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Growth mechanism and interface magnetic properties of Co nanostructures on graphite
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We investigated structural, electronic, and magnetic properties of Co adsorbed on highly oriented pyrolytic
graphite (HOPG). Distribution and atomic sites of 3d transition-metal Co nanoislands and adatoms on HOPG
were experimentally investigated by scanning tunneling microscopy with atomic resolution. In the very low
thickness regime (�0.6 Å), a strong nucleation mechanism and a preferred Co nanoisland diameter of ∼3.4 nm
have been observed. Co adatoms were found to preferentially occupy β sites of the HOPG surface graphene layer
and the atoms aggregated by further occupation of either α or overbond sites. This is in contrast to predictions
based on density functional theory, which indicates that the hollow sites are the most energetically stable sites
for Co adsorption. The presence of surface hydrocarbon contamination on graphite might be one possible cause
of the observed active nucleation and stabilized nanoisland diameter of Co. The formation of Co carbide was
evidenced by x-ray absorption spectroscopy. More importantly, the Co magnetic spin moment at the interface of
Fe-capped ferromagnetic Co nanostructures and graphite, as determined by x-ray magnetic circular dichroism
and sum-rule analysis, was found to be only 63% of the bulk value, implying a magnetically defective spin
contact for carbon spintronics applications.
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I. INTRODUCTION

Systems comprising interfaces between ferromagnetic met-
als and materials that are mainly composed of carbon lie at
the heart of organic spintronics, which embodies active usage
and manipulation of carrier spins in carbon-based materials.1,2

These materials hold good promise as spin-transport media
because of their potentially weak hyperfine and spin-orbit
interactions, thus resulting in long spin lifetimes.3,4 So far,
magnetotransport studies have demonstrated spin-valve effects
in vertical structures comprising organic semiconductors,5 and
in lateral devices that employ mechanically exfoliated single
graphene sheets as spin-transport media.6–9 In both cases,
ferromagnetic electrodes, with or without ultrathin tunnel
barriers, are used to generate spin-polarized currents. Karpan
et al. have put forward a stimulating idea to combine epitaxial
sandwich structures containing Co and/or Ni electrodes sepa-
rated by multilayer graphene and/or graphite.10 At the epitaxial
interfaces of Co (or Ni) and graphene and/or graphite, a perfect
spin filtering due to k-vector conservation should be possible
in theory, relying on the fact that the only states available at
the Fermi surface of graphene and/or graphite reside at the K
points, for which only minority spin states of the ferromagnets
are present.10 When successful, one could expect a new class
of spintronic devices similar in layout to magnetic tunnel
junctions, but with a carbon-based interlayer replacing the
insulating tunnel barrier and, thus, a lower intrinsic resistance
area product, which is beneficial, e.g., for current-driven
magnetization reversal at low drive voltages.11,12

While conceptually very attractive, the practical realization
of the epitaxial sandwich structures is a challenging task. To
achieve a high spin-filtering efficiency, several (>3) epitaxial
graphene layers in the stack are necessary.10 While the methods
for growing single layers of lattice-matched graphene on
Ni(111) are well established, obtaining graphene multilayers
over sufficiently large areas to allow for device fabrication is far
more challenging.13,14 Another difficult task is the fabrication
of an epitaxial ferromagnetic electrode on top of the multilayer

graphene stack. In the case of a fairly large amount of graphene
layers, obscuring any influence of the underlying metallic
substrate, the growth of the top electrode should be very similar
to that on graphite surfaces. Previous studies of the growth
of Ni on highly oriented pyrolytic graphite (HOPG) indicate
the formation of three-dimensional (3D) Ni(111) islands at
90 K, while clusters lacking a preferred crystallographic
orientation were formed at 300 K, the latter representing the
thermodynamically stable case.15 Since graphite forms a very
weakly interacting substrate, only strongly out-of-equilibrium
conditions might produce epitaxy, otherwise the dominating
interactions between the metal atoms is expected to lead to a
Volmer-Weber (VW) growth mode.

