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             Introduction 
 In electronics and spintronics, interfaces between dissimilar 

materials are probably the most complex and diffi cult issues 

to handle. They are often viewed as a potential source of prob-

lems, especially in devices made of molecular materials. After 

a decade of breakthrough works highlighting the potential of 

organics,  1 – 5   only very recently has it been proposed that spin-

dependent hybridizations at interfaces between ferromagnetic 

(FM) electrodes and molecular materials could pave the way 

to chemically designed, radically new multifunctional device 

concepts.  6   This led to the suggestion that tailoring spintronic 

devices may be achieved by exploiting such interface hybrid-

ization, which gave rise to a fi eld now coined “spinterface sci-

ence.”  7   What was once thought to be an issue now becomes a 

key asset for tailoring spintronics properties to the point that 

tailoring at the nanoscale appears to be one of the most prom-

ising quests in spintronics. 

 In this article, we present spinterface science, a very recent 

but fast-rising fi eld for which we review conceptual work, recent 

pioneering experiments, and give perspectives for spintronics 

manipulation. We fi rst present how spin-hybridized states can 

drastically infl uence the spin transport properties of molecular 

spintronics devices and provide new functionalities beyond 

that of conventional inorganic ones. We also highlight how 

these spin-hybridized states contribute to defi ne an “effective 

electrode.” We fi nally give simple examples showing how 

spin-polarized hybridization at the interface can lead to a com-

plete reversal of sign or to an enhancement of the effective 

electrode spin polarization.   

 Tailoring spintronics through molecular spin 
hybridization 
 We fi rst start with what happens when the usual band structure 

of a solid-state device (  Figure 1  a) is replaced with discrete 

molecular states. Starting from this point, we fi rst con-

sider a discrete and isolated molecular level as in  Figure 1b . 

Being isolated, the lifetime of this state is infi nite, and its 

energy is precisely known (the time-energy equivalent to the 

Heisenberg uncertainty principle). But, what happens to this 

at an interface in a device? When brought in proximity to a 
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metallic electrode, the initially isolated molecular level gets 

progressively hybridized by coupling with the many states of 

the metal. The two main consequences are * :

      (1)      The lifetime ( τ ) on the molecular level is now fi nite, 

as there is a certain probability to escape to the metal. 

This, in turn, leads to a level energy broadening (i.e., the 

energy level is no more precisely known, similar to the 

uncertainty principle) with a fi nite width  Г  ≈   ħ   /  τ  (where 

  ħ   is the reduced Planck constant), which, in the fi rst 

approximation, is proportional to the density of states 

(DOS) of the metal. Depending on the strength of the 

interaction, the broadening can range from below the 

meV regime for weak coupling up to the eV range for 

stronger interactions.  9    

     (2)      As a result of its interaction with the metal, the molecular 

energy level shifts from the isolated (gas-phase) value with 

energy  0  , to an energy  eff   , as shown in  Figure 1b . This 

shift is dependent on the metal DOS and includes, among 

other contributions, the combined effect of interfacial 

dipoles or image forces.  10           

 Spin-dependent hybridization 
 Barraud et al.  6   predicted that for a FM electrode, one could 

