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ABSTRACT: Fe undergoes a corrosion process under aerobic
conditions. Oxidized forms of Fe lose malleability, durability, and
other critical physical properties. For spintronic applications, alloy
forms or capping layers are used to modulate the properties of Fe.
Observing the Fe(111) spin structure is critical for practical
applications. We suggest a method of coating Fe to retain its
original magnetic properties. Thanks to monolayer graphene
(MLG) growth, the properties of the Fe spin structure do not
change, even under ambient conditions. Through angle-resolved
photoemission spectroscopy (ARPES) and low-energy electron
diffraction (LEED) measurements, we also found that interfacial
band structures are modulated due to the presence of MLG.

1. INTRODUCTION

Understanding the correlation between the magnetic domain
structure and functional properties is important for materials
subject to magnetic field-driven phase transitions or micro-
structure variations. Recently, many studies have been
performed using two-dimensional (2D)-based materials with
other metals for interfacial magnetic properties.1−10 In this
work, we report the synthesis of a monolayer of graphene
(MLG) on single-crystalline Fe(111) by a chemical desorption
process at 1000 K below the transition temperature. After
MLG coating, the intrinsic magnetic and electronic properties
of single-crystalline Fe(111) and the effects of MLG were
investigated.
The magnetic easy axis lies on Fe(100), and the hard axis

aligns on the (111) orientation. The magnetization of the Fe
crystal along the (100) plane requires the least energy, whereas
that along Fe(111) consumes the greatest amount of energy at
approximately 3.5 × 10−6 eV per atom.10 On the basis of the
MLG-coated bcc-Fe(111) structure, it has been possible to
engineer electronic and spin properties by manipulating the
MLG and Fe(111) interface.
At the same time, the presence of MLG on Fe(111) prevents

the oxidation of Fe and consequently preserves its unique
properties, enabling the engineering of atomic spin structures.
Once oxidized, the domain patterns realign in an energy-
efficient manner, reducing domain walls as much as possible.
Thus, the development of alternative forms of Fe−C-based
materials is emerging in a timely manner. To this end, the
adsorption of well-defined graphene under ultrahigh vacuum

(UHV) conditions could be an excellent approach for
engineering the electronic and magnetic properties of Fe. As
previously reported, no impurities, even the smallest atoms,
can penetrate graphene if close to a perfect crystalline
monolayer of graphene is synthesized.11

Here, we report monolayer graphene growth on single-
crystalline Fe(111). We observe the magnetic properties of
single-crystalline Fe(111) and corrosive protection due to
monolayer graphene. Monolayer graphene was grown by the
dissociative adsorption of C2H2 under UHV conditions.
Because graphene fully protects against oxidation, sharply
branched three-dimensional (3D) magnetic domain patterns of
Fe(111) were successfully observed. This combination of
materials, with its aforementioned advantages, could be critical
for many practical applications in future electronics.

2. RESULTS AND DISCUSSION

We synthesized a uniform structure of MLG on Fe(111)
substrates. Compared with other synthesis methods, the
dissociative adsorption of C2H2 is unique because it allows
ultrahigh-quality graphene to be grown under UHV con-
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ditions.15−18 The details of the synthesis are described in the
Experimental Section.
The precleaning of Fe crystals before synthesis is a critical

step. The upper image in Figure 1A shows the wide-scan

spectra of bare Fe(111). Repeated sputtering and annealing
rendered the Fe substrate ultraclean, resulting in a spectrum
with a relatively small C 1s peak and a strong Fe 3p peak near
50 eV. As shown in Figure 1A, after graphene formation (lower
panel), the C 1s peak increased in intensity, while the Fe 3p
peak weakened significantly. These results are a hallmark of
MLG deposition and indicate that the Fe surface was covered
with carbon atoms. A detailed view of this spectrum in a
narrow range around the C 1s peak is shown in the inset of the
lower panel. The full width at half-maximum (FWHM) of the
C 1s peak is approximately 0.58 eV, indicating the formation of
high-quality graphene. This peak is substantially narrower than
that of CVD-grown graphene.18

