-dependent metal/molecule hybridization on the effective polarization allowing
enhancement and even sign reversal of injected spins.We expect such insights to lead towards themolecular-level engineering
of metal/organic interfaces to tailor spin injection and bring new electrical functionalities to spintronics devices.

Molecular spintronics, by combining the potential of
spintronics1 and molecular/organic electronics2, is now
considered as a promising alternative to conventional

spintronics with inorganic materials3. Besides flexibility, chemical
engineering and low production costs, the opportunity that
spin relaxation times could be enhanced by several orders of
magnitude compared with inorganic materials arouses a strong
interest for organic semiconductors4–6 (OSCs). Weak spin–orbit
coupling associated with light-element compounds and electronic
transport through ⇡ delocalized orbitals would be involved in
explaining this gain of spin lifetime. The pioneering spin-valve
effects were observed by Dediu and colleagues7 for sexithiophene.
Since then, most of the studies have been focused on Alq3
(tris[8-hydroxyquinoline]aluminium; refs 8–15), motivated by the
achievement of a sizeable inverse spin valve effect by Xiong
and colleagues8. However, the mechanisms underlying the spin
injection into the OSCs are still to be unravelled and remain one of
themain challenges of this new uprising field16.

Here, we report on giant tunnel magnetoresistance up to 300%
in Alq3-based nanojunctions using (La,Sr)MnO3 (LSMO) and
Co electrodes. We further develop a spin-dependent transport
model (taking into account interfacial spin hybridization) giving
an understanding of spin injection into organicmaterials/molecules
and opening new opportunities for chemically tailored spintronics
devices. Ultimately, owing to molecular engineering, the physical
properties of spintronics devices could be expected to be tailored
through playing with the anchoring groups and the backbone of
themolecules. The LSMO/Alq3/Co tunnel junctions are elaborated
from LSMO/Alq3 (10–30 nm) bilayers using a conductive-tip AFM
(CT-AFM) nanolithography process. Inhomogeneity and strong
metal diffusion8 could lead to short-circuits in wide-area tunnel
junctions. Although not solving the problem, the nanofabrication

1Unité Mixte de Physique CNRS/Thales, 91767 Palaiseau France associée à l’Université de Paris-Sud, 91405 Orsay, France, 2Université d’Evry-Val
d’Essonne, 91025 Evry, France, 3ISMN-CNR, Via Gobetti 101, 40129 Bologna, Italy. †Present address: CIC nanoGUNE, Avenida de Tolosa 76, E-20018 San
Sebastian, Spain and IKERBASQUE, Basque Foundation for Science, E-48011 Bilbao, Spain. *e-mail: pierre.seneor@thalesgroup.com;
richard.mattana@thalesgroup.com.
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Figure 1 | Schematic drawing of the organic MTJ. The device consists first
of a La0.7Sr0.3MnO3/Alq3 bilayer. A nanoindent in the Alq3 layer is realized
by a CT-AFM, allowing us to control the organic tunnel barrier thickness.
This nanohole is then filled with cobalt, leading to a
La0.7Sr0.3MnO3/Alq3/Co nanometric-size MTJ.

of our samples allows it to be circumvented. The desired Alq3
tunnel barrier thickness left after the indentation is obtained by
controlling the AFM tip penetration into the layer. The indentation
process is triggered by the tunnel current between the tip and
the sample. Finally, the nanoholes are filled with Co, leading to a
LSMO/Alq3/Co magnetic tunnel junction (MTJ) device (see Fig. 1
and the Methods section).

Alq3 as a tunnel barrier
As a preamble, to characterize the Alq3 thickness versus tip-
to-sample resistance, we defined matrices of nanoindents in
which sequences of resistances in the range of 105.5–1011 � were
taken as threshold values to stop the process. The lower bound
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intermolecular interactions, which considerably limit the carrier 
mobility. !e injection of carriers into OSCs is best described14 in 
terms of thermal and "eld-assisted charge tunnelling across the inor-
ganic/organic interface, followed by carrier di#usion into the bulk of 
the OSC. Furthermore, the carriers propagate by random site-to-site 
hopping between pseudo-localized states that are distributed within 
an energy interval of approximately 0.1 eV. Two conducting chan-
nels are usually considered active: the lowest un occupied molecular 
level (LUMO) for n-type and the highest occupied molecular level 
(HOMO) for p-type carriers; however, defects and interface states 
may also have to be considered depending on the material and its 
structural quality. Another important issue is the strong electron–
phonon interaction leading to the carriers having a polaronic char-
acter (for more extensive reading we suggest a recent review15).

