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Hybrid interfaces between ferromagnetic surfaces and carbon-based molecules play an
important role in organic spintronics. The fabrication of devices with well defined inter-
faces remains challenging, however, hampering microscopic understanding of their opera-
tion mechanisms. We have studied the crystallinity and molecular ordering of C60 films on
epitaxial Fe/MgO(0 01) surfaces, using X-ray diffraction and scanning tunneling micros-
copy (STM). Both techniques confirm that fcc molecular C60 films with a (111)-texture
can be fabricated on epitaxial bcc-Fe(001) surfaces at elevated growth temperatures
(100–130 �C). STM measurements show that C60 monolayers deposited at 130 �C are highly
ordered, exhibiting quasi-hexagonal arrangements on the Fe(001) surface oriented along
the [100] and [010] directions. The mismatch between the surface lattice of the monolayer
and the bulk fcc C60 lattice prevents epitaxial overgrowth of multilayers.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Hybrid ferromagnet (FM)/organic interfaces have be-
come a subject of intensive research since the last decade,
as fueled by observations of strong magnetoresistance
(MR) effects in FM/organic spin-valves [1–4]. This has
sparked the development of a new research field, which
has been coined ‘‘organic spintronics’’, aiming to (i) estab-
lish additional functionality in organic electronic devices
via active use of charge carrier spins, or (ii) to incorporate
organic materials into spintronic devices.

The central motivation for utilizing organic semicon-
ductors as hosts for spin polarized charge carriers relies
on their weaker spin–orbit coupling and hyperfine interac-
tion as compared to inorganic semiconductors. This holds
great promise for attaining long spin lifetimes, offering
prospects for robust spin manipulation and readout in or-
ganic spintronic devices [5,6]. It is noteworthy, however,
that many of the previously examined spin-valve struc-
tures featured ill-defined FM/organic interfaces, and failed
to offer a reliable picture of the physical mechanisms be-
hind the spin-dependent effects. In order to harness the
full potential of this infant yet promising field, systematic
investigations of the effects of structural, electronic, and
magnetic properties of the FM/organic interfaces on spin
injection, transport and extraction are very important.
The incorporation of well-characterized and structurally
ordered hybrid interfaces into devices would allow for a di-
rect comparison with theoretical modeling, making spin
transport studies much more informative, and therefore
paving the way to the understanding of novel spin physics
involved at the heterojunctions.

Interfaces comprised of C60 and bcc-Fe(001) form
interesting model systems for organic spintronics, because
of the following reasons. (1) Bcc-Fe(001) features fully
spin-polarized D1-electrons, which produces very high
tunneling MR when combined with a crystalline MgO
tunnel barrier [7]. It is interesting to investigate whether
similar effects can be exploited at structurally ordered
Fe/organic interfaces. (2) C60 lacks hydrogen and the
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associated spin dephasing mechanism by hyperfine cou-
pling (the predominantly present 12C isotopes have zero nu-
clear spin). (3) The high electron affinity of C60 (of about
4 eV) [8] results in small energy barriers for electron injec-
tion at the interfaces with 3d transition metal FMs, such that
devices can be operated at low bias, which is beneficial for
attaining a high spin polarization of the injected current.
(4) Finally, C60 molecules have been observed to form
well-ordered (and in some cases even epitaxial) layers on
a variety of surfaces as we will address below, due to the
non-stringent requirements for surface energy- and lattice
matching typical for organic semiconductors. In contrast
to inorganic materials, epitaxial and well-ordered growth
of organic semiconductors therefore might be achieved
even on lattice-mismatched substrates. Our previous stud-
ies on the electronic and magnetic properties of C60/bcc-
Fe(001) interfaces, using synchrotron-based core-level
electron spectroscopies, revealed significant hybridization
between the p-electronic states of C60 and the 3d-bands of
the Fe surface, which induces a strong magnetic polariza-
tion of C60-derived electronic orbitals [9]. The presence of
such spin-dependent hybridization is critical, since it is
expected to play a decisive role in spin transport across
the hybrid interface [3]. Moreover, the strong interfacial
interaction will certainly exert a non-trivial impact on the
growth mechanism and structural properties of C60 overlay-
ers on Fe(001) surfaces, as is also the case for C60 on Al [10],
Cu [11], and Ni surfaces [12]. This particularly interesting
aspect forms the core of the present work. Using a combina-
torial approach of X-ray diffraction (XRD) and scanning
tunneling microscopy (STM), we give insight into the crys-
tallinity and local structural ordering of C60 molecules, that
could be accomplished atop epitaxial bcc-Fe(001) films on
MgO(001) for organic spintronic applications.
2. Experimental methods

