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The spin polarization of organic-ferromagnetic interfaces in an organic spin valve critically affects the efficiency 
of spin injection or detection. We examined the chemical and electronic properties of ferromagnetic Co deposited 
on organic Alq3 and the interfacial spin-polarized capability of the electronic states. Our x-ray photoemission 
spectra and calculations with density-functional theory indicate a sequential and unequal distribution of charge 
from Co clusters to N and then to O atoms in Alq3. The preferential orbital hybridization at specific functional 
sites produces efficient spin polarization of organic molecules. Element-specific measurements of x-ray magnetic 
circular dichroism demonstrate the preferential spin polarization in the lowest unoccupied molecular orbital state 
of N atoms at the complex interface for Co atop Alq3, which agrees satisfactorily with calculation. Our results 
indicate that an induced interfacial spin polarization on engineering the dominant reaction of Co with mainly N 
and O atoms in Alq3 might pave a way for effective spin filtering in organic spintronics.

PACS number(s): 79.60.Fr, 75.70.Cn, 68.35.Fx, 75.76.+jDOI: 10.1103/Phy sRevB.91.041204

Organic spin valves (OSV) in which an organic semicon­
ductor (OSC) spacer is sandwiched between two ferromagnetic 
(FM) electrodes have attracted much attention because of 
an enduring spin coherence of organic materials via weak 
spin-orbit coupling [1], Dediu et al. pioneered in achiev­
ing magnetoresistance (MR) up to 30% near 295 K in a 
LaovSrojMnOsfLSMOj/sexithiophenefTgj/LSMO OSV, ini­
tiating a great potential of organic-based spintronics [2], Xiong 
et al. subsequently made a remarkable observation of a giant 
MR at 40% at 11 K in a LSMO/Alq3/CoOSV [1], Among 
the most widely used OSC in OSV, tri(8-hydroxyquinoline) 
aluminum (Alq3) composed of 7r-conjugated molecules is 
considered to be a promising material for effective spin 
transport because of its great spin-relaxation time and unique 
molecular structure [1,3-6], The combination of Alq3 and 
d -band FM Co has achieved striking MR values [1,7-12], 
Although an ill-defined layer between Alq3 and top Co was 
manifested at an Alq3 thickness greater than 100 nm, it is one 
of few examples in which an OSV displayed a large MR [1], 
Such an ill-defined layer is ascribed to the diffusion of metal 
into a soft organic layer, which might be related to the disputed 
results of the MR sign and mechanism [1,12-15], To prevent 
the unexpected interdiffusion and chemical interaction at the 
interfacial region, a buffer layer inserted between the top Co 
and Alq3 has improved the device performance [9,16-18]. 
Although metal interdiffusion is preventable with those meth­
ods, it might not provide a deep understanding of the lacking 
essential mechanisms [19-21]. Moreover, in the case of an 
OSV with no buffer layer, a large MR was still achieved [1,8]. 
Various techniques have been used to engineer, to control, or 
to detect the efficient spin injection and transport [ 1,4,22,23]
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on traditionally applying a specific bias voltage to inject 
spin-polarized carriers [1], or using spin-resolved two-photon 
photoemission to excite the spins across a FM-OSC hetero­
junction [23], or pumping spins through a FM resonance to 
inject spin currents [24], Although many mechanisms and 
experiments have been tried, a clear picture of how effective 
carrier states near the Fermi level (Zip) generated from a 
hybridized interface for an efficient spin injection and transport 
is still lacking. A complicated spin injection and transport are 
governed by many parameters, such as barriers to the injection 
of holes or electrons, energy levels of transport by lowest 
unoccupied molecular orbital (LUMO) or highest occupied 
molecular orbital (HOMO), a space-charge-limited current, 
deep or shallow traps, the carrier mobility and charge transfer, 
and the interfacial spin polarization (SP) at the FM-OSC 
contact. Among those parameters, the spin dependence at the 
interface of organic adsorption on a FM substrate plays a sig­
nificant role as spin-polarized charge carriers must cross these 
interfaces [25-33]. In addition, the interfacial SP is critical 
to determine the promising candidates as OSV, because most 
parameters have been generally considered in organic electron­
ics. Zhan etal. demonstrated an induced SP through hybridiza­
tion and exchange coupling at the interface of Alq3 adsorbed 
on Fe [29]; Steil et al. discovered that the hybrid states at the 
interface of Alq3 adsorbed on Co at which electrons are trapped 
act as spin filters [32]. The interfacial SP role at the top contact 
of a FM atop an OSC is, however, still unknown and more 
complicated because penetration, diffusion, and reaction of a 
metal occur at the ill-defined interface [13,34-36]. In the worst 
case, for a fragile OSC, the reaction might modify or damage 
the molecular structures and yield degraded electronic and 
magnetic properties [37], Only a MR response is hence mea­
sured for fragile organic molecules in a planar-type OSV [38], 
The situation might differ completely if the molecules contain 
an appropriate functional group that can resist degradation and 
become spin polarized. As the top FM in an OSV using Alq3
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FIG. 1. (Color online) Core-level photoelectron spectra of varied 
Co thickness on Alq3 in (a) Co 2p, (b) N Is, (c) O Is, and (d) C Is 
regions with incident photon energies 900, 480, 620, and 380 eV, 
respectively. The curve indicated with black square symbols (data), 
overlaps the sum curve of the spectrum (sum). Shirley background 
(BG) correction is used in deconvoluting XPS.

