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While the electronic gadgets are everywhere to be seen 
today, the demands for faster, lighter, higher storage 
capacity, or even go bendable devices are steadily 
increasing. One of the promising ways to achieve this 
goal is going organic; and the ferromagnet-organic 
semiconductor hybrid structures are particular interesting, 
since it combines spin transportation with electronic 
devices.   The inter faces of a ferromagnet- organic 
semiconductor hybrid structure are known to affect the 
coherence of spin-polarized current transporting through 
them, but little is known for the exact mechanisms 
leading to such a result.  By fabricating ultrathin cobalt/
pentacene and pentacene/cobalt bilayers to emulate the 
interfaces in a vertical organic spin-valve, we examine the 
magnetic and electronic properties of interfaces through 
the photoemission electron microscopy, the magneto-Kerr 
effect, and the photoemission spectroscopy.  As revealed 
by the micro- and macro-magnetic measurements, we 
found that the cobalt-pentacene bilayers prepared under 
opposite order of deposition have distinct magnetic 
properties.  X-ray photoemission spectroscopy further 
suggests that interfacial chemistry plays a key role in the 
observed magnetic disparities. 
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For charge carriers flowing through a layered struc-
ture, the interfaces separating neighbouring materials 
are also the locations where carriers encounter an energy 
barrier created upon the adjustment of two different 
electronic structures.  At these locations, the charged 
carriers are expected to experience enhanced scatterings 
and therefore result to a net momentum change.  How-
ever, under the same scenario but with a spin-polarized 
current, the scattering at interface does not necessarily 
lead to a change of spin coherence among the carri-
ers.  This is because what causes spin to flip is not the 
electric field but the spin-dependent interaction such as 
the spin-spin interaction, the spin-orbit interaction, and 
the hyperfine interaction.  Therefore, a media capable 
of delivering less spin-dependent perturbations to a 
spin-polarized current should preserve the spin coher-
ence over a prolonged period of time.   This concept was 
exactly what Dediu1 and Xiong2 pursued when they ex-
amined the magnetoresistance (MR) of ferromagnet/or-
ganic semiconductor/ferromagnet (FM/OSC/FM) hybrid 
structures.  What’s surprisions in Xiong’s study was that 
the critical temperature corresponding to detectable MR 
is far below the Curie temperature of individual FM mate-
rial used to construct the hybrid structures.  The intuitive 
model described above is obviously in need of additional 
ingredient(s).

Conceptually, to inject spins from a FM into an OSC, 
one must suppress the equilibration between the chemi-
cal potentials of two spin channels at FM-OSC interfaces 
and circumvent the large mismatch of electric conduc-
tivity between FM and OSC.  Electron tunneling and 
transport through interfacial gap states are two of the 
mechanisms that meet the criterions above, but neither 
is known to posses such a temperature dependence that 
can produce a substantial change of MR ratio found in 
the Fe/Alq3/Co structure that was employed in Xiong’s 
study.  In this work, we devoted the attention to a highly 
relevant but less discussed objective - namely, how a 
FM film adjusts its characteristic properties when it is in 
direct contact with a conjugated OSC layer.  Because two 
interfaces exist in a FM/OSC/FM trilayers, to distinguish 
better the possible difference between two interfaces 
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Fig. 1: The sample preparation setup at either XPS or 
PEEM station consists of a UHV metal deposition 
system and an organic evaporation system. 
Employing MEED or a thickness monitor, we 
carefully control the thickness of films deposited 
from electron beam evaporators (Co) or a 
miniature Kunden cell evaporator (Pc).  After 
fabrication, structures are transferred into the 
XPS or PEEM system for synchrotron study.
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our investigation involved structures in two series fabri-
cated in reverse order of deposition; pentacene (C22H14; 
Pc) on cobalt (Co/Pc) and cobalt over pentacene (Pc/Co) 
under UHV conditions.  Figure 1 illustrates the experi-
mental arrangements that connects to the 09A2 X-ray 
photoemission spectroscopy (XPS) system and the 05B2 
photoemission electron microscopy (PEEM) station at 
Taiwan Light Source.  By transferring samples between 
the metallic and the organic deposition chamber, bilay-
ers in two series - Co/Pc and Pc/Co - were fabricated on 
a Si(100)/Cr (3.4 nm) (introduction of Cr is to improve 
the Co adhesion) and naturally oxidized Si(100) sub-
strates.  As the study would touch film thickness related 
properties, the thickness of metallic and OSC layers were 
carefully calibrated with either intensity oscillations of a 
medium-energy electron diffraction (MEED) pattern at 
a 0.2 nm/min growth rate (Co) or a thin-film thickness 
monitor at a 0.1 nm/min deposition rate (Pc).  To examine 
the homogeneity of thin film, additional substrates were 