In principle, any discussion of spintronics e#ects requires an 
accurate de"nition of the spin polarization of the carriers. For 
in organic surfaces or interfaces featuring band-like behaviour, 
it has been shown16 that the spin polarization may be de"ned in 
di#erent ways, depending on the speci"c experimental or theoreti-
cal approach adopted. !e simplest de"nition, which considers just 
the density of states (N) at the Fermi level (EF), is that spin polari-
zation is equal to (N  − N )/(N  + N ), and it is mostly valid for 
static cases such as, for example, spectroscopic characterization. !e 
symbol ( ) indicates majority (minority) spin orientation in a fer-
romagnetic material with respect to the direction of magnetization. 
In experiments that involve current across interfaces, the de"nition 
of spin polarization may require the substitution of N by Nv (bal-
listic regime) or by Nv2 (di#usive regime), depending on the speci"c 
interface and transport mechanism considered16. Here, v is the Fermi 
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velocity in the spin-polarized material, and Nv and Nv2 are de"ned 
by inte gration over the Brillouin zone. It has not yet been possible to 
establish which particular de"nition is applicable for ferromagnetic/
organic interfaces. !e injection of charge/spins across such inter-
faces corresponds to a transition from extended (band character) 
states into almost fully localized ones, which accounts for a dra-
matic symmetry breaking and leads to the failure of the common 
models used for purely inorganic interfaces17. Similarly, the exten-
sion of the band-symmetry model developed for TMR (inorganic) 
devices should be treated with caution when applied to inorganic 
spintronics18,19: the symmetry breaking mentioned above consti-
tutes a serious barrier and requires a considerable modi"cation of 
these models.

!e "rst report on experimental injection in OSPDs was 
published as recently as 2002 (ref. 20). !e authors designed a lateral 
device that combined ferromagnetic electrodes and OSC conducting 
channels 100–500 nm in length (Fig. 1a). !e selected ferro magnetic 
material was a highly polarized manganite (La0.7Sr0.3MnO3, or 
LSMO). !is material was already well known for its spin-injection 
properties and has proved to be highly successful in diverse inor-
ganic spintronic devices, such as tunnel junctions19 and arti"cial 
grain-boundary devices21. Sexithiophene (6T), a rigid conjugated-
oligomer rod, and a pioneer in organic thin-"lm transistors22, was 
chosen for the spin-transport channel. A strong magnetoresistive 
response was recorded up to room temperature in 100-nm and 
200-nm channels (Fig. 1b), and was explained as a result of the 
conservation of the spin polarization of the injected carriers. Using 
the time-of-%ight approach, a spin-relaxation time of the order of 
1 μs was found. !is work designated organic materials as extremely 

Figure 1 | Organic spintronic devices. a, Lateral spin device as published by Dediu et al.20. In this device, two ferromagnetic LSMO electrodes patterned by 
electron-beam lithography were separated by 70–500 nm and bridged by a 6T channel. b, Magnetoresistance (H = 0.3 T, where H is the magnetic field) 
of the lateral spin device depicted in a as a function of the channel length. The error bars indicate the possible local deviations from the nominal channel 
length. c, Magnetoresistance loop of a LSMO (100 nm)/Alq3 (130 nm)/Co (3.5 nm) spin-valve device measured at 11 K (ref. 23). As indicated in the figure, 
an antiparallel (AP) configuration of the magnetization of the electrodes corresponds to a low-resistance state. d, Schematic of a typical vertical inorganic–
organic spin valve. In this case, LSMO is the bottom electrode and Co is the top one. A typical MR measurement is performed by applying a bias voltage to 
the metallic ferromagnetic electrodes and the current is measured as a function of the in-plane external magnetic field. e, Magnetoresistance loop of a LSMO 
(20 nm)/6T (100 nm)/Al2O3 (2 nm)/Co (20 nm) vertical spin-valve device measured at 40 K. Figure reproduced with permission: c, © 2004 NPG. 
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surface24. It also indicates a loss of spin polarization during the
tunnel transport as shown by the correlated magnetoresistance and
resistance decrease in temperature25 (Fig. 4c). This is supported
by the bias-voltage dependence of the magnetoresistance (Fig. 4b)
obtained from magnetoresistance measurements recorded at dif-
ferent bias voltages and from I–V curves both in the parallel
(PA) and antiparallel (AP) magnetic configurations. We observe
a strong decrease of magnetoresistance at low voltages followed
by a slower decrease at higher voltages. Note that the magne-
toresistance remains positive whatever the applied bias voltage.
Again, the decrease of magnetoresistance is stronger than the one
observed in LSMO-based inorganic tunnel junctions24 explained
by magnon excitations22. In our organic tunnel junctions, the
magnetoresistance is reduced by a factor 2 at 25mV (Fig. 4b) and
the magnetoresistance effect vanishes at 200mV. In addition to
magnons, which are known to play an important role in MTJs,
phonons are also expected to exert a key influence for organic
barriers26. For instance, it has been demonstrated that phonons
play a significant role in the coupling of certain molecules to a
metallic surface27.