In this paper, we investigate the initial nucleation and
growth of Co nanoislands on HOPG at room temperature (RT)
with scanning tunneling microscopy (STM). We monitor the
adsorption of individual Co adatoms and ultrasmall clusters
(e.g., dimers, trimers) at very low coverages, and compare the
results to those of previously published calculations. X-ray
absorption spectroscopy (XAS) and x-ray magnetic circular
dichroism (XMCD) have been used to probe the magnetic
properties at the Co/graphite interfaces, which are not very
well established so far in the literature.

II. EXPERIMENTAL DETAILS

A commercial variable-temperature ultrahigh vacuum
(UHV) STM from RHK Technologies was primarily used to
characterize the initial nucleation and growth of Co (purity
99.999%) deposited in situ on HOPG by e-beam evaporation at
a rate of 0.2 Å/min in an interconnected custom-made sample
preparation chamber. During the deposition, the chamber
pressure was maintained below 8 × 10−10 mbar. The HOPG
substrates (Grade SPI−1, 10 × 10 × 1 mm) were obtained
from SPI Supplies. Immediately before insertion into the load-
lock chamber, the substrate surface was cleaved along the basal
plane by adhesive tape. STM images were acquired in constant
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current mode using mechanically cut Pt−Ir (90%−10%) tips
at RT with a set-point current of 1.0 nA and a bias voltage of
200 mV.

The Co/HOPG samples for XAS measurements were
prepared in situ at the experimental station with a base pressure
of 10−10 mbar at beam line D1011 of MAX-Laboratory
in Lund, Sweden. The C K-edge and Co L2,3-edge XAS
spectra were collected in total-electron-yield mode, where the
sample current was recorded as a function of photon energy.
To perform XMCD measurements, we used 75% circularly
polarized x-rays, which were incident at an angle of 45◦ with
respect to the sample normal. Magnetic fields of up to ±250
Oe were applied along the x-ray propagation direction using
an electromagnet. The XMCD signals of the samples were
obtained by taking the difference in the absorption intensity
measured for the parallel and antiparallel configurations of the
x-ray beam helicity and the magnetization direction.

III. RESULTS AND DISCUSSION

A. Structural characterization by STM

Figures 1(a)–1(c) display three-dimensional STM images
of the same HOPG surface after 0.1, 0.2, and 0.6 Å Co
deposition at RT. It is clear from these images that 3D
islanding, i.e., the VW mode, is the predominant growth
mechanism for Co on HOPG. The 3D island formation can
be understood in terms of a large difference in surface energy
of Co (2.5 J/m2) (Ref. 16) and HOPG (0.2 J/m2).17 Metal
adatoms deposited onto HOPG surfaces usually possess a
high mobility, as they only weakly interact with the surface
via Van der Waals interaction. Surface defects such as steps
provide nucleation centers and limit adatom mobility due to
the presence of broken C–C bonds, thus resulting in a higher
density of particles compared to those formed on the substrate
terraces. From the STM images, it appears that the nanoislands
are dome shaped with a narrow height-to-width aspect ratio of
0.13 to 0.16 for a nominal thickness spanning from 0.1 to 0.6 Å.
It should be noted that the true shape of the nanoislands may not
be completely resolved due to tip convolution. Nevertheless, it
can be inferred unambiguously that the islands do not possess
a flat top facet, which would certainly be captured by the

