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Magnetic metals deposited on graphene hold the key to applications in spintronics. Here, we present the results
of Fe islands grown on graphene/SiC(0001) by molecular beam epitaxy, which are investigated by scanning tunneling
microscopy. The two types of islands distinguished by flat or round tops are revealed, indicating bimodal growth of Fe. The
atomic structures on the top surfaces of flat islands are also clearly resolved. Our results may improve the understanding
of the mechanisms of metals deposited on graphene and pave the way for future spintronic applications of Fe/graphene
systems.
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1. Introduction
Since the discovery of graphene overturned the argu-

ment that monolayer or two-dimensional (2D) materials are
unstable and could not exist,[1–4] it has aroused significant
interest. The most fascinating property of graphene is its
massless Dirac dispersion of low-energy excitation,[5–8] which
leads to novel phenomena such as the half integer quan-
tum Hall effect (QHE) under an external magnetic field even
at room temperature.[9–12] Recently, the properties of multi-
layer graphene with moiré superlattices have become a hot
topic due to their strong correlation and possible topologi-
cal order.[13] Other than pristine graphene, the hybrid sys-
tems of graphene and other materials may generate new
possibilities.[14] One example is that properly doped graphene
is theoretically predicted to possess d + i d superconductivity
due to repulsive interactions.[15–17] This superconductivity has
been experimentally demonstrated in Ca-intercalated bilayer
graphene.[18–20] Furthermore, after building heterostructure
between graphene and other functional materials, graphene
may gain certain properties directly from the deposited ma-
terial without breaking intrinsic electronic states. These het-
erostructures hold many feasible applications. In particular,
with promising applications in spintronics and memory de-
vices, magnetic metal/graphene heterostructures are of great
interest.[21–23]

Studies of magnetic metal/graphene heterostructure
mainly focus on realizing stronger magnetic properties in com-

parison to pristine magnetic materials. One example is that
Baltic et al. discovered that the superlattice of Dy atoms on
graphene has great magnetic stability due to the 6-fold sym-
metry of the absorption site, as well as the electron/phonon
properties of graphene.[25] Another case investigated by Ren
et al., shows that graphene/Ru substrate acts as a medium
to support Ruderman–Kittel– Kasuya–Yosida (RKKY) indi-
rect spin exchange for Mn trimers.[26] With regard to ferro-
magnetic materials, Gao et al. found that when Ni nano-
islands are grown on graphene, the graphene becomes spin
polarized due to the antiferromagnetic coupling between Ni
nano-islands and graphene.[27] Moreover, many researchers
reported that adatoms or islands of Fe, the most typical mag-
netic material, when grown on graphene, demonstrates the
complexity of both growth morphology and electronic states
in such heterostructure.[28–33] Although there have been many
advances in the study of Fe/graphene structures, the most
challenging issue of this heterostructure, as with most other
metal/graphene systems, is the three-dimensional (3D) growth
of Fe, which usually takes irregular island shapes and small is-
land sizes.[23,29–32,35] Therefore, the preparation of Fe islands
on graphene with better morphology is desirable.

On the other hand, scanning tunneling mi-
croscopy/spectroscopy (STM/S) is a powerful technique to
characterize electronic properties of single crystals on atomic
scale.[36–41] More importantly, the combination of material
growth techniques, especially molecular beam epitaxy (MBE)
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and STM/S, allows us to obtain high-quality thin films of tar-
get samples (on certain substrates in some cases) and immedi-
ately acquire the real space morphology and electronic prop-
erties of the samples. This combination has already played an
important role in the study of functional heterostructures, epi-
taxial 2D materials, novel quantum materials, interface or thin-
film superconductivity, quasiparticle interference, etc.[42–60] In
this article, we take advantage of the combination of MBE and
STM to further examine and control the growth morphology
and electronic states of Fe on graphene/SiC(0001).

2. Methods
Our graphene substrates were obtained in ultrahigh vac-

uum (UHV), where the basic pressure is at approximately
2×10−10 Torr, by annealing of 6H-SiC(0001) at 1450 ◦C for
20 min. The pressure did not exceed 2×10−8 Torr during the
annealing process, and dropped back below 3×10−10 after an-
nealing. Fe was then deposited on graphene by electron beam
evaporation, while the substrate was kept at room temperature.
After the samples were further grown and annealed at various
temperatures and cooled down to room temperature, they were
immediately transferred to a commercial STM, which is also at
UHV, for measurement. The STM measurement in this article
was carried out at liquid helium temperature (4.7 K). The STM
tips are made from electrochemically etched tungsten wire.