We first discuss the amplitude of the magnetoresistance.
Assuming that the spin polarization of the LSMO/Alq3 interface
(PLSMO) is positive and fully polarized28, the spin polarization of
the Co/Alq3 interface, obtained from the simple Jullière’s formula
for tunnelling magnetoresistance TMR = (RAP � RPA)/RPA =
2PCoPLSMO/(1� PCoPLSMO), reaches at least +60%. Note that this
ideal situation for LSMO corresponds to a lower bound for the
cobalt spin polarization. A lower LSMO spin polarization would
lead to a higher Co spin polarization. The positive sign of PCo/Alq3
in our MTJs is in agreement with previously reported results15.
They extract a positive sign for PCo/Alq3 (+27%) from Meservey–
Tedrowmeasurements29 in Co/Alq3/Al tunnel junctions. Although
we obtain the same sign, the magnitude is much higher in our
junctions. This could be explained by pointing out that in contrast
to commonly measured large-area MTJs (micrometre size and
above), we probe only local nanometre-scale properties. This is
of particular relevance for highly inhomogeneous layers such as
organic thin films. The high spin polarization can also be linked
to specific spin-dependent hybridization of the orbitals at the
metal/organic interface30. For example, chemical reaction and
complex formation at the interface between the electrode and
Alq3 were proposed31 as a possible mechanism to explain the
shift of the band structure of Alq3 deposited on various non-
magnetic metallic electrodes.

We now discuss the sign of the magnetoresistance of
LSMO/Alq3/Co trilayers. Since the first result8, the inverse spin
valve effect has been regularly observed in the case of millimetre
square large MTJs and thick9–12 Alq3 layers in the 130–250 nm
range. It has been pointed out by the different authors that the

real Alq3 thickness involved in the transport is difficult to estimate
and the thickness should actually be reduced by up to 100 nm,
leaving junctions in the few tens of nanometres to 140 nm range.
It is commonly accepted to analyse this sign in the framework
of the Jullière model leading to opposite spin polarizations for
the interfaces. With LSMO (PLSMO > 0) thought of as a spin
analyser28, this naturally leads to PCo/Alq3 < 0. However, it was
pointed out that both positive and negative magnetoresistance
could be observed in thick LSMO/Alq3/Co devices as a function
of applied voltage14. In addition, for the same LSMO/Alq3 bilayers,
here we report a positive magnetoresistance for locally probed
thin tunnel barriers, whereas a negative one has been observed
for larger and thicker ones13. Although one could relate those
last discrepancies to materials fluctuations between studies, in the
following we propose a description of a spin injection mechanism
explaining the observed discrepancies.

Spin hybridization transport model
We now discuss how the formation of spin-hybridization-induced
polarized states (SHIPS) in the first molecular layer at the electrode
interface can change completely the magnetoresistance of organic
spin valves with respect to what is usually found in conventional
inorganic ones. This can lead to an increase of the effective
spin polarization of the electrodes or even change their sign.
For this purpose, we introduce a simple one-dimensional model
followingBardeen’s approach. For a systemwith transmissionTif

�� 0

depending on the initial i and final state f and spin directions � , one
can write the conductance at zero bias as:

G�� 0
(EF)=

2⇡e2

h

X

(i,f )

|Tif
�� 0 |2�(Ei �EF)�(Ef �EF) (1)

Usually, in the case of direct tunnelling, the transmission coefficient
is kept constant and the conductance is rewritten as proportional
to the spin-dependent density of states (S-DOS) of the electrodes
N � (E). This leads to the original Jullière formula for the TMR
with the spin polarization expressed as P = (N " �N #)/(N " +N #).
In a more realistic approach, the transmission coefficient is also
affected by the specific bonding of different band states of the
electrodes at the organic interface, which leads to a weighting of the
S-DOS contribution. This gives rise to an ‘effective’ S-DOS entering
the spin polarization.

Recalling that most of the OSCs such as Alq3 are closer to small
molecules than conventional semiconductors, the first molecular
layer is thought to have a key role for charge injection into such
OSCs (refs 32,33). In the following, we describe how the SHIPSmay
contribute to this effective S-DOS. For a ferromagnetic metal, one
could expect that a spin-dependent broadening (spectral density� )
of those localized states arises from the coupling (hybridization)
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intermolecular interactions, which considerably limit the carrier 
mobility. !e injection of carriers into OSCs is best described14 in 
terms of thermal and "eld-assisted charge tunnelling across the inor-
ganic/organic interface, followed by carrier di#usion into the bulk of 
the OSC. Furthermore, the carriers propagate by random site-to-site 
hopping between pseudo-localized states that are distributed within 
an energy interval of approximately 0.1 eV. Two conducting chan-
nels are usually considered active: the lowest un occupied molecular 
level (LUMO) for n-type and the highest occupied molecular level 
(HOMO) for p-type carriers; however, defects and interface states 
may also have to be considered depending on the material and its 
structural quality. Another important issue is the strong electron–
phonon interaction leading to the carriers having a polaronic char-
acter (for more extensive reading we suggest a recent review15).