loaded to evaporate either carbon or cobalt followed by 
recording their characteristic Auger intensity at 9 differ-
ent locations on sample.  According to the Auger intensi-
ty analysis, thin film prepared in system described above 
can achieve homogeneity of less 5% variation within an 
area of 6 mm in diameter.  

After the completion of fabrication, the samples 
were transferred into the analysis chamber connected 
to XPS or PEEM station depending on the subject under 
study.  For XPS, it probes the electronic structure of ma-
terials by sending in energetic photons to free bonded 
electrons from the target material.  As the electronic 
structure is effectively a representation of the energy 
balance between electrons in various bonded states, 
the occurrence of orbital hybridization or chemical reac-
tions at the interface would cause the binding energy 
(B.E.) to shift among those states involved.  In addition, 
as the core electrons excited by soft X-rays have an es-
caping length of a few nm, the XPS is a surface sensitive 
technique.  The PEEM, on the other hand, collects mainly 
secondary electrons through an electrostatic column to 
form a two-dimensional image, whose intensity at each 
pixel is proportional to the number of electrons collect-
ed.  When circular polarized photons are used to illumi-
nate the sample surface, the PEEM can be coupled with 
the X-ray magnetic circular dichroism (XMCD) to deliver an 
X-ray image in magnetic contrast.  In this report, the XPS is 
used to investigate the chemical reaction occurred at the 
interfacial region, while the incorporation of PEEM is to 
examine the micro-magnetic behavior of the bilayers.

The first structure fabricated for study was a Si (100)/
Cr (3.4 nm)/Co (2.4 nm)/Au (0.7 nm) structure.  Illustrated 
in Fig. 2(c), the XMCD-based magnetic image reveals the 
presence of large domains whose lateral dimensions are 
in the hundreds of μm.  For the structure prepared with 
an additional Pc layer [Si (100)/Cr (3.4 nm)/Co (2.4 nm)/
Pc (2 nm)/Au (0.7 nm)], the domain image depicted in 
Fig. 2(d) exhibit similar lateral dimension and magnetic 
contrast to those observed without Pc adsorption.  
Since the images were recorded at a fixed photon 
incident angle (schematically shown in Figs. 2(a) 
and 2(b)), the strong image contrast observed in both 
Figs. 2(c) and 2(d) indicates that the magnetization 
within observed domains have preferred orientations, 
and these preferred magnetization directions remain 
unchanged upon the addition of a Pc layer.  On the other 
hand, the bilayers prepared with opposite layer structure 
show a very different domain configuration.  As displayed 
in Figs. 2(e) and 2(f ), the images of Pc (1.8 nm)/Co bi-
layers grown on a naturally oxidized Si(100) substrate 
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Fig. 2:  XMCD‐based magnetic images 
on Co/Pc and Pc/Co structures. 
(a) and (b) illustrate the angle of 
photon incidence and the sample 
orientation.  (c) and (d) indicate 
that the 3.4 nm Co bottom layer 
gives similar image contrast and 
domain patterns before and after 
Pc adsorption.  For Co deposited 
on 1.8 nm Pc, the 1.1 nm of Co 
deposition gives no observable 
contrast in (e).  The magnetic 
contrast that becomes observable 
in (f ) corresponds to a 2.2 nm thick 
of the top Co layer.  The sizes of 
magnetic domains in Co/Pc and 
Pc/Co vary greatly.