expect the energy shifting and broadening of the level to 

become spin-dependent. In FM metals, the DOS of the two 

spin directions are different  FM FM D ( ) D ( )↑ ↓≠E E    (where 

 ( )
FMD↑ ↓   (E) = DOS for a spin up (down) FM metal at energy 

 E ) .  Hence, the initially spin-degenerated molecular level 

would split with two different energies  eff eff
↑ ↓≠    

and two different broadening widths  Г  ↑  ≠  Г  ↓  for 

the two spin directions, ↑ or ↓ (see   Figure 2  ), 

respectively. The broadening and shifting are 

weighted by the individual coupling of each 

metallic state to the molecular state, and hence 

related to the metal DOS. For example, the 

spin-dependent broadening can be expressed 

as  
2

( ) Γ ( )  2π δ ,ii i
E V E E    where 

 ( )i
V ↑ ↓    is the coupling between the spin-dependent 

state  i  ↑(↓)  of the metallic electrode and the 

discrete molecular state, and  δ ii
E E    

is the sum over all these states. Intuitively, 

one can obtain a simple picture and see that 

for a constant coupling,  ( )↑ ↓ ≈
i

V V   , the broad-

ening is now directly pro portional to the FM 

electrode DOS with  ( ) ( )( )( )
FMΓ  D . ↑ ↓↑ ↓ ∝E E    

In a more realistic picture, for example, 

for a 3 d  ferromagnet (such as Co, Fe, and 

Ni), one would expect different contributions for  s  or  d  

bands or even of different wave-function symmetries 

co-existing in the metal, as in crystalline MgO-based tunnel 

junctions.     

 The spin-dependent energy broadening and shifting created 

by the spin hybridization with the electrode will induce spin 

polarization of the molecular orbitals. This hybridization will 

strongly depend on the coupling strength between the FM 

metal and the molecule.   

 Defi ning a new electrode 
 It was proposed  6   that a new effective electrode could be 

defi ned by considering the original FM electrode together 

with the fi rst spin hybridized molecular layer at the interface. 

The new effective electrode would be driven by the inter-

face, and its DOS  ( )( )
Int
↑ ↓D E    could then be characterized 

by two key parameters,  ( )Γ↑ ↓    and  ( )
eff
↑ ↓   , derived previously 

and from which one could simply predict the spintronics 

response of a device. Indeed, the effect of this spin-dependent 

broadening and shifting of the molecular level can be simply 

described through a Lorentzian distribution for its DOS:

  ( )
( )

( )
Int 2

( ) ( ) 2
eff

Γ / 2π
( ) .

(Γ / 2)

↑ ↓
↑ ↓

↑ ↓ ↑ ↓
=

− +
D E

E  
(1)

 

   This DOS is the effective electrode’s (spinterface’s) DOS, 

and it accounts for the original electrode contribution through 

 ( )Γ↑ ↓    and  ( )
eff
↑ ↓   .  †   It can then be used to defi ne the spin polariza-

tion of the spinterface:

  

 Figure 1.      Schematic representation of (a) the interface between a metal and an 

inorganic material, such as a semiconductor or insulator, versus (b) what happens when 

an isolated molecule is brought in proximity with a metallic surface. For simplicity, a 

fl at band confi guration is used for the semiconductor in the fi rst few nanometers from 

the interface. As opposed to the inorganic materials, molecules present discrete levels. 

When interacting with the metal, the initial discrete levels of the isolated molecule 

broaden and shift relative to the density of states of the metal. Note:  E  F , metal Fermi 

energy level; CB, conduction band; VB, valence band; HOMO, highest occupied 

molecular orbital; LUMO, lowest unoccupied molecular orbital;  Г , molecular energy level 

broadening;  0   isolated molecular level energy;  eff  , effective molecular level energy 

when coupled to the surface.    

  *     This overall contribution is usually accounted for by the concept of self-energy 
 Σ , which takes into account the energy broadening  Г  = –2 Im( Σ ) as well as the 
energy shift  Σ = −eff 0Re( )     experienced by the level. One can refer to books, 
such as the one by Datta,  8   for more insight on this and the related concept of 
self-energy.  

   †      Those parameters, characteristic of each spinterface, could be computed or 
extracted phenomenologically from transport measurements in solid-state devices 
or spectroscopic studies.  
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(2)

   

 To illustrate the tailoring opportunities arising from the 

spin-dependent hybridization and highlight the difference with 

the inorganic case, we focus on two examples,  6   illustrated in 

  Figure 3   that, may be ascribed to strong and weak molecule/

metal interactions. We give limits for  ( )( )
Int ,↑ ↓D E    where the 

broadening is much larger (smaller) than the level distance to 

the Fermi energy level,  Г  »  Δ  E  (  Г  «  Δ  E ), with  ( )
F effΔ ↑ ↓= −E E

  and  E  F  is the Fermi energy level.     