In principle, any discussion of spintronics e#ects requires an 
accurate de"nition of the spin polarization of the carriers. For 
in organic surfaces or interfaces featuring band-like behaviour, 
it has been shown16 that the spin polarization may be de"ned in 
di#erent ways, depending on the speci"c experimental or theoreti-
cal approach adopted. !e simplest de"nition, which considers just 
the density of states (N) at the Fermi level (EF), is that spin polari-
zation is equal to (N  − N )/(N  + N ), and it is mostly valid for 
static cases such as, for example, spectroscopic characterization. !e 
symbol ( ) indicates majority (minority) spin orientation in a fer-
romagnetic material with respect to the direction of magnetization. 
In experiments that involve current across interfaces, the de"nition 
of spin polarization may require the substitution of N by Nv (bal-
listic regime) or by Nv2 (di#usive regime), depending on the speci"c 
interface and transport mechanism considered16. Here, v is the Fermi 
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velocity in the spin-polarized material, and Nv and Nv2 are de"ned 
by inte gration over the Brillouin zone. It has not yet been possible to 
establish which particular de"nition is applicable for ferromagnetic/
organic interfaces. !e injection of charge/spins across such inter-
faces corresponds to a transition from extended (band character) 
states into almost fully localized ones, which accounts for a dra-
matic symmetry breaking and leads to the failure of the common 
models used for purely inorganic interfaces17. Similarly, the exten-
sion of the band-symmetry model developed for TMR (inorganic) 
devices should be treated with caution when applied to inorganic 
spintronics18,19: the symmetry breaking mentioned above consti-
tutes a serious barrier and requires a considerable modi"cation of 
these models.

!e "rst report on experimental injection in OSPDs was 
published as recently as 2002 (ref. 20). !e authors designed a lateral 
device that combined ferromagnetic electrodes and OSC conducting 
channels 100–500 nm in length (Fig. 1a). !e selected ferro magnetic 
material was a highly polarized manganite (La0.7Sr0.3MnO3, or 
LSMO). !is material was already well known for its spin-injection 
properties and has proved to be highly successful in diverse inor-
ganic spintronic devices, such as tunnel junctions19 and arti"cial 
grain-boundary devices21. Sexithiophene (6T), a rigid conjugated-
oligomer rod, and a pioneer in organic thin-"lm transistors22, was 
chosen for the spin-transport channel. A strong magnetoresistive 
response was recorded up to room temperature in 100-nm and 
200-nm channels (Fig. 1b), and was explained as a result of the 
conservation of the spin polarization of the injected carriers. Using 
the time-of-%ight approach, a spin-relaxation time of the order of 
1 μs was found. !is work designated organic materials as extremely 

Figure 1 | Organic spintronic devices. a, Lateral spin device as published by Dediu et al.20. In this device, two ferromagnetic LSMO electrodes patterned by 
electron-beam lithography were separated by 70–500 nm and bridged by a 6T channel. b, Magnetoresistance (H = 0.3 T, where H is the magnetic field) 
of the lateral spin device depicted in a as a function of the channel length. The error bars indicate the possible local deviations from the nominal channel 
length. c, Magnetoresistance loop of a LSMO (100 nm)/Alq3 (130 nm)/Co (3.5 nm) spin-valve device measured at 11 K (ref. 23). As indicated in the figure, 
an antiparallel (AP) configuration of the magnetization of the electrodes corresponds to a low-resistance state. d, Schematic of a typical vertical inorganic–
organic spin valve. In this case, LSMO is the bottom electrode and Co is the top one. A typical MR measurement is performed by applying a bias voltage to 
the metallic ferromagnetic electrodes and the current is measured as a function of the in-plane external magnetic field. e, Magnetoresistance loop of a LSMO 
(20 nm)/6T (100 nm)/Al2O3 (2 nm)/Co (20 nm) vertical spin-valve device measured at 40 K. Figure reproduced with permission: c, © 2004 NPG. 
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that with a density of 1.86  ×  10  − 2  nm 2  molecule  − 1 , roughly 10 4  
molecules are electrically connected in parallel. In addition, we 
prepared blank reference samples by repeating all preparation 
steps except for that of the self-assembly where ethanolic C12P 
solutions were substituted by pure ethanol.   

 We measured the  I ( V ) characteristics of a total of 32 junc-
tions of which 1/3 were measurable with resistances in the 
10 MΩ range and below. Among those, 50% resulted in resist-
ances in the kΩ range and had metallic temperature depend-
ence comparable to that observed in the reference Co/LSMO 
blank samples. This suggests an electrical short-circuit due to 
diffusion of Co atoms through the ultrathin molecular barrier 
during the top electrode deposition. Finally, the other 50% of 

those contacts showed resistances of the 
order of 10 MΩ with markedly nonlinear 
 I ( V ) curves indicative of carriers tunneling 
through the SAMs as shown in  Figure    2  a. 
The observed  I ( V ) curves are similar to other 
reports on alkane SAMs [  17  ]  in contrast with 
recent reports on single molecules. [  11  ,  18  ,  19  ]   

 In Figure  2 b, we present the tunnel mag-
netoresistance effect observed at low temper-
ature defi ned as TMR  =  ( R  AP  –  R  P )/ R  P . RAP 
(RP) stand for the resistances in antiparallel 
(parallel) confi guration of magnetizations. It 
is positive ( R  AP   >   R  P ) and reaches values of 
 + 35% at 10 mV. This TMR ratio is similar to 
inorganic magnetic tunnel junctions using 
LSMO and Co electrodes [  20  ]  and thus con-
fi rms the potential of using SAMs as tunnel 
barriers in magnetic tunnel junctions. 