3. Results
Figure 1 demonstrates the different topographies of the

50 nm 50 nm

(b)(a)

(c) (d)

50 nm 50 nm

Fig. 1. STM images of the Fe/graphene with different Fe coverages and
growth/annealing temperatures. (a) Topography of epitaxial graphene on
SiC. The figure at top right is a 5 nm×5 nm STM image with atomic
resolution. (b) 8.6 ML Fe deposited with substrate at room temperature.
(c) 12.5 ML Fe deposited at substrate room temperature and annealed at
873 K for 15 min. (d) 37.2 ML Fe deposited at 873 K and annealed at 973 K
for 15 min.

samples with various Fe coverages and sample annealing tem-
peratures. Bilayer graphene on 6H-SiC(0001) without any
Fe deposition is shown in Fig. 1(a). The inset is an STM
image with atomic resolution, displaying typical honeycomb
structure of graphene. The STM image serves as proof that
graphene surface is atomically clean. Then, as illustrated in
Fig. 1(b), about 8.6 monolayer (ML) Fe was deposited on
graphene, while the substrate was kept at room temperature.
Fe forms small rounded clusters with short inter-cluster dis-
tance. In contrast, the morphology of 12.5 ML Fe on graphene
annealed at 873 K, as displayed in Fig. 1(c), shows that the
configuration of Fe exhibits a transition from high-density
clusters to low-density crystalline islands during annealing.
Moreover, with larger Fe coverage and higher annealing tem-
perature, the size of the Fe islands and distance between neigh-
boring Fe islands further increase. This formation of Fe is-
lands is dominated by a thermodynamic process. Figure 1(d)
shows the result of 37.2 ML Fe deposited on graphene at 873 K
with subsequent annealing at 973 K, in which well-defined
shaped Fe islands are established.

4. Discussion
Having acquired better Fe island shapes in the

Fe/graphene system, we next pay attention to the general prop-
erties of Fe islands. Figure 2(a) shows the 3D view of Fe
islands on graphene. One may find that the morphology of
various Fe islands can be divided into two categories. One is
islands with nearly perpendicular cliffs with large plateaus on
the top, while the other is islands with round tops (the pyra-
mids with much smaller plateaus on the top are also consid-
ered as Fe islands with round tops). With these two categories
in mind, we subsequently count the height of the Fe islands
with different shapes, as shown in the histograms in Fig. 2(b).
The ratio of the number of Fe islands with flat tops to the Fe
islands with round tops is about 1:2. The average height of
islands with flat tops is 15.16 nm, lower than the 17.78 nm of
round-top islands. These differences are also evident by look-
ing at the orange and green curves that present the fittings of
the histograms with Gaussian distribution.
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Fig. 2. Fe islands with various shapes. (a) 3D view of an 150 nm×150 nm
area showing the different shapes of Fe islands. The islands can be divided
into two types based on flat or round tops. (b) The orange (green) histograms
display the distribution of heights of Fe islands with flat (round) tops. The
orange (green) curves are the corresponding Gaussian fittings.
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Fig. 3. Characterization of the island structures. (a) Wulff construction of bcc Fe. (b) 3D view of STM image of an island with flat (110)
top facet. (c) STM image zoomed in at the top of the central island in (b). (d) dI/dV spectra taken on the central islands in (b) (blue curve)
and (e) (orange curve). (e) STM image of an island with (100) top surface. (f) STM image zoomed in at the top of the central island in (e).
(g) 15 nm×15 nm STM image.