Our C60/Fe bilayer films were prepared onto single-crys-
talline MgO(001) substrates in a UHV molecular-beam
epitaxy system with a base pressure of 10�10 mbar. The
commercial MgO(001) substrates used in this experiment
exhibited a root mean square roughness of about 0.15 nm.
Prior to any in situ treatment, the substrates were ultrason-
ically cleaned thoroughly in acetone, ethanol and isopropa-
nol at 50 �C. While in UHV, the substrates were thermally
annealed at 450 �C for 60 min to obtain clean surfaces, on
top of which a 10-nm thick epitaxial Fe(001) film was
grown by e-beam evaporation at a rate of 0.9 nm/min at
an elevated substrate temperature of 150 �C. C60 multilay-
ers with a thickness of about 100-nm were then deposited
onto the Fe(001) by thermal evaporation from a Knudsen-
cell (operated at 500 �C) at a rate of 3.3 nm/min and with a
substrate temperature of 100 �C. The crystallinity and
structural properties of these so-fabricated film stacks
were characterized ex situ by XRD. The XRD measurements
were carried out with a Bruker AXS D8 DISCOVER diffrac-
tometer using Cu Ka radiation (wavelength: 0.154 nm)
equipped with a four-circle goniometer.

To investigate the adsorption mechanism and local
structural ordering of C60 on the epitaxial Fe(001) surface
down to the molecular scale, we used a commercial UHV–
STM with an interconnected custom-made sample prepa-
ration chamber. C60/Fe/MgO(001) samples were prepared
under similar experimental conditions as described above.
In order to obtain reliable electrical contacts between the
deposited films and the sample holder, two 30-nm thick
W strips were sputtered ex situ on both edges of the insu-
lating MgO substrates using a dedicated DC-sputtering
tool. These strips were found to be very stable against
any thermal (cleaning) treatments, without causing any
detectable diffusion of W atoms across the surface. STM
images were acquired in constant current mode using
mechanically cut Pt–Ir tips at room temperature (RT) with
a set-point current of 0.8 nA and a bias voltage of 230 mV.
3. Results and discussion