   Figure 3   displays the temperature depend-
ence of the nanojunction, and TMR curves 
recorded at 4, 48, 115, and 200 K at 10 mV 
are shown in the inset. One can see that 
the TMR effect vanishes around 300 K as 
expected from the reduced Curie temperature 
of the LSMO surface. [  21  ]  According to this 
observation and as already pointed out, [  22  ]  the 
low Curie temperature of the LSMO inter-
face appears to be the main limitation to the 
observation of room temperature magnetore-

sistance effects. This issue may be solved by replacing LSMO 
with higher Curie temperature ferromagnets.  

 TMR bias voltage dependence at different temperatures and 
d I /d V  curves recorded in the parallel (P) and antiparallel (AP) 
confi guration at 4 and 115 K are plotted in  Figure    4  a,b. The 
most striking feature observed throughout all the tested junc-
tions is the extreme robustness of the TMR effect as a function 
of the bias voltage. In previous reports on SAM-based magnetic 
tunnel junctions [  8  ,  9  ]  or even in most organic semiconductor-
based spintronics devices, [  1  ,  23  ,  24  ]  the TMR response almost van-
ishes when the bias voltage is increased above a few hundred 
millivolts. However, in our SAM-based magnetic tunnel junc-
tions a signifi cant TMR remains in the volt range. For magnetic 

     Figure  1 .     Schematic diagram of a nanojunction (top), zoom of the nanocontact showing the 
C12P ordered SAM (middle) and structure of a C12P molecule (bottom). For simplicity, the 
picture scale has not been respected.  

     Figure  2 .     a)  I ( V ) curves for Co/C12P/LSMO magnetic tunnel junctions. b)  R ( H ) characteristics of a Co/C12P/LSMO nanojunction at  T   =  4.2 K and 
bias voltages of 10 mV.  
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 In order to characterize the SMM behavior of TbPc 2  in the 
two types of deposit, magnetic hysteresis loops at different 
temperatures and sample orientation have been obtained by 
monitoring the XMCD signal at  M  5  edge as a function of the 
applied magnetic fi eld swept at ca. 8 mT s  − 1 . The temperature 
dependence of the hysteresis loops obtained for the thick fi lm 
sample ( Figure  3   a ) shows that the evaporated fi lm of TbPc 2  
has a blocking temperature higher than most SMMs, although 
with a strong tunneling near zero fi eld that cancels the rem-
nant magnetization and gives a butterfl y shape to the hyster-
esis. Recent magneto-optical investigations of frozen solutions 
of similar compounds [  25  ]  showed butterfl y-shape hysteresis for 
the anionic and cationic derivatives, but not for the neutral one. 
As our UV–vis spectra exclude that the TbPc 2  has undergone a 
redox reaction during the evaporation, we ascribe the difference 
between the evaporated fi lm and the frozen solution to packing 
effects of the molecules. Butterfl y shape hysteresis loops observ-
able up to  T   =  15 K indeed characterize also the pristine crystal-
line material.  

 The angular dependence of the hysteresis (Figure  3 b) shows 
a larger magnitude of the magnetization on increasing the 
angle that the magnetic fi eld forms with the normal to the sur-
face, thus confi rming our previous assumption about the orien-
tation of the molecules. 

 The thin fi lm was investigated  in situ  exactly under the same 
conditions adopted for the thicker fi lm, and the hysteresis loop 
recorded at  T   =  8 K is shown in  Figure  4  . Interestingly, it was 
impossible to detect opening of the hysteresis cycle. To explore 
if slow dynamics of the magnetization is present at lower tem-
peratures we repeated the characterization at the SIM beamline 

angular dependence of their magnetic response can also be 
exploited to confi rm the XNLD data and investigate further the 
organization of the molecules on surface. The X-ray Magnetic 
Circular Dichroism, XMCD, defi ned as the difference between 
the XAS obtained using right   σ    −   and left   σ    +   circularly polarized 
X-rays, has therefore been measured (see SI). The XMCD signal 
of the evaporated thick fi lm measured at 8 K with a 3 T mag-
netic fi eld normal to the substrate is signifi cantly weaker than 
the one measured at   θ    =  45 ° , see Figure  2 d, indicating that Tb-
double-decker molecules are arranged in the standing confi gu-
ration with the easy magnetization axes of the molecules lying 
in the fi lm plane. On the contrary, in the thin fi lm the strongest 
XMCD signal is measured with the photon beam normal to the 
fi lm (see Figure  2 e) confi rming that the evaporated molecules 
are arranged in lying confi guration with the easy axis of mag-
netization perpendicular to the surface as already reported. [  13  ]  It 
is interesting to notice the weak XMCD signal detected at   θ    =  0 °  
for the thick fi lm, where the magnetic fi eld is applied along the 
hard axis of magnetization of the TbPc 2  molecules. The normal-
ized intensity observed at   θ    =  45 °  is signifi cantly smaller than 
that observed in the thin fi lm at the same angle. In the former 
case, in fact, at   θ    =  45 °  there are still molecules with their hard 
plane parallel to the fi eld due to the random orientation of the 
molecular axes in the plane of the thick fi lm. 