 The fi rst example (shown in  Figure 3b ) corresponds to the 

case where  Г  »  Δ  E . From  Equation 1 , we obtain  ( )
Int ( )

1

Γ

↑ ↓
↑ ↓

≈D

  and hence  ( )
Int ( )

FM

1↑ ↓
↑ ↓

∝D
D

  . As a result, the effective spinterface 

DOS is now inversely proportional to the electrode’s original 

DOS, and the sign of spin polarization at the interface ( P  int ) 

is the opposite of that for the original FM electrode ( P  FM ). 

From  Equation 2 :

  
FM FM

int FM

FM FM

Γ Γ
,

Γ Γ

↑ ↓ ↑ ↓

↑ ↓ ↑ ↓
− −= − ≈ − = −
+ +

D D
P P

D D  
(3)

 

 one can get a physical picture by recalling that as the area of 

the broadening is constant (single initial spin state), a larger 

broadening ( ( )
FMΓ ↑ ↓∝ D   ) corresponds to a reduced maximum 

for the molecular DOS  ( )
Int
↑ ↓D    .  This explains the DOS inversion 

between the FM and the molecular state (see  Figure 3b ). This 

situation is initially expected to happen for intermediate to 

strong coupling, where  Г  is expected to be large.  9   However, 

it could also happen for weaker  Г  in a situation where 

 ( )
Feff

↑ ↓ → E    (i.e.,  Δ  E  → 0) due to the cumulative effect of 

image forces and dipoles.  10   

 The second case, shown in  Figure 3c , corresponds to the 

case where the molecular level is only slightly shifted, and 

the broadening  Г  is small enough to be neglected with 

respect to  Δ  E.  In this  Г  «  Δ  E  limit, from  Equation 1  we 

obtain  

( )
( )

( )
Int 2

( )

Γ

Δ

↑ ↓
↑ ↓

↑ ↓
=D

E
   and hence  

( )
( )

( ) FM
Int 2

( )Δ

↑ ↓
↑ ↓

↑ ↓
∝ D

D
E

  . The 

effective spinterface DOS in this case is proportional to the 

electrode’s original one (same spin polarization sign) but 

becomes levered by  ( )2
( )Δ ↑ ↓E    .  The spin-dependent shift  ( )

eff
↑ ↓    

(found in  ( )2
( )Δ ↑ ↓E   ) acts as a spin-fi lter effect.  ‡  11 , 12   As shown in 

 Figure 3c , when the less (more) broadened level stays further 

away from (is brought closer to) the FM Fermi level, one can 

obtain an enhancement effect for the spin polarization, from 

 Equation 2 :

  

22

int FM

22

Γ Γ

ΔΔ

Γ Γ

Δ

.

Δ

↑ ↓

↓↑

↑ ↓

↓↑

−
= >

+

EEP P

EE

 
(4)

   

 This is more likely to be the most common case for weak 

coupling where the broadening is small with respect to 

 ( )
F effΔ .E E ↑ ↓= −    

 From this simple model, spin response can be strongly 

modulated by the hybridization at the interface. These results 

demonstrate considerable potential for spin polarization 

tailoring. Next, we focus on recent experimental evidence 

demonstrating the two functionalities described previously, 

highlighting the potential of the spinterface for spintronics.    