Fe readily undergoes oxidation and corrosion, which
strongly limits its use in many applications. Figure 1B shows
the photoemission spectroscopy (PES) spectra of the clean
and MLG-coated Fe surfaces with increasing O2 exposure. The
spectrum of the clean Fe surface (upper) shows a sharp Fe 3p
peak at 52.5 eV, and no other peaks are observed. As shown in
the lower panel of Figure 1B, however, when the surface is
exposed to oxygen, the O 2s peak is observed at ∼21.95 eV,
and the absorption of oxygen on the Fe surface substantially
alters the valence band spectrum. The intensity of the O 2s
peak is saturated when less than 100 L of oxygen is applied.
The Fe 3p core-level peak also changes considerably due to the
formation of bonds between the oxygen and Fe atoms.
By contrast, when the MLG-covered surface is exposed to

oxygen, the Fe 3p peak remains nearly unchanged, and the O
2s peak is not visible even up to 3000 L. The results indicate
that oxygen atoms cannot penetrate the graphene and that they
do not combine with Fe atoms. We observed that MLG
completely protects the Fe surface from oxidation. This
protective effect was also confirmed by the ferroxyl test, as
described in the Supporting Information Section (SI).
Scanning tunneling microscopy (STM) imaging under

ambient conditions can identify pristine graphene structures.19

Our analysis confirmed that the synthesized graphene is very
smooth, as observed in the spectra shown in Figure 1. The
inset image in Figure 2A shows branch-like lines that reflect the

step-edge structure of Fe under the graphene layer. This result
confirms the occurrence of the Fe(111) orientation and the
thermal effects during the synthesis. The topographical image
originates from the Fe−graphene interface.
The occurrence of interface dynamics during graphene

growth can be inferred. Graphene forms two main domains
oriented at approximately ±15° with respect to the substrate,
and effects resulting from the adsorption energy difference and
thermal annealing of the Fe crystal structure are observed.
Kinetic roughening could drive random growth at the surfaces
and interfaces in a certain way. The origin of this phenomenon
is attributed to the domain rotation and kinetic roughening of
graphene and Fe.20,21

Ultrahigh-sensitivity magnetic force microscopy (MFM)
images collected under ambient conditions show unique
domain structures (Figure 2B).22−25 The magnetic domain
patterns show multiple sharply branched tree-like structures.
Since several domain walls are not thermodynamically
favorable, the reduction of the walls stabilizes with a low-
energy structure (more favorable). As reported in the
literature, monolayer graphene does not exhibit ordered
magnetic properties; instead, it prevents the oxidation of Fe
substrates. Other types of Fe and Fe-based systems show
similar patterns,26,27 but graphene on Fe completely prevents
other changes in domain patterns, such as oxidation.
To further investigate the magnetic orientation, we

performed a spin-polarized low-energy electron microscopy
(SPLEEM) experiment under UHV conditions. The results
reveal unique domain patterns in a system without requiring
the exposure of the sample to a magnetic field. SPLEEM
produces clear images of the domain structures of Fe(111)
with different magnetic orientations. The color scale in Figure
2C indicates the magnetic orientations from 0 to 360° in the
image. These types of unique domain patterns were also
observed in pristine Fe(111) after argon annealing and
sputtering were performed under ambient and UHV
conditions.
Figure 3A shows a schematic model of the Fe(111)

structure. The Fe(111) substrate is modeled as six layers of
an Fe crystal. The length of the basic vector in the primitive

Figure 1. Synthesis of the MLG layer on top of the Fe surface. (A)
PES spectra of pristine (upper) and MLG-coated (lower) Fe surfaces.
The inset of the lower panel shows the C 1s peak in detail. (B) The
PES results for pristine and MLG-coated Fe(111) surfaces after
oxygen exposure up to 3000 L.

Figure 2. Surface measurements of MLG-covered Fe(111). (A)
Atomic force microscopy (AFM) image and (B) the resultant
magnetic force microscopy (MFM) images of the same structures
under ambient conditions. The image dimensions are 5 × 5 μm2. The
inset shows an ambient STM image of monolayer graphene on single-
crystalline Fe(111) (200 × 200 nm2 image). (C) A micrograph of the
domain structures acquired via spin-polarized low-energy electron
microscopy (SPLEEM). The domain patterns show randomly
oriented, sharply branched domain structures. The field of view
(FOV) is 8 μm.
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surface unit cell of the Fe(111) film (a = 4.05 Å) is
approximately 1.6 times larger than that of graphene (a = 2.46
Å). The graphene on the Fe(111) structure is illustrated in
Figure 3B. We modeled different scenarios as described in the
SI and found that the structure consumed the lowest energy.
Accordingly, we studied the MLG-Fe(111) system, in which
the lattice mismatch is reduced to less than 2%. Therefore,
only interface effects were considered in the calculation.
Figure 3C presents the band structures of bare Fe(111) (left