as a nonmagnetic spacer directly controls the performance of 
the device [9], we examined the electronic structures of the 
interfacial region and the SP of Alq3-C o top bilayers to seek 
the criteria of organic molecules effective for spintronics.

To understand the interplay between organic molecules and 
a FM metal, we examined the interfacial electronic properties 
of Co atop Alq3 by x-ray photoelectron spectroscopy (XPS). 
At 0.25 ML Co atop Alq3, the single line at binding energy 
(BE) 778.8 eV (Al) in Fig. 1(a), corresponds to Co hybridized 
with primary sites of Alq3. After 1.0 ML Co deposition, a new 
line appeared towards smaller BE 778.4 eV (A2), indicating 
the formation of a more complicated hybridization of Co with 
sequential reactive sites of Alq3. This feature became nearly 
unaltered at 778.1 eV when the Co thickness attained 7.0 
ML, indicating the formation of a metallic Co film. A gradual 
shift from a large to a small BE with increasing Co coverage 
demonstrated the charge transfer from Co to Alq3.

The N Is line of bulk Alq3 is located at BE 400.5 eV 
(Bl) in Fig. 1(b). A new line near 398.7 eV was observed 
after deposition of a submonolayer of Co (B2), indicating 
that charge is initially donated from Co to N atoms. The new 
component of N Is appeared at a small Co coverage and rose 
to a discrete maximum above 1.0 ML Co at which the induced
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FIG. 2. (Color online) TEM/EELS at Alq3-Cot0p interface, 
(a) TEM image of 28.0 ML Co (thickness 5 nm) atop Alq3 (thickness 
30 nm), with an Al capping layer (thickness 8 nm). (b) Intensity 
profile of Co distribution corresponding to marked positions of Co 
diffused into Alq3. TEM images of the magnified regions (c) near the 
Alq3-Co,op interface and (d) for bulk Alq3.

extra charge on O atoms only began to occur. The original O 
Is signal is seen at BE 531.9 eV [Cl in Fig. 1(c)], whereas the 
satellite line, measured at 532.4 eV, is attributed to n ->■ jt* 
transitions (C2). Accompanying the shift of BE to smaller 
energy and the decreased intensity of the original O Is signal, 
an additional line was detected at BE 529.9 eV (C3) in the 
monolayer range of Co. In contrast to having only one extra 
component at O Is, further Co deposition induced a second 
N Is component at smaller BE 397.5 eV, described as B3 in 
Fig. 1(b). The energies of these N Is lines are 1.8 and 3.0 eV, 
respectively, less than that of the original N Is line after 5.0 ML 
Co deposition. Compared to the proposed strong interaction 
between Co and O atoms [11], our results indicate that both 
N and O atoms accept charge from Co, but, during the initial 
deposition of Co, the charge was donated preferentially to N 
atoms. Up to 7.0 ML Co deposition, the C Is signal displayed 
as a broad feature at BE 283.0 eV, representing the formation 
of cobalt carbide [39], shown in Fig. 1(d).

To provide detailed information about the interfacial region 
of Co atop Alq3, a cross-sectional view from a high-resolution 
transmission electron microscope (TEM) is shown in Fig. 2(a). 
The intensity of Co along the interfacial plane obtained in 
measurements of electron energy-loss spectroscopy (EELS) 
in Fig. 2(b) decreases slowly and is even visible over 9 nm 
towards Alq3, demonstrating the penetration of a Co atom 
or clusters up to 9 nm into Alq3. A clear distinction of 
molecular patterns and image contrast between the region
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near the Alq3 —Cotop interface and deep bulk Alq3 is observed 
in the cross-sectional TEM images in Figs. 2(c) and 2(d), 
respectively. The Co bunch roughly 2 nm in the frontier 
seemed to be diffused into Alq3 and led to intermixed patterns. 
Although EELS indicated the existence of Co signals as deep 
as 9 nm, no resolvable nanometer-size particle was detected. 
This result implies that the sizes of most interdiffused Co 
clusters into Alq3 were beyond the detection limit and might 
be in the range of several to several tenths of Co atoms.