   ‡      In a spin fi lter, a spin-polarized current is created by a spin-dependent shifting of the 
band structure of the tunnel barrier. For more information, see the review by Moodera 
et al.  11    

  

 Figure 2.      Schematic representation of the molecular hybridization 

at an interface with a ferromagnetic (FM) metal. (Top) 

Representation of the molecule as it gets closer to the surface 

and is progressively coupled with the FM metal. (Bottom) 

Representation of the metal density of states (DOS) and 

molecular orbitals for the corresponding position of the 

molecule. Molecules present discrete levels (far right) that shift 

and broaden as the hybridization with the metal grows stronger 

toward chemi/physi-sorption. As the spin up and spin down 

DOS are different in the FM metal, the broadening  Γ  and energy 

shifting  Δ  E  become spin dependent on the molecule. This 

induces a spin polarization on the fi rst molecular layer. A new 

effective electrode can be defi ned, including the fi rst molecular 

layer, the spinterface. For simplicity, only the lowest unoccupied 

molecular orbit (LUMO) is represented for the molecule (the 

effect is also expected for the other orbitals); the 3 d  ferromagnet 

is represented with a simple band structure, whereas the  s  and 

 d  bands and anisotropy should be taken into account in the 

spin-dependent hybridization. Adapted from Reference 6. Note: 

 E  F , metal Fermi energy level; difference between molecular level 

energy and metal Fermi level  
( ) ( )

F eff
E E

↑ ↓ ↑ ↓Δ = −    with  
( )

eff
↑ ↓

  the 

effective molecular level energy for spin up (down);  Г  ↑(↓) , energy 

level broadening for spin up (down).    
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 Experimental evidence of spin-
dependent hybridization 
 The spin-dependent hybridization at the FM 

metal/molecule interface has now been experi-

mentally observed for several small molecules 

(mainly phthalocyanines (Pc), fullerene (C 60 ), 

and aluminum tris-hydroxyquinoline (Alq 3 )) 

using surface-sensitive techniques as well as in 

spintronics devices. These experiments include 

spin-polarized scanning tunneling microscopy 

(SP-STM),  13 – 18   spin-polarized photoemission 

spectroscopy (SP-PES),  19 , 20   x-ray magnetic 

circular dichroism (XMCD),  20 – 22   spin-resolved 

two-photon photoemission spectroscopy,  23   and 

device magnetoresistance (MR) measure-

ments.  6 , 24 – 26   For example, spin-dependent 

hybridized states have been observed for Alq 3  

deposited on Fe surfaces by XMCD,  21   and for 

CuPc, FePc, CoPc,  19   and MnPc  20   on Co surfaces 

by SP-PES, wherein high spin polarization 

(80%) was measured at the Co/MnPc interface 

at room temperature. These results confi rm 

the potential for spin hybridized states even at 

room temperature.  

 Spectroscopy measurements of spin-
dependent hybridized molecular 
states 
 Examples highlighting the observation of spin 

polarization inversion and enhancement at 

the FM metal/molecule interface and spin-

dependent shifting of the molecular level 

using different techniques are reviewed in this 

section. 

 Signatures of spin polarization inversion 

were observed  13 , 14 , 16   with SP-STM. For exam-

ple, it was shown that spin polarization of 

the molecular orbitals of H 2 Pc deposited on 

Fe was opposite to that of the Fe surface  14   

(  Figure 4  a). This can be ascribed to the inver-

sion case ( Figure 3b ) at the Fe/H 2 Pc interface.     

 Spin polarization enhancement and spin-

dependent energy shifting (   ) of molecular 

orbitals at the FM interface was directly mea-

sured for C 60  molecules deposited on a chro-

mium surface using SP-STM ( Figure 4b ). The 

resulting large spin-dependent energy shifting 

experienced by the molecular orbitals (up to 

0.5 eV) induced a high tunneling magneto-

resistance (TMR) ratio of up to 100% (not 

shown).  18   High MR of up to 60% was also 

observed for H 2 Pc molecules deposited on cobalt 

islands and in contact with a STM cobalt tip.  17   

The large MR in these systems was ascribed 

to spin-dependent broadening and shifting 

  

 Figure 3.      Illustration of the spinterface. (a) Usual representation of an inorganic interface 

with the conduction and valence band structure. (b–c) Representation of two examples of 

the molecular spinterface effect: inversion and enhancement (adapted from Reference 6). 