3.1. Structural characterization by X-ray diffraction

Fig. 1a shows a XRD h–2h scan of a 100 nm C60/10 nm Fe/
MgO(001) sample, from which the diffraction peaks of
fcc-C60 (111), (222) and (333), bcc-Fe (002), and MgO
(002), as labelled, are clearly observed. When compared
to the powder diffraction pattern of C60 [3] and XRD mea-
surements of C60 films on other metal substrates, [13] the
existence of only (hhh) diffraction peaks from our C60 film
indicates a fcc-(111) texture. Fig. 1b–d shows the x scans,
or rocking curves, of the MgO(002), Fe(002), and C60(111)
diffraction peaks, respectively. We fitted each rocking curve
with a Gaussian function in order to extract the full-width
at half maximum (FWHM), a parameter that quantifies
the crystallinity along the film normal. A small FWHM va-
lue of 0.03� for MgO(002) peak confirms the high crystal-
linity of the MgO(001) substrates we used in this study,
while the FWHM values for Fe(002) and C60(111) are lar-
ger, 1.56� and 2.51�, due to the lower thickness and higher
defect density of the deposited layers. We will elaborate
this specific point in later paragraphs. Interestingly, the
C60(111) rocking curve in Fig. 1d exhibits two parts: a sharp
narrow peak superimposed on a much broader peak, which
is characteristic for weakly disordered systems [14]. The
lattice mismatch between the C60 layer and the Fe/MgO
stack underneath (see further discussion below) results in
the formation of dislocations. The non-uniformity of
the strains concentrated at the dislocation gives rise to dif-
fuse scattering. When the dislocation density is large, the
diffraction peak from the C60 layer is broadened, due to
short-range correlations in positions of the atoms. The
intensity of the narrow coherent peak, reflecting the long-
range correlations, is small. The u-scans of the same sample
in Fig. 1e, which probe the in-plane lattice matching of
substrate and adlayers, reveal an epitaxial relationship
between the MgO substrate and the Fe layer. As shown,
the in-plane signals corresponding to the Fe epitaxial film
are always 45� off from those detected from the
MgO(001) substrate, which is in good agreement with
the previously reported epitaxial relationship of
Fe(001)[100]//MgO(001)[110] [15]. However, no diffrac-
tion peaks containing an in-plane component could be
detected for the (100 nm thick) C60 layer, indicating the
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Fig. 1. XRD measurements of 100-nm C60/10-nm Fe/MgO(001). (a) Wide-
angle h–2h scan; (b–d) x-scans or rocking curves for MgO(002), Fe(002)
and C60(111) diffraction peaks; (e) u-scan for MgO(022) and C60-capped
Fe(022) peaks.
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absence of an in-plane structural relationship between the
C60 layer and the Fe/MgO stack underneath. This suggests
either a complete in-plane disorder, or the presence of only
short-range molecular order in the plane of the C60 film.
Given that the sensitivity of XRD for the interface region
is limited, however, some degree of in-plane ordering
may be present for ultrathin films. We will address this
issue next using STM measurements.
3.2. Surface morphology and molecular ordering by scanning
tunneling microscopy

Fig. 2 shows a series of STM images, capturing the
surface morphology at different stages of C60 monolayer
(ML) fabrication by thermal desorption of its multilayers
(deposited at RT) on an Fe(001) surface. Similar proce-
dures have been adopted and described in our previous
report on the electronic/magnetic structure at the ML
C60/Fe(001) interface [9]. Fig. 2a depicts an STM image of
a 10-nm thick Fe(001) film epitaxially grown on a clean
MgO(001) surface at 150 �C. Previous studies have shown
that two-dimensional growth of bcc-Fe on MgO(001) is
only possible at or above a critical temperature such that
the Schwöbel barrier for downward step diffusion can be
overcome [16,17]. Indeed, the observation of an atomically
flat Fe film surface, with well-defined terraces and step
structures that align along the Fe[100] or MgO[110] crys-
tallographic directions confirms this thermodynamic
growth process, and also serves as evidence for high-qual-
ity epitaxial growth. The pits observed in the film are due
to screw dislocations, which are structural defects that re-
sult from the lattice mismatch of 3.8% between bcc-Fe and
the (45� rotated) rock-salt structure of MgO(001).
Although larger Fe terraces could be obtained using a high-
er growth temperature than that used in this present
experiment, as revealed by our AFM measurements (not
shown), the resulting films consisted of many discontinu-
ous Fe terraces, hampering any STM measurement due to
poor electrical conductivity. Fig. 2b illustrates the sample
morphology with a C60 multilayer on top of the Fe surface.
The C60 deposition at RT essentially washes out the atomic
step structures of the Fe film, although the deep pits due to
screw dislocations remain discernable. The high density of
voids also suggests that the C60 growth proceeded with a
three-dimensional island-growth mode. At this point, we
conclude that no structural ordering of the C60 film exists,
and that the multilayer can thus be described as amor-
phous-like. With a brief anneal at 280 �C for 3 min, a sub-
stantial part of the C60 molecules appear to have been
desorbed from the surface, judging from the partial recov-
ery of the Fe surface morphology (Fig. 2c). This is in good
agreement with our X-ray absorption spectroscopy data
in Ref. [10], which shows that annealing at or above
280 �C results in desorption of C60 overlayers, while a ML
of chemisorbed C60 molecules is retained at the surface.
These molecules are bound by the strong interaction with
the underlying Fe layer, which is apparent from the hybrid-
ization-induced modifications of the C60 p⁄-orbitals [9]. A
close-up image of the annealed film, Fig. 2d, reveals that
the residual C60 molecules remain largely disordered.
Fig. 2e and f shows the same surface after an additional
3 min of annealing at the same temperature. Now, short-
ranged ordered areas can be observed, such as those
marked with blue arrows in Fig. 2f, embedded in a still lar-
gely disordered environment.