STM. For analysis of height and diameter distributions of the
islands, many STM images have been measured. The island
diameter histograms are depicted in Figs. 1(d)–1(f) and are
each fitted with a log-normal distribution function. The error
accompanying each mean value μ corresponds to the standard
deviation σ derived from the fit. The fact that the mean
diameter remains at ∼3.4 nm, despite an increase in the amount
of Co, is characteristic of the nucleation-dominated growth
regime, where additional deposition predominantly results in
the formation of new nuclei on the HOPG surface, and the
height of the islands increases very slightly with increasing Co
deposition. In Fig. 1(g), we define the Co percentage coverage
as the percentage of surface area of a 300 nm × 300 nm scan
area being occupied by the adsorbed Co. One can see that the
percentage coverage is always below 5%, and the Co island
density in the same scan area increases steeply from 5.50 ×
1011 to 2.51 × 1012 cm−2, as the amount of Co increases. It is
worth noting that, in our STM images, the Co nanoisland shape
is quite uniform. Considering the low Co thickness regime in
our experiments [�0.6 Å, i.e., less than approximately 0.35
monolayer (ML) assuming hexagonal close-packed Co], this
is in agreement with previously published work by Poon et al.,
who found that an irregularity of the Co cluster shape started
to set in, as the amount of deposited Co was increased from
0.34 to 0.45 ML.18 Also notable in the log-normal distribution
is the relative population of nanoisland sizes, or the skewness,
with respect to the mean size. The skewness points towards
smaller island diameter for 0.1 and 0.2 Å Co deposition,
and varies very slightly towards the mean value for 0.6 Å.
The larger abundance of smaller nanoislands than the mean
diameter implies active nucleation where island formation
is kinetically favored over island growth, as expected in
the nucleation-dominated regime. As pointed out also by
Poon et al., the origin of such an active nucleation of Co
nanostructures on HOPG remains puzzling.18 Yet, as will be
discussed in the next section, the strong nucleation and the
stabilization of the Co nanoisland size on HOPG in the very
low thickness regime might be triggered and mediated by the
presence of residual hydrocarbons on the surface graphene
layer of HOPG and the formation of cobalt carbide, which are
both revealed in the XAS measurements.

FIG. 1. (Color online) (a)–(c) STM images of Co on HOPG with submonolayer Co coverage. (d)–(f) The island diameter distributions
and fitted log-normal distribution functions. (g) The island density profile and the percentage coverage of Co as a function of amount of Co
deposited on HOPG at RT.
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FIG. 2. (Color online) Atomic resolution STM image of Co
adatoms adsorbed on HOPG, taken at I = 1.04 nA and V = 219 mV.
The bright spots encircled and labeled as “Co adatoms” refer to
individual Co adatoms that were adsorbed on the β site of the surface
graphene layer, whereas those encircled and labeled as “Co tetramer”
correspond to a Co tetramer formed by four Co adatoms. Three of
these adatoms occupied the β sites and the fourth adatom attached to
either the α or the overbond site. The label H indicates the hollow site.

So far, experimental exploration of the nucleation, growth
mechanism, and interaction between transition-metal adsor-
bates and graphene or graphite at the atomic scale remains very
limited. The interaction between these dissimilar materials
has been investigated mainly by theoretical approaches, such
as density functional theory (DFT).19–23 In the following, we
would like to establish practical knowledge of Co adatom
adsorption on the different atomic sites of the graphite surface
lattice. We believe this important piece of information will
be of great interest to other studies regarding the verification
of theoretical predictions, as well as the understanding of the
influence of ferromagnetic metal contacts on charge and spin
transport in graphene or graphite.6–9 Shown in Fig. 2 is an
atomic resolution STM image of the surface graphene layer
of HOPG, on which Co adatoms were adsorbed. The trigonal
lattice structure clearly observed in the figure presents a typical
and perfect superstructure with αβαβ stacking of graphite. It is
commonly recognized that β site carbon atoms of graphite are
usually revealed as bright spots in a STM image and are located
just in the centers of the hexagonal carbon rings of the adjacent
graphene layer in the hexagonal graphite crystal. The contrast
difference between the α and β site carbon atoms is due to the
existence of interlayer interactions between adjacent graphene
layers, which cause an energy dispersion of about 1 eV along
the chains of α site atoms normal to the layers. Consequently, a
higher local density of states of the β site carbon atoms is found
near the Fermi level, and therefore, a triangular rather than a
honeycomb STM pattern.24 The closest distance between the
β site carbon atoms observed in the section analysis of the
atomic resolution image is measured to be 0.246 nm, which
is in good agreement with previously reported values.25 More
importantly, the STM image directly reveals the mechanisms
of Co adatom adsorption and nucleation on the graphite
surface: The Co adatoms, which are captured as bright spots
on the HOPG, occupy preferentially the β sites, labeled β