Fig. 3:  XPS measurements of Co (3.4 nm)/
Pc  a n d  Pc  ( 6 . 4  n m ) / Co  b i l aye r s 
recorded for various thicknesses of 
the top Pc and Co layers, respectively.  
Comparing the Co 2p and C 1s B.E. 
shifts in (a) and (b), the Co and C 
appear to be more reactive in Pc/Co 
than in Co/Pc.
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does not reveal ob-
s e r v a b l e  m a g n e t i c 
contrast until the Co 
layer reached a thick-
ness of 2.2 nm.  And, 
along with the onset 
of magnetic contrast in 
PEEM image, a much 
complex domain pat-
tern containing mul-
tiple gray scales was 
observed.  Since the 
intensity in the XMCD-
based PEEM image is 
effectively a measure 
of the orientation of lo-
calized magnetization 
vectors with respect 
to the [ 011 ] direction 
defined by the photon polarization as shown in Fig. 2(b), 
the image that carries multiple gray scales in various re-
gions provides direct information about the size of mag-
netic domains and their individual magnetization direc-
tions.  To rationalize the magnetic configuration found 
in top Co layer, we noted that the Pc layer underwent a 
fractal mound growth mode on the SiO2 surface.  As a 
consequence, the magnetic configuration of the top Co 
layer at the interface region is likely to be affected by the 
morphology of underlying Pc layer.  The dissimilar do-
main configurations observed between top and bottom 
Co layers is an indication that these two structures have 
significant differences in their magnetic anisotropy.  

Besides the domain patterns, the critical thick-
ness needed for top Co layer to establish its FM order 
is the other issue that deserves further investigation.  

Considering Co is the 3d-transition metal that has an 
unequal number of spin-up and spin-down electrons 
at its Fermi level, a reactive interface similar to that 
described by Aristov, et al.3 should create profound 
impacts to the interfacial magnetism.  To see if Co/Pc 
and Pc/Co have similar chemical reactivity at their in-
terfaces, the XPS was used to examine the B.E. of Co 2p 
and C 1s levels in both structures.  As illustrated in 
Fig. 3(a), the accumulation of Pc molecules on a 3.4 nm 
thick Co surface has induced a B.E. shift on C 1s level, 
whereas the B.E. of Co 2p level maintains a constant 
value within our detection limit.  Such an observation 
indicates that placing Pc on Co does not lead to a reac-
tive interface.  The energy shift that occurred in C 1s is 
likely to be linked with other physical processes within 
the Pc layer itself; such as the thickness-dependent mo-
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Experimental Stations
Photoemission Electron Microscope 
X-ray Photoelectron Spectroscopy
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lecular orientation which is a result of the competition 
between Co-Pc and Pc-Pc interactions.  In contrast to the 
non-reactive nature of Co/Pc, the B.E.’s of C 1s and Co 
2p levels measured on Pc (6.4 nm)/Co are found to shift 
toward higher and lower values.  Furthermore, upon the 
increase of Co thickness, a spectral feature correspond-
ing to cobalt carbide became observable.  Although the 
structure, composition, and exact magnetic behavior of 
the observed Co carbide remain unclear, it is known that 
the magnetic permeability and Curie temperature of 
CoCx differ from those of Co.  In terms of spin transport, 
the presence of extra chemical species at the interface 
implies the presence of an additional “interaction zone” 
whose exchange interaction differs from either Co or 
Pc.  As a consequence, carriers transporting through a 
reactive Pc/Co interface as described above would ex-
perience an extra interaction that could affect their spin 
coherence.  The presence of a reactive interface also pro-
vides an intuitive explanation to the amount of Co cover-
age needed to establish a room temperature FM order in 
the top Co layer.

In summary, we have studied the magnetic configu-
rations of an ultrathin ferromagnetic Co film in contact 
with an organic Pc layer.  According to our study, the ab-
sorption of Pc molecules would not significantly modify 
the magnetic configuration of the bottom Co layer, but 
the morphology of Pc film could greatly influence the 
domain pattern in the top Co layer.  Besides the differ-
ences in magnetic configurations and magnetic anisotro-
py between Co/Pc and Pc/Co, the reaction that occurred 

during the deposition of Co on Pc would introduce addi-
tional complications for the description of spin-injection 
and spin-reception.  Our study indicates that the layer 
symmetry in FM-OSC-FM structure does not necessarily 
ensure magnetic symmetry between its two interfaces, 
especially when the interface is found to be chemically 
reactive4.
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