 The shape of the XMCD spectra can be nicely reproduced 
by the LFM calculations introduced above, as shown in 
Figure  2 f for a lying down confi guration. The normalized inten-
sity observed at  T   =  8 K,  B   =  3 T, and   θ    =  0 °  for the thin fi lm is 
found to correspond to ca. 60% of the saturation value, i.e.,  T   =  
0 K, expected for a ground state characterized by  M J    =   − 6. 

      Figure  3 .     Temperature (a) and angular dependence (b) of the hysteresis loops obtained from the XMCD signal at 1237 eV expressed as percentage of 
the isotropic XAS. In the inset scheme of the orientation of TbPc 2  molecules and their easy axes of magnetization in the thick fi lm.  
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peculiar SMM behavior is retained after thermal deposition. 
Interestingly, this process induces an oriented arrangement of 
the molecules with the easy axis of magnetization lying in the 
plane or out of plane depending on the thickness of the fi lm. 
The spontaneous orientation of molecules, combined with 
the relatively high temperature opening of the hysteresis loop 
in the thick fi lm, make Tb double-decker compounds prom-
ising candidates for the investigation of the interplay of SMM 
behavior and transport processes in molecular spintronic 
devices. 

 However, it is important to underline that, in contrast to 
tetranuclear iron(III) complexes that preserve unaltered SMM 
behavior in the monolayer deposit, [  5  ]  TbPc 2  shows signifi cant 
changes in the magnetization dynamics when the thickness is 
scaled down to the monolayer regime.  

 Experimental Section  
 Synthesis of TbPc 2  · CH 2 Cl 2  : The neutral bis(phthalocyaninato)terbium 

complex, was synthesized according to the fi rst procedure of Weiss 
et al. [  14  ]  with a slight modifi cation of the heating time, as recently 
reported elsewhere. [  11  ]   

 Thermal deposition of TbPc 2  : A 200 nm thick fi lm of TbPc 2  compound 
was thermally evaporated from a quartz crucible fi lled with 30 mg of 
microcrystalline powder and heated up in a Joule-heated Knudsen cell. 
A K-type thermocouple connected to the crucible has been employed 
for measuring the ramp temperature during the warming up stage. The 
apparatus has been equipped with a cold cathode and a quartz crystal 
microbalance (QCM) placed in front of the source, thus allowing the 
real-time monitoring of both the pressure variations and the thickness of 
the deposited fi lm. QCM signal and pressure trend during evaporation 
coupled with a preliminary AFM thickness calibration (see SI) have 
been used to monitor the deposition rate also for  in situ  experiments at 
synchrotron facilities. 

 The thermal evaporation of layers of TbPc 2  on Au(111) single crystals 
was done directly at the ID08 beamline of ESRF, and  in situ  characterized 
by the X-ray natural linear dichroism (XLND) and X-ray magnetic circular 
dichroism (XMCD) measurements. The thermal evaporation of layers of 
TbPc 2  on a polycrystalline Au fi lm was performed at the SIM beamline of 
the SLS and  in situ  characterized (XMCD measurements).  

 ToF-SIMS characterization : ToF-SIMS analysis was carried out with 
a TRIFT III time-of-fl ight secondary ion mass spectrometer (Physical 
Electronics, Chanhassen, MN, USA) equipped with a gold liquid-metal 
primary ion source. Positive and negative ion spectra were acquired with 
a pulsed, bunched 22 keV Au  +   primary ion beam by rastering the ion 
beam over a 100  µ m  ×  100  µ m sample area.  

 Analysis of the X-ray spectra : The X-ray absorption spectra of the  M 4,5   
edges of Tb 3 +   have been calculated within the ligand fi eld multiplet 
approach with the Slater integrals associated to the Coulomb repulsions 
scaled down to 80% of the atomic values and the spin-orbit parameters 
shell  ζ  3 d   =  13.368 eV for the 3 d  and  ζ  4 f   =  0.221 eV for the 4 f  shell. 
The spectra are linear combinations of three independent spectra s 0 , s 1 , 
and s 2  theshapes of which do not depend on the crystal fi eld. We then 
did not consider any crystal fi eld parameter for the calculation. In doing 
so one gets rid of numerous unknown parameters and focus on the two 
parameters that can be determined experimentally, that are [i (  ε    ×    ε   ∗ ) 
 <  gs   |   J   |   gs  > ] given by XMCD and [1/2  < gs |  (  ε    ·   J ) (  ε   ∗   ·   J ) + (  ε   ∗   ·   J ) (  ε    ·  
 J ) |  gs  > –1/3 J(J + 1)] given by XNLD. [  19  ]    