in Fig. 2, of the graphite surface lattice. Also illustrated is
the way the Co adatoms nucleate locally to form a tetramer,
as encircled in Fig. 2. Initially, three Co adatoms bonded to
the β sites and the fourth adatom occupies either the α or
the overbond site, which can not be clearly resolved in the

image. At this stage, we can conclude that the surface graphene
β sites are the most energetically favorable adsorption sites
for Co adatoms. In contrast to computational results based
on DFT,19,20,23 there is no evidence from our experimental
observations to support the hollow sites (H) being favorable for
individual Co atoms to adsorb on. Such disparity between our
results and the prediction by the theories might be attributed
to the difficulties associated with correctly modeling Van der
Waals forces and, thus, binding energies using DFT,26 which
are essential for weakly interacting systems, such as metals on
graphene or graphite.

B. Chemical and magnetic characterization by element-specific
XAS and XMCD

Figure 3 shows the C K-edge XAS spectra of HOPG as
a function of Co deposition time. These spectra have been
normalized to the K-edge π∗ peak height to allow for a
straightforward comparison of any changes in the spectral
features. As one can immediately see, the spectral shape
broadens, and a new shoulder, indicated by an arrow in Fig. 3,
emerges in the energy range of 282–284 eV, upon increasing
Co deposition. The presence of this shoulder has been observed
in a number of previous reports and is commonly referred to
as a signature of carbide formation. Recently published exper-
imental results obtained by x-ray photoelectron spectroscopy
suggest that, instead of the direct interaction between Co
and graphite, surface defects,18,27 hydrocarbon contaminations
on graphite surfaces,18 and minute residual C-containing
species even under UHV conditions18,27 are the main causes
for Co–C formation. In the first mechanism, C atoms of
surface hydrocarbons dissociate and form new bonds with
Co atoms. Combining these spectroscopic data with the STM
results described in the preceding section, it is plausible that
such a contamination-mediated interfacial interaction is strong
enough to bind the Co nanostructures to the HOPG substrate
and reduce their surface diffusion, subsequently leading to
dominant nucleation as well as the observed uniformity of
Co nanoisland dimensions in the growth regime studied here.

FIG. 3. (Color online) C K-edge XAS spectra as a function of Co
deposition time. The inset shows the lower energy scale, featuring
a new shoulder, as indicated by the black arrow, of which intensity
increases with increasing Co deposition time.
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FIG. 4. (Color online) Peak intensity versus Co deposition time
profile for C K-edge π∗ transition peaks and Co L3-edge XAS
measurements of Co/HOPG. The linearity shown by the fit of the Co
XAS measurements implies the VW growth mode of Co on graphite.

This scenario appears to be even more convincing if one
takes into consideration the very recent atomic resolution
scanning transmission electron microscopy studies done by
Zan et al., where the authors showed that, similar to Fe
adatoms, Co adatoms prefer to stick on hydrocarbons on
single- and few-layer graphene.28

The XAS peak intensity versus deposition time profiles
of the C K-edge and Co L3-edge, shown in Fig. 4, verify
the VW growth mode of Co on graphite as observed in our
STM characterization, as can be concluded from the linearity
of those peaks with the deposition time. Due to the surface
sensitivity of XAS, a significant increase in the ratio between
bulk and surface Co atoms during growth (as expected,
e.g., for a substantially increasing cluster size or a layer-by-
layer growth mode) would lead to a nonlinear (saturating)
intensity versus coverage behavior. The linear increase of
the Co L3-edge signal with deposition time observed here
shows that the ratio of bulk-to-surface atoms is approximately
constant, in agreement with nucleation-dominated growth. The
slow decrease of the C K-edge signal from the substrate
is due to the relatively high exposure of the substrate
surface.