Next, we consider the case of a (partial) C60 monolayer
obtained by adsorbing molecules onto a hot Fe(001) sur-
face. Dosing C60 molecules onto substrates held at elevated
temperatures is known to result in the growth of highly
ordered monolayer films on various metal substrates
that feature different interaction strengths with C60

[10–12,18,19]. Depending on the nature of the interfacial
interaction, the adsorbed molecules may require a higher
thermal energy to attain an equilibrium arrangement on a
given substrate surface, which defines a temperature
window within which growth of highly ordered MLs may
be realized. Fig. 3a and b shows molecular resolution STM
images of a C60 ML on Fe(001) grown at a deposition
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Fig. 2. Surface morphology of C60/10-nm Fe/MgO(001) acquired by STM at RT. (a) Epitaxial Fe(001) surface grown on MgO(001). The arrows show the
crystallographic directions of the MgO(001) substrate; (b) after C60 multilayer deposition at RT; (c) after annealing at 280 �C for 3 min; (d) molecular
resolution image of (c); (e) after further annealing at 280 �C for 3 min; (f) molecular resolution image of (e). The blue arrows indicate areas where (short-range)
C60 molecular ordering can be seen. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. (a) Surface morphology of a ML of C60 on 10-nm Fe/MgO(001) with C60 deposited at a substrate temperature of 130 �C. The insets show FFT images of
selected areas as marked by contours; (b) another area of the same sample as in (a) where different orientations of the C60 surface structure on Fe(001) are
observed, rotated by 90� relative to each other. The blue arrows indicate the Fe [100] and [010] directions, the insets show FFT images of the areas enclosed
by the red/green contours; (c) proposed surface structure of the C60 ML on Fe(001). Red (blue) dots indicate the positions of the Fe atoms in the first
(second) layer of the bcc surface; (d) Surface structure of a sub-ML C60 on 10-nm Fe/MgO(001), where atomic steps are preferentially occupied by C60,
forming chains of molecules. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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temperature of 130 �C (comparable to the growth tempera-
ture of the 100 nm C60 film that was analyzed with XRD).
Fast Fourier transform (FFT) images for several selected
areas, marked by contours, are shown as insets in Fig. 3a
and b. The STM images and their FFTs clearly reveal that
the ML is highly ordered, and that the C60 molecules are
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packed in a quasi-hexagonal arrangement. Intermolecular
distances determined from the various STM images that
we recorded are consistently close to 1 nm, while the
slightly asymmetric FFT spot patterns indicate a periodic
structure consisting of distorted hexagons, with aspect ra-
tios of 1.1 for the long/short diagonals connecting the cor-
ner points. Two distinct orientations of the C60 adsorbate
lattice on the Fe(001) surface could be observed, rotated
by 90�, such as those shown within the red and green con-
tours in Fig. 3b containing rows of molecules that are either
along the Fe[100] or [010] directions (indicated by the blue
arrows). These findings are consistent with the proposed
structure shown in Fig. 3c, comprising C60 molecules in
equivalent adsorption sites on the Fe(001) surface. The
description of the unit cell of this quasi-hexagonal overlay-
er structure requires matrix notation:

~b1

~b2

 !
¼

4 0
2 3

� �
~a1

~a2

� �
;

where ~a1, ~a2 and ~b1, ~b2 are the unit cell vectors of the Fe
and C60 lattices, respectively. Taking the Fe lattice constant
to be 0.287 nm, the lengths of the C60 unit cell vectors are
1.148 nm and 1.035 nm, implying an aspect ratio 1.109 of
the distorted hexagonal lattice, in good agreement with
the experiments. The length of the shorter unit cell vector
is very close to the intermolecular distance of 1.002 nm in
the (111) planes of the fcc lattice of bulk C60 (which has a
lattice constant of 1.417 nm), while the length of the long-
er unit cell vector deviates by more than 10%.