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 

of the swiss light source (SLS) in Villigen, Switzerland, using 
the TBT setup for lower temperature measurements. [  26  ]  A sim-
ilar in situ evaporation of a TbPc 2  thin fi lm was this time carried 
out on a Au polycrystalline fi lm as the lower temperature appa-
ratus does not allow the single crystal treatment properly. The 
results we obtained at 4.5 and 2.0 K with normal incidence and 
sweeping rate of ca. 4 mT s  − 1  are also reported in Figure  4 . The 
fast saturation at the lowest temperature confi rms the preferen-
tial orientation of the molecules on surface in lying confi gura-
tion in agreement with the XNLD and XMCD results reported 
above. Only a very small opening of the loop and at much lower 
temperatures compared to the thick fi lm is observed.  

 At this stage we can exclude that the differences in the 
magnetic behavior are due to major structural modifi cations 
induced by the interaction with the surface, because ToF-
SIMS analysis of the thin fi lm revealed the presence of intact 
molecules. The identical XMCD line shape in thick and thin 
fi lms does not evidence any strong electronic effect induced by 
the surface proximity, but we underline that the lanthanide edge 
is not very sensitive to the environment and the occurrence of 
an interaction between the surface and the Pc ligands cannot 
be excluded. One could argue that the magnetic irreversibility 
at relatively high temperature is originated by intermolecular 
magnetic interactions promoted by the stacked arrangement of 
the molecules that is not present in the monolayer. However, 
preliminary measurements on bulk samples of TbPc 2  magneti-
cally diluted in YPc 2  suggest a more complex scenario. As this 
investigation involves a temperature region where the magnetic 
relaxation occurs through a thermally activated process, we 
should also consider the possibility of a different phonon effi -
ciency in the thick and the thin fi lms, but further investigations 
are necessary to clarify this point. 

 To conclude, our magnetic characterization of evaporated 
TbPc 2  molecules carried out on both thick and thin evapo-
rated fi lms confi rms that the double decker structure and the 

      Figure  4 .     Temperature dependence of the hysteresis loops obtained from 
the XMCD signal at 1237 eV, normalized to the intensity observed at  B   =  
2.6 T. In the inset scheme of the orientation of TbPc 2  molecules and their 
easy axes of magnetization in the thin fi lm.  

different orientation
different response

Alq3
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in this last example a self-assembled monolayer was grafted directly onto an lsmo substrate
since the SAM is not conducting the device functions as a magnetic tunnel junction
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le premiere objectif etait donc de controler la Magnetoresistance par le controle de l’interface
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l’idee est de employer une monocouche de molecules qui pouront se lie directement sur la surface par une lieson chimique
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pour ce la nous avons a disposition numbreux groups d’anchrache. nous avons coisi de comince nos etudes pas des phosphonates car il est connue de la litterature que les phosphonates 
se lie avec differents types d’oxydes
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pour ce la nous avons a disposition numbreux groups d’anchrache. nous avons coisi de comince nos etudes pas des phosphonates car il est connue de la litterature que les phosphonates 
se lie avec differents types d’oxydes
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The first molecules synthesized were constructed via the subcomponent self-assembly technique
the simultaneous condensation in methanol of pyridine aldehyde with this phosphonate amine around a metal ion gave complexes of this type
shown here are x-ray crystal structures of the nickel and the cobalt complexes
the two complexes are isostructural
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 Pourquoi les métaux des transition? parce-que 1) dans les complex paramagnetic les orbitaux semi-occupe et les orbital les baisse vide sont des orbitaul d qui permet une meilleure 
superposition avec les électrodes ferromagnetiques. 2) il est possible de contrôler l’état de spin avec une perturbation extérieur comme par exemple la lumière ou le champ electrique 3) on 
a aces a un grand nombre des complex avec des propriétés électroniques différents, donc on peut contrôler la courant en spin en fonction de la couche séparatrice,
1) large number of molecules
2) semi-ocupied and lowest unocupied are usually d orbitals   better overlap with fm contact
3) possible to tune by use of an external stimuli such as light
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The different transition metal centers result in differenr magnetic properties.
shown here are the magnetization as a function of field plots taken at different temperature
these data tell us that these complexes are paramagnetic



Molecular Spintronics 
Magnetic Data

0

0.5

1

1.5

0 20000 40000 60000

M
  (
+

B)

H (Oe)
0 20000 40000 60000

0

1

2

H (Oe)