As mentioned in the XPS results, a charge transfer from 
Co occurred first to N and then to other atoms. Calculation 
with density-functional theory (DFT) [40—43] was employed 
to examine the adsorption energy (£ ads) and the induced 
magnetization or SP of Alq3 in the charge transfer and 
magnetic coupling with a Co atom (Alq3-Co) and stable 
clusters (Alq3-Co4 and Alq3-Co2) that correlated satisfactorily 
with interdiffused Co cluster sizes obtained in TEM im­
ages. Eads is defined as £ ads =  £’(Alq3-CoJ)-£(Alq3)-£'(Cox), 
which are total energies of the Alq3-Cor complex, Alq3 , 
and the Co atom or clusters, respectively. SP is defined 
as SP =  [DOS(a)-DOS(/J)]/[DOS(a) +  DOS(/l)], which are 
density of state (DOS) areas for spins a  and ft. The DOS 
areas were integrated from —1.0 eV to Ep and from Ep to 
1.0 eV for SP analyses in the HOMO and LUMO states, 
respectively. The energetic result (£ ads are —3.4, —6.5, and 
-6 .1  eV when Co, Co2, and Co4, respectively, bond to N 
of Alq3 , and are —2.8, —5.1, and —5.0 eV when Co, Co2, 
and Co4, respectively, bond to O of Alq3) implies that a 
Co atom or Co clusters primarily attach to N atoms or 
rings and then to O atoms or rings, in agreement with our 
XPS observation. Additionally, those £ ads for Alq3-Cotop 
complexes are much greater than £ ads (—1.0 eV) for Alq3 on 
a Co (111) surface [44], indicating that a FM layer atop an 
OSC results in an enhanced FM-OSC interaction to shape 
Alq3 for effective spin filtering. The SP analyses for the most 
stable Alq3-Co2 complex, in which Co2 bonds between two 
pyridyl rings with £ ads =  —6.5 eV, are shown in Fig. 3, for 
example. Figure 3(a) indicates an unbalanced spin density 
about 0.9 eV above Ep on the N site, but the DOS of O 
shows a disparity below Ep, as seen in Fig. 3(b). The cluster 
Co2 in a hybridized complex maintains a much larger SP 
(majority on a spin-down channel near Ep), shown in Fig. 3(c). 
Accordingly, the distribution of spin-polarized charge density 
of the Alq3-Co2 complex in Fig. 3(d) shows that Alq3 is 
spin-polarized on the LUMO of N (blue isosurfaces) and on 
the HOMO of O atoms (red isosurfaces). Another example 
of the Alq3-Co2 complex, in which Co2 bonds between two 
phenoxide rings with £ ads =  —5.1 eV, yields a similar result in 
Fig. 3(e). DFT calculations reveal that O and N atoms express 
inverse magnetization and SP, which illustrates a positive 
value for O but a negative value for N below Ep and vice 
versa above Ep, shown in Figs. 3(f) and 3(g). That condition 
might determine the dominant spin-polarized carriers at the 
Alq3-Cotop interface, possibly affecting the MR sign that might 
be feasibly manipulated on tuning the alignment of energy 
levels between Ep, LUMO, and HOMO states for carrier 
injection. The magnetic moments of spin-polarized N atoms 
indicated in Fig. 3(a) are —0.01/zB and 0.03/r# (even attaining 
0.0511B for C04 bonded with N and O), which are the same 
as, or about ten times, those of -0.01 hb and 0.003 /rB for
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the Febottom-Alq3 model [29]. Similarly, the calculated SP, 9%, 
for hybridized N and O in Alq3-Cotop complexes is greater 
than that of the Feb0ttom-Alq3 model [29], confirming that an 
enhanced FM-OSC interaction improves the spin filtering for 
a FM-OSC hybridized surface. The SP of an individual N or 
O atom can even attain 50%, but its SP polarity is not readily 
aligned in the same direction, resulting in a decreased SP of 
the entire Alq3 molecule. Possibly designing the local SP of an 
individual N or O atom towards the same sign might effectively 
enhance the total SP of Alq3 . The SP of O atoms above Ep is 
too small to be detected experimentally with x-ray absorption 
spectra (XAS) or x-ray magnetic circular dichroism (XMCD) 
because of a small and symmetric spin-polarized DOS at the 
LUMO state; we thus employed element-specific XMCD to 
examine the SP of only N atoms. Verifying experimentally the 
SP of the O character at the HOMO state requires more sophis­
ticated measurements, such as spin-resolved photoemission 
spectra [32].