We propose that the lattice mismatch between the first
ML of C60 on Fe(001) and the bulk structure is a primary
cause for the absence of a well-defined in-plane ordering
in multilayer films. Sakurai et al. reported that epitaxial
C60 films can be obtained on lattice-mismatched substrates
such as MoS2 [20], due to the weak Van der Waals-type
interfacial interaction, such that C60 molecules can arrange
themselves incommensurate with the MoS2 lattice. On the
contrary, for systems featuring a strong interaction, such as
in the present case or, for example, C60 on Ni(110) [15], a
good lattice match becomes a prerequisite for epitaxial
growth. It should be noted that strong chemical interac-
tions, involving spin polarized hybrid orbitals, typically oc-
cur at interfaces between transition metal ferromagnets
and p-conjugated carbon systems [3,9,21–23]. A further
complication is the non-negligible disorder that is ob-
served in the STM images of the ML C60 films (see Fig. 3).

By examining the adsorption mechanism and molecular
arrangement of C60 at the sub-ML regime, we conclude that
atomic step structures on the Fe(001) surface may partly
account for this disorder. It is shown in Fig. 3d that the
most probable sites for C60 nucleation are atomic steps,
where the adsorbed molecules form chains in parallel to
those of the edges. Such initial nucleation has been simi-
larly observed on Bi(001)/Si(111), where a high density
of screw dislocations is also present [24]. Diffusing ada-
toms or molecules, which encounter a step can either be
reflected at the step or cross the step. In the latter situa-
tion, they can then either continue diffusing or adsorb at
the step edge. For C60 on Fe/MgO(001), adsorption of
impinging molecules at the steps is efficient, as supported
by Fig. 3d. At higher coverages, we expect that the steps
will firstly be saturated before the molecules occupy the
flat terraces, which may hamper the formation of highly
ordered structures on these terraces.

4. Conclusions

Using XRD and STM, we have investigated the structural
properties and local molecular ordering of C60 grown on
epitaxial Fe/MgO(001). XRD analysis of 100 nm thick C60

molecular films shows that a strong (111) texture is ob-
tained when growth is carried out at elevated temperature
(100 �C). No long-range in-plane structural order could be
detected in these 100 nm thick films. In contrast, STM mea-
surements show that C60 forms a highly ordered mono-
layer on Fe(001). The molecules are arranged in a quasi-
hexagonal pattern that superficially resembles the (111)
plane of bulk fcc C60 but shows a considerable lattice mis-
match with that structure. Most probably, this mismatch
prevents epitaxial overgrowth of C60 films, consistent with
our XRD measurements. It should be pointed out, however,
that the in-plane structural order might persist for ultra-
thin films.

The (spin-dependent) electronic hybridization effects
that we have observed previously for interfaces between
C60 and Fe(001) result in strong interfacial interactions,
which in turn have a profound impact on the growth
mechanism in this hybrid system. Furthermore, STM mea-
surements of MLs prepared under different conditions
underline the important role of the kinetics of the adsorbed
C60 molecules on the Fe surface in defining the structural
properties of the first layer. The highly ordered surface
structures are interesting within the context of spin polar-
ization charge transport across the interface, since the
well-defined molecular arrangement allows for direct
comparison with theory. We expect that spin transport
experiments on systems involving C60/Fe(001) interfaces,
and/or similarly well-defined and well-characterized inter-
faces, will generate important information for the further
development of organic spintronic devices.
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