M
  (
+

B)
8K
6K
4K
3K
2K

Co2+Ni2+

No Magnetic Bistability

Wednesday, 11 June 14
The different transition metal centers result in differenr magnetic properties.
shown here are the magnetization as a function of field plots taken at different temperature
these data tell us that these complexes are paramagnetic
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It is possible to get a preliminary sense of the nature of the anisotropy of mononuclear transition metals by plotting the magnetization as a function of the field divided by the temperature at 
different temperatures
if the plots do not overlap the complexes have a magnetic anisotropy axes
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it is possible to extrapolate the zero field splitting parameter for the Ni complex and it was found that the D value was around -6
this result was further confirmed by high field EPR
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l’etape suivant etait l’etude de l’auto assemblage des molecules sur les surfaces d’oxydes de fer ou lsmo
le greffage ce fait par voi liquide dans une solution de methanol et eau
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la monochouche forme etait chararterize par IR, XPS et AFM et nous avons constate que nous avons bien greffe la molecule sur la surface
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as i had showed you in a previous slide a spin valve is composed of two electrodes a bottom and a top one
in order to construct a heterojuncion a top cobalt electrode was deposited on top of the monolayer
I would just like to point out that in order for the cobalt not to oxidize a gold layer capped the heterojunction
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to afford a monolayer of molecules
the monolayers were characterized by AFM and XPS to ensure deposition of the molecules onto the surface
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at each step of the way the magnetic properties of the layers were studied by SQUID magnetometry
here I show you the hysteresis loops of the final heterojuntion. 
we was clearly see the major hysteresis loop which comes from the iron here in black and we can see the minor hysteresis loop which comes from the cobalt here is red
here is the expansion of the cobalt loop.
I would like to point out that the electrodes are separated by a monolayer of molecules and that they are indeed decoupled
because if there was a short circuit, meaning that the cobalt is in direct contact with the iron oxide we would not see a major and a minor hysteresis loop

since the thickness of the monolayer is much much smaller than that of the electrodes, it is not possible to zoom in onto the signal of the molecule with this technique
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for that we need to rely on another technique called X-ray magnetic circular dichroism (XMCD) 
In order to do XMCD measurements we need a few important things
1) we need a synchrotron radiation source
2) we need a paramagnetic sample
3) we need to place the sample in a magnetic field
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Then the sample is irradiated first with left circularly polarized light
one electron is excited from the 2p shell to an empty 3d shell
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then the sample is irradiated with right circularly polarized light
because of the selection rules the two absorption spectra are not entirely the same
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By taking the difference of the right and left spectra it is possible to obtain the XMCD spectrum
we can in such manner obtain information on the local magnetic moment of the ion
since each element absorbs at different energies we can zoom in on the element of choice

for that we need to rely on another technique called X-ray magnetic circular dichroism (XMCD) 
XMCD is a difference spectrum of two x-ray absorption spectra (XAS) taken in a magnetic field, one taken with left circularly polarized light, and one with right circularly polarized light. By 
closely analyzing the difference in the XMCD spectrum, information can be obtained on the magnetic properties of the atom, such as its spin and orbital magnetic moment.
In the case of transition metals such as iron, cobalt, and nickel, the absorption spectra for XMCD are usually measured at the L-edge. This corresponds to the process in the iron case: with 
iron, a 2p electron is excited to a 3d state by an x-ray of about 700 eV. Because the 3d electron states are the origin of the magnetic properties of the elements, the spectra contain 
information on the magnetic properties.
one draw back of this technique is that it may only be done using a synchrotron radiation light source

XMCD is the difference, for a magnetic material, between the absorption of left and right circularly polarized X-rays. In X-ray absorption, the atom absorbs a photon, giving rise to the 
transition of a core electron to an empty state above the Fermi level. The absorption cross-sections are large, especially in the soft X-ray range (500-2000 eV). The absorption edges have 
energies which are characteristic for each element and, due to the dipole selection rules, final states with different symmetries can be probed by choosing the initial state. (http://neel.cnrs.fr/
spip.php?article798&lang=fr)
http://140.110.201.35/djhuang/research_xas.html
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in this slide I will show you recent results obtained in Paris at synchrotron Soleil on the DEIMOS line.
the data i will show was taken on the cobalt complex grafted onto iron oxide
here is the x-ray absorption and the xmcd taken at the L3 edge of cobalt where it is apparent that the cobalt is present
what was remarkable was that it was possible to obtain a hysteresis loop of the cobalt complex at 2K. to the best of our knowledge this is the firs example of a molecular hysteresis loop 
indicating bistability of transition metal complexes onto an iron oxide.
we were also able to see a very small signal in the x-ray natural linear dichroism experiment. this

Pour mieux etudier l’interaction de ces molecule avec les surfaces de Fe3O4 et LSMO nous avons fait des mesure XMCD a Soleil sur la ligne DEIMOS. Ici je vous montre des resultats 
preliminaires qui date de debut decembre. Avec cette technique c’est possible de obteneir des informations sur une molecule isolee. Ici je vous montre les resultats obtenue pour le 
complexe de Co(II). On vois le signal XMCD au suil L2 ce molecules sont structuralment orientees sur la surface ce qui conduit a l’observation de bistabilite des molecules isolees. 
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exchange coupling is different in the two complexes leading to an openin of the the magnetization loop for co and no opening for ni
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Utlimately the goal is to construct a spin valve and to test the spin transport properties of these complexes
this task is in progress the spin valve will have the following architecture
an lsmo electrode, a monolayer of complexed followed by a monomolecular contact fabricated by nanolitography
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