Experimental determination of the magnetic properties
of interfaces between ferromagnetic metals and graphene
and/or graphite remains practically nonexistent, and provides a
special challenge, since a technique, preferably with submono-
layer sensitivity and element specificity, would be required.
The use of XMCD, which offers these capabilities and simul-
taneously allows for direct and separate quantitative evaluation
of atomic spin and orbital magnetic moments of a given
sample, is particularly suited for this purpose.29–32 Figure 5
illustrates the Co L2,3-edge XMCD of the samples with various
Co deposition time, normalized to the XAS step height at
815 eV, i.e., well above the L2 edge, where dichroic effects are
negligible. It can be seen that the Co nanostructures are free
from oxidation, due to the lack of multiplet structure at the Co
L-edge, and display clear dichroic signals, which increase with
increasing Co deposition time, therefore implying an increase
in the total magnetic moments of the Co nanostructures. It
should be noted that those dichroic effects were observed only
when a magnetic field was applied during the measurements,
but not at remanence, therefore indicating superparamagnetic
(SPM) behavior of the Co nanoislands at RT. We confirmed

FIG. 5. (Color online) Normalized Co L2,3-edge XMCD intensity
as a function of Co deposition times and of applied magnetic field
during the measurements.

this by recording the Co XMCD intensity of the samples as a
function of the external magnetic field, evidenced in the inset
of Fig. 6. Due to the limited field strength that one could apply
in the experimental station, the figure solely shows the (nearly
linear) middle part of a typical “S”-shaped magnetic hysteresis
loop of an SPM material. In order to determine the magnetic
moments of the Co nanoislands at an elevated temperature and
at a relatively weak field, we introduced an Fe layer on top of
the Co islands. The Fe layer couples ferromagnetically to the
Co islands, thus allowing very low thicknesses of Co on HOPG
to become ferromagnetic at RT, thereby effectively simulating
the behavior at the interface with a ferromagnetic Co film. This
is illustrated by the Fe and Co XMCD loops depicted in Fig. 6.
The intensity MXMCD of the hysteresis loops was determined
by measuring the helicity-dependent absorption signals at the
maximum of the Fe and Co L3-edge (μon)± and in the pre-edge
region (μoff)±, while scanning the external field back and forth,
via

MXMCD ∝ (μon − μoff)+ − (μon − μoff)−
(μon − μoff)+ + (μon − μoff)−

. (1)

The normalization to the signal in the pre-edge region is
necessary to zero out any artificial magnetic field-dependent
(but magnetization-independent) background (see also, e.g.,
Ref. 33). As shown in the figure, both Fe and Co XMCD
loops exhibit identical coercivities and also reveal an overall

FIG. 6. (Color online) Normalized Co and Fe L3-edge XMCD
hysteresis loops of Fe-capped Co/HOPG. The inset shows the SPM
Co XMCD loop of bare Co/HOPG at RT.
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FIG. 7. (Color online) Sum-rule analysis of Co L2,3-edge XAS
and XMCD spectra of Fe-capped Co/HOPG with a deposition time
of 36.5 min measured at RT. The measurements were taken in the
presence of a 250-Oe magnetic field. The symbols shown in the
figure are explained in the text.

similar shape after a further normalization of the loops to their
respective intensity at 250 Oe. More importantly, due to the
existence of the Fe cap, the Co hysteresis loop now exhibits a
remanence, which is clearly absent in the bare Co/HOPG.