After checking the general shapes of the Fe islands, we
turn to studying the specific shapes and electronic states on the
tops of the islands with a flat top. Figure 3(a) is the result of
Wulff construction of body centered cubic (bcc) Fe generated
by Python Wulffpack.[61] Based on calculated results of sur-
face energies of bcc Fe, we know that (110) and (100) surfaces
have the lowest and second lowest surface energies.[62–64,64–68]

(The surface energies chosen here to obtain the Wulff con-
struction were calculated by Błoński and Kiejna.[65]) One can
thus expect that once one has a crystalline Fe island, its facets
will be dominated by (110) and (100) orientations. Moreover,
the results in Fig. 3(a) shows that the shapes of (110) facets
and (100) facets are hexagons and octagons, respectively. The
Wulff construction with different facet shapes helps us to iden-
tify different facet orientations on our Fe islands with flat tops.
Indeed, our STM images in Figs. 3(b) and 3(e) revealed the
Fe islands with flat tops displayed in 3D view. The islands of
interest are the ones located at the center of each image. Based
on the direct comparison to the Wulff construction of Fig. 3(a),
we believe that the top surface of the island in Fig. 3(b) is (110)

surface, and that of Fig. 3(e) is (100) surface. We then measure
the differential conductance (dI/dV ) on different samples to
reveal their local density of states (LDOS). In Fig. 3(d), the
blue and orange curves correspond to the dI/dV spectra taken
on the (110) and (100) top facets of the central Fe island in
Figs. 3(e) and 3(d), respectively. The LDOS on the two kinds
of facets appear similarly in the occupied state, i.e., bias< 0,
but differently in the empty state (bias> 0). In the empty state
with bias voltage ranging from 0 V to 1 V, the LDOS intensity
in the (100) facet increased with rising voltage, but the (110)
LDOS remains constant.

Figure 3(c) is the STM image with atomic resolution on
the top of the (110) facet in Fig. 3(b); instead of a well-
ordered atomic arrangement, we only find nearly disordered
stripes with an inter-stripe distance of approximately 1 nm.
Figure 3(f) is the small-range STM image taken on the top of
the (100) facet from the island in Fig. 3(e), which shows or-
dered stripes together with some disrupted bright dot arrays.
Figure 3(g) is the STM image on the top of another island also
with the (100) facet, which demonstrates much more ordered
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patterns. If we further consider the patterns in Fig. 3(g) as
crystal lattice, it would be a 2D oblique lattice with lattice con-
stants asample = 2.08 nm, bsample = 3.71 nm, both being much
larger than (and incommensurate with) aFe(100) = 0.286 nm
and aFe(110) = 0.248 nm.[69] One may speculate that the rea-
son for such a lattice constant difference might be that the is-
lands are products of iron–carbon compounds rather than pure
Fe. However, if we focus on the graphene substrate at the
border of an island, we can clearly resolve, as displayed in
Fig. 4, that complete graphene lattice remains without any evi-
dence of chemical reaction. Furthermore, when comparing the
Wulff construction to our experimental results of the shapes of
islands, the top facets can be identified as (110) and (100) sur-
faces of pristine bcc Fe crystal.

1 nm10 nm

(a) (b)

Fig. 4. STM images of Fe islands and graphene substrate after depo-
sition at 873 K and annealing at 973 K for 15 min. (a) STM image of
Fe islands and bare substrate in an 60 nm×60 nm area. (b) STM image
taken directly on bare substrate close to an Fe island within the white
square indicated in a, showing exactly the feature of graphene.

The crystal symmetry and lattice constant between bcc
Fe and graphene is large. Consequently, the strain in the Fe
islands should play an important role in the surface structures.
For example, the study of Fe grown on W(110)[70,71] and Re
(0001)[72] revealed that lattice mismatch between the Fe is-
lands and the substrates easily leads to the formation of sur-
face superstructures with stripes and/or nearly periodic dots.
We thus attribute the observed patterns on our island tops in
Figs. 3(c), 3(f) and 3(g) to the strain-induced surface super-
structures. Our islands of measurement are about 60 ML in
thickness and much thicker than the ones in Refs. [70–72],
which may be the reason for the slightly different inter-stripe
distances between them.

5. Summary
We have successfully prepared Fe islands on graphene by

MBE. Through STM experiments, we found that the Fe is-
lands have both flat and round tops, indicating that the growth
of Fe islands is bimodal. We obtained the distribution of
heights of the two modes and established that the Fe islands
with flat tops have lower average height. On the flat-top is-
lands, the orientations of the top facets were assigned accord-
ing to the Wulff construction of bcc Fe. Our STM images of

these facets revealed surface superstructure, which was pre-
sumably due to strain effects, although the mechanism of this
phenomenon requires further theoretical study. Our successful
preparation of Fe islands with well-defined shapes will facili-
tate the research of graphene-based spintronics.
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