(b) Case of broadening being larger than the difference between molecular level energy 

and metal Fermi level ( Г  »  Δ  E ). As the broadening area corresponds to only one spin state, 

a larger broadening (  Γ
( )

FM
D

↑ ↓∝    ) means a lower molecular density of states  
( )

Int
D

↑ ↓
  . This 

induces an inversion of the spin polarization on the molecular orbital following  Equation 

3 . (c) Opposite case where the energy difference between molecular level energy and 

metal Fermi level is larger than the broadening ( Г  «  Δ  E ). The induced spin polarization 

can then be enhanced compared to the original spin polarization of the ferromagnet (FM) 

and can be compared to a spin-fi lter following  Equation 4 . Note: SC, semiconductor; 

 E  F , Fermi energy level;  P  int , spin polarization at the interface;  P  FM , spin polarization of the 

FM electrode;  
( )

FM
D

↑ ↓
  , DOS for spin up(down) of the FM metal;  Г , molecular energy level 

broadening.    

  

 Figure 4.      Experimental evidence of induced spin polarization inversion (a) and spin-

dependent energy shifting on a single molecule (b). (a) Image of the spin polarization of 

a non-magnetic H 2 Pc (Pc, phthalocyanines) molecule deposited on an iron surface by 

spin-polarized scanning tunneling microscopy experiments. While the iron surface spin 

polarization is negative (blue), the spin polarization on the molecule is positive (yellow-

orange), highlighting the predicted spin polarization inversion on the H 2 Pc orbitals 

(adapted from Reference 14). On the right side of the fi gure, the expected density of 

states of the Fe surface (black) and one of the molecules at the interface, when  Г  »  Δ  E , 

are schematically represented (adapted from Reference 6). (b) Spin-polarized scanning 

tunneling microscopy measurements on C 60  molecules deposited on terraces with 

opposite magnetic confi gurations of a chromium surface (schematic representation in the 

inset). The difference in the conductance curves measured for the spin up (red) and spin 

down (blue) shows a spin-dependent energy shifting of the molecular levels up to 0.5 eV 

(adapted from Reference 18). The density of states expected for the molecule when 

 Г  «  Δ  E  is depicted on the left side of the image (adapted from Reference 6). Note:  E  F , Fermi 

energy level;  I , measured current;  V , applied bias voltage;  
( )

eff
↑ ↓

  , effective molecular level 

energy for spin up (down) when coupled to the surface.    
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of the molecular orbitals, leading to the spin polarization 

enhancement case depicted in  Figure 3c . 

 More remarkably, it has been shown for CoPc that beyond 

the impact of adsorption geometry on the surface,  16   both 

inversion and enhancement of induced spin polarization can 

occur on different parts of the same molecule.  15   For example, 

an inversion of the spin polarization could be observed on car-

bon rings, whereas enhancement of spin polarization occurred 

on the cobalt center. This would be expected to occur if dif-

ferent parts of the molecule couple differently to the surface 

and can lead to engineering of molecular spintronics devices 

at the atomic scale.   

 Spin-dependent hybridized molecular states in 
spintronics devices 
 The effect of spin-dependent hybridized molecular states 

(spinterface) has not only been observed in STM experiments, 

it has also been evidenced in real solid-state spintronics 

devices, such as magnetic tunnel junctions. For example, a 

giant TMR effect (300%), which could be ascribed to the 

spin polarization enhancement case (see  Figure 3c ), was 

observed in La 0.7 Sr 0.3 MnO 3 /Alq 3 /Co magnetic tunnel junc-

tions (  Figure 5  a). The high TMR ratio observed corresponds 

to a spin polarization of at least  P  = 60% for the Alq 3 /Co inter-

face, showing a 30% enhancement compared to bare Co.  6       

 The spin polarization inversion measured at the Co/

CoPc interface by SP-STM  13 , 16   has also been observed in 

Co/CoPc/Co magnetic tunnel junctions ( Figure 5b ). The 

negative TMR observed in this system shows that the spin 

polarization is inverted at only one interface. Consequently, 

although there are two identical cobalt FM electrodes, the 

Co/CoPc and CoPc/Co (top interface) spinterfaces are drasti-

cally different. 