The XMCD sum rules were used to extract the values of
orbital and spin magnetic moments from the Fe-capped Co
XMCD spectra shown in Fig. 7.31,34 A magnetic field of 250
Oe was applied in the measurements in order to magnetically
saturate the sample. Following the procedure introduced by
Chen et al., the “unstructured absorption” was simulated
by a simple two-step background and subtracted from the
absorption spectra for computing the 2p to 3d XAS intensities
μ+ and μ− for parallel and antiparallel alignment of photon
helicity and magnetization.30 Then, the orbital morb and spin
magnetic moments mspin were obtained from the integrals of
the total XAS

∫
(μ+ + μ−) and XMCD

∫
(μ+ – μ−) spectra

for calculating the values for p, q, and r (see Ref. 30), using
the following sum rules:

morb = −4qnh/3rP, (2)

mspin = (4q − 6p) nh/rP . (3)

The number of holes nh was taken as 2.29 for Co (Ref. 30)
and the degree of polarization P was 0.75. The results of the
sum-rule analysis, compared to the bulk values, are described
in Table I. As shown, the spin moment of the Co nanoislands
is 1.01±0.13 μB , representing 63% of the bulk value.30 This
reduction might be a direct consequence of the aforementioned
Co–C formation. In contrast to the reduction in spin moment,
the orbital moment shows a remarkable enhancement of 140%
with respect to the bulk value. This orbital enhancement is
possibly originating from (1) a reduced delocalization-induced

TABLE I. Spin and orbital magnetic moments in units of μB per
atom of Co on HOPG and bulk hcp Co.

Structure morb/μB mspin/μB morb/mspin

Co/HOPG 0.218 ± 0.027 1.01 ± 0.13 0.216 ± 0.026
Bulk Co (Ref. 30) 0.154 1.62 0.095

quenching of the orbital moment in nanoclusters, and (2) the
reduction of symmetry in comparison with the bulk structure,
which can change the orbital degeneracy.32

In terms of the lattice-matched spin-filtering interfaces
proposed by Karpan et al., where FM/graphite interfaces
are basic building blocks,10 the results obtained by our
structural and magnetic characterizations would suggest that
such epitaxial interfaces can not be obtained straightforwardly
with conventional approaches. Although epitaxial interfaces
of Co and graphene were only very recently demonstrated
by Vo-Van et al. using pulsed-laser deposition, the control
over the produced Co crystal phase in their ultrathin films
remains lacking, making this task seemingly insurmountable
at present.35 Spin transport in graphene has already been
demonstrated and accomplished by several groups,6–9 but the
quality and magnetic robustness of the spin contacts adopted
in these experiments, however, remain relatively unexplored.
Of high relevance to our magnetic characterization results is
the case where spin contacts are fabricated by direct intimate
contacts between Co and single-layer graphene, as utilized
by Han et al.7,36 Due to the reduced spin moments of Co
in the presence of hydrocarbon contaminations on surfaces
of graphene or graphite, one would expect that the initially
injected spin polarization in the vicinity of the Co/(graphene
or graphite) interfaces will not be optimal.

IV. CONCLUSIONS

In summary, structural investigation of the transition-metal
Co on highly oriented pyrolytic graphite by STM revealed that
Co atoms and nanoislands nucleate actively on graphite, in
apparent disagreement with the known noninteracting nature
of the carbon material. This behavior might be attributed
to the hydrocarbon surface contamination on the surface
graphene of HOPG, which causes Co carbide formation, as
clearly evidenced in the XAS spectra. Using XMCD, the
interface magnetic properties of nanostructured Co/graphite
have been studied. This was made possible by the inclusion of
a ferromagnetic Fe cap atop the SPM Co nanoislands, which
facilitated the determination of the spin and orbital moments
at the hybrid interface at moderate magnetic field strength.
The measurements reveal a 40% reduction and a 140%
enhancement in the spin and orbital moments, respectively,
when compared to the bulk. It is likely that our results might
give an insight into the issues, such as the magnetic integrity
of spin injection and detection contacts that are made of
3d transition ferromagnetic metals and (single-) few-layer
graphene, without a tunnel barrier, for carbon spintronics.
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