Because the diffusion of Co into Alq3 might attain a 
depth as great as 9 nm, measuring XMCD with sequential 
Co evaporation provides a depth-dependent SP that is crucial 
for effective spin filtering for an Alq3-Cotop complex. A 
small XMCD of the Co L3-edge [dichroic ratio (DR) ~0.4%, 
compared with DR ~15% of a 19.0 ML Co film) and the 
N K  edge (DR ~0.2%) was observed at 3.5 ML Co, but no 
XMCD of the Co L2 edge was detected, according to the inset 
of Fig. 4(a), implying that no significant long-range order was 
formed to create a FM ordering near 295 K. This result is 
ascribed to the exchange energy necessary to align the spins 
of diffused and hybridized Co nanoparticles being smaller 
than the thermal fluctuation that tends to diminish the weak 
magnetic dipole-dipole interactions produced by the individual 
spins. A retarded FM property of Co in doping with organic 
molecules was found [35-36]; an insufficiently metallic Co 
could hence be another reason to explain the suppression of 
magnetization found in the Co XMCD. To clarify the origin 
of the loss of ferromagnetism of Co near 295 K, we examined 
the FM properties of 3.5 ML Co on Alq3 at 79 K. Through the 
Co XMCD for a sample cooled to 79 K, we observed a XMCD 
signal, displayed in Fig. 4(b). Because the metallic Co did not 
become dominant until its thickness attained 7.0 ML, what 
we observed represents a FM order originating mainly from 
a hybridized Co-Alq3 complex. Up to 5.0 ML Co atop Alq3 

(DR at Co L3 edge ~2.8%), a N XMCD more pronounced 
than that for a Febottom-Alq3 interface [29] with DR 0.6% 
was obtained in Fig. 4(c). This result demonstrates that Alq3 

hybridized with Co clusters within the ill-defined interface 
was highly magnetized and spin polarized, coinciding with 
our DFT calculation that shows an Alq3-Cotop complex to be 
more effective for spin filtering. The FM ordering at 295 K 
began, however, to be established at 6.5 ML Co according 
to an appearance of a small but significant XMCD of the 
Co L3 edge (DR ~1.2%), shown in the inset of Fig. 4(d). 
The presence of FM order was detected at 79 K, depicted in 
Fig. 4(e). At this Co coverage, the DR of the N character 
at the LUMO state was also prominently obtained with 
value 0.4%, presented in Fig. 4(f). The decreased temperature 
indicates, however, that the dominant species of the hybridized 
Alq3-Cotop complex exhibited FM ordering that might explain 
the magnetic response found at 79 K. Figure 4(g) depicts the
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FIG. 3. (Color online) Spin-polarized partial DOS of N, O, and Co2 cluster in (a), (b), and (c), respectively. Distributions of spin-polarized 
charge density of an Alq3-Co2 model in which Al, C, N, O, and Co atoms are shown as orange, black, blue, red, and yellow spheres, respectively. 
The blue and yellow isosurfaces are spin-up and spin-down charge densities, respectively, set to 0.04 \e\ / A3 at the LUMO state, whereas the 
red and orange isosurfaces are spin-up and spin-down charge densities, respectively, set to 0.04 \e\ / A \  at the HOMO state, for a Co2 cluster 
bonded with two pyridyl rings (d) and phenoxide rings (e). SP of Co, O, and N atoms at the HOMO (f) and LUMO states (g).

preferential spin-polarized trend of constituent atoms in Alq3 at 
the interfacial Alq3-Cotop region. The spin-polarized N orbitals 
are induced by not only the adsorption of Alq3 on FM substrate 
in the well-defined interface but also the FM layer atop Alq3 in 
the ill-defined interface, making Alq3 a unique and dominant 
organic substance for spin filtering in OSV.

In summary, we demonstrated a strongly reactive interface 
of Co atop Alq3 in which N atoms of pyridyl rings served as 
primary reactive sites and O atoms of phenoxide rings were

secondary reactive sites. The Alq3-Cotop interface played a 
role as spin filter in which the induced SP of Alq3 came mainly 
from the SP of N orbitals at the LUMO state and O orbitals at 
the HOMO state. Our results indicate that, if engineering of 
the spin interface can manipulate the reaction of a FM metal 
with specific functional sites of organic molecules so as to 
induce more effective SP, it could pave a way for a highly 
efficient SP in the manufacture and operation of real OSC-FM 
hybrid-based OSV.
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FIG. 4. (Color online) Magnetic properties of Co atop Alq3. Co L-edge XAS/XMCD (a) near 295 K and (b) at 79 K for 3.5 ML Co. 
(c) N K-edge XAS/XMCD for 5 ML Co. Co XMCD (d) near 295 K and (e) at 79 K for 6.5 ML Co. (f) N K-edge XAS/XMCD for 6.5 ML Co. 
(g) Schematic illustration of the Alq3-Co,op interface in which Alq3 and Co are represented as big blue and small yellow spots, respectively. In 
the magnified region, atoms such as Al, C, N, and O are shown as orange, black, blue, and red spheres, respectively.
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