panel) and MLG-Fe(111) (right panel) around the Γ point of
the Brillouin zone. The σ2,3 and π bands of graphene are clearly
observed, and the binding energies of these states are observed
at ∼4.5 and ∼8.5 eV below the Fermi energy, respectively. The
band structures of pristine Fe and MLG/Fe(111) around the K
point are presented in Figure 3D (left and right panels,
respectively). Figure 3D shows two clear π bands near the
Fermi level, indicating that high-quality graphene was
synthesized on the Fe(111) surface. The interaction energy
between graphene and Fe(111) is stronger than that between
graphene and other transition metals, such as Ni and Co.16,17

Two different π bands arise from two separately rotated
graphene domains. The rotation of the band dispersion is a
signature of dual domains. In addition, two parabolic σ1 bands
are observed, analogous to the two π bands. The minima of the
σ1 bands around the K point are measured to lie at ∼10 eV
below the Fermi energy. Multiple rotations of graphene have
been similarly reported for graphene/Cu(111).18

Figure 3E shows the low-energy electron diffraction (LEED)
pattern of MLG/Fe(111). The hexagonal lattice structure

arises from bcc-Fe(111). The other spots, A and B, indicate the
formation of two rotated graphene structures on Fe(111).28,29

The rotation angle with respect to the hexagon of Fe(111) is
approximately ±15°. To better understand the rotation angle,
Figure 3F shows angle-resolved photoemission spectroscopy
(ARPES) and LEED patterns together. The rotation angle is
consistent with the ARPES results.
We swept a magnetic field with respect to the magnetization

at the Fe L3,2-edge, as shown in Figure 4A. The hysteresis

loops indicate completely canted magnetization within the
range of ±150 mT. The remanence within this range is zero.
The plot is linear in the out-of-plane (OOP) component,
indicating a hard axis. The interfaces are magnetically coupled
to each other with zero remanence in this range, and for this
reason, unique domain patterns are presented. By contrast, the
OOP components only show a hard axis, very similar to the
behavior of bulk Fe(111).
As shown in Figure 4B, the X-ray absorption spectroscopy

(XAS) and X-ray magnetic circular dichroism (XMCD)
spectra of the Fe L3,2 edge present typical metallic behaviors
without peak splitting or any signs of oxidation, although the
system was exposed to air. The MLG membrane served as a
coating to prevent any strong reaction or change in the
interface anisotropy of Fe(111). For bcc-Fe, K1 is positive, and
Fe(100) is the favorable direction.
The highest density of atoms is in the (111) direction;

consequently, the (111) axis is the hard axis, while (110) and
(100) are the easy axes. The antiparallel magnetization
directions are crystallographically equivalent, providing three
distinct easy directions for positive-K1 systems.
A first-principles calculation was performed, and the results

showed that the MAE was reduced after the growth of the
graphene interfaces. The topmost monolayer of Fe is coupled
to graphene, changing the MAE in the other direction. Only
the first layer will have some effects: the other layers show no
significant effects. The calculation procedure is detailed in the
Experimental Section. The canted magnetization from the m−
H loops is correlated with randomly oriented tree-like domain
patterns, as shown in Figure 2. Figure 4C shows the main

Figure 3. Schematic illustrations of the material structures and the
formation of the layers and the resulting band structures: (A)
Schematic of the MLG-Fe(111) structure. (B) Model of the MLG on
Fe(111) structure. Angle-resolved photoemission spectroscopy
(ARPES) images of (C) bare Fe(111) and (D) MLG-Fe(111)
around the K point. (E) The low-energy electron diffraction (LEED)
pattern of graphene on Fe(111). (F) The pattern shows two
separately rotated domains. The ARPES results also show dual π
bands, consistent with the LEED results.

Figure 4. m−H loops of the structure and the calculated and
experimental X-ray spectra. (A) m−H loops of the structure in the IP
orientation. (B) XAS and XMCD spectra of Fe(111) after graphene
growth. The penetration depth of the X-ray is less than 7 nm. (C)
First-principles calculation of the interface-induced MAE