 Lastly, it has been shown, using zinc methyl phenalenyl 

molecules deposited on a cobalt electrode, that the induced 

spin polarization can spread up to the second molecular layer 

with a lower coupling strength.  25   This was further supported 

by calculations (see the Atodiresei and Raman article in this 

issue). With hybridization being naturally weaker for the second 

molecular layer, the spin-dependent shifting of the molecular 

orbitals leads to an effective organic “spin polarizer” acting as 

a spin fi lter junction  6   ( Figure 3c ).    

 Conclusions and perspectives 
 Over the last few years, the fundamental role played by the 

FM metal/molecule interface in spintronics has been predicted 

and experimentally confi rmed. It has been shown how, depend-

ing on the FM metal/molecule coupling strength, it would be 

possible to tune the interface spin polarization from enhance-

ment to reversal of its sign. This has sparked a new fi eld and 

has paved the way for new “spinterface” multifunctionalities 

where the functionality is governed by the interface. Overall, 

it could have an impact similar in vein to the symmetry fi l-

tering revolution in inorganic magnetic tunnel junctions, but 

relying on chemical engineering and leaving behind a perfect 

interface and a high crystallinity requirement. Spin-dependent 

hybridization can now be expected to be used in the tailoring 

of the resistive and magnetoresistive response of spintronics 

devices using functional molecules. 

 In these new crafted systems, a single multi-functional 

device could provide many spintronic functionalities. Indeed, 

spin-dependent broadening and shifting of the hybridized 

states could be tailored at will by molecular engineering and 

then tuned later on by external stimuli such as light, tempera-

ture, or a magnetic or electric fi eld. Hence, for example, 

with molecules such as diazobenzenes, one could expect 

to switch the molecular conformation by the 

light or electric fi eld controlling the cou-

pling strength (weak/strong) and thus the 

spinterface response. Similarly, with redox 

molecules, one could electrically charge or 

discharge a carrier from the interface to the 

molecule, shifting the levels and modifying 

the coupling of the spinterface. Finally, with 

molecules such as spin crossover complexes, 

one could achieve the spinterface tailoring in 

multiple ways: optically, electrically, magneti-

cally, or thermally. One can now envision spin-

terface as a way not only to tailor and enhance 

the spin injection into devices such as transis-

tors or organic light-emitting diodes but also 

to design the (magneto-)resistive response, 

leading to multistate memories or memris-

tive devices with a range of functionalities still 

waiting to be unveiled. 

 This uncharted fi eld calls for intense inter-

disciplinary work, from modeling, transport, 

and surface spectroscopy measurements to 

  

 Figure 5.      Tunneling magnetoresistance (TMR) experiments highlighting the enhancement 

and inversion of the spin polarization at the molecular level. Forward and backward 

magnetic fi eld sweeps are, respectively, in light and dark blue. (a) High TMR in 

La 0.7 Sr 0.3 MnO 3  (LSMO)/Alq 3 /Co magnetic tunnel junctions. The large TMR effect up to 

300% is ascribed to an enhancement of at least 30% of the spin polarization at the Alq 3 /

Co interface. (b) Inverse TMR in Co/CoPc/Co magnetic tunnel junction. The inverse TMR 

means that the two interfacial spin polarizations have opposite sign. The inversion on the 

spin polarization occurs at the bottom Co/CoPc in agreement with spin-polarized scanning 

tunneling microscopy measurements performed on a single CoPc molecule on a cobalt 

surface.  13 , 16   Note: Alq 3 , aluminum tris(8-hydroxyquinoline); Pc, phthalocyanines;  E  F , Fermi 

energy level.    
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chemical design of new suitable molecules. Spinterfaces com-

posed of self-assembled monolayers of functional molecules, 

where each part and function can be modulated independently 

(similar to a molecular LEGO building unit), appear to be 

more than highly promising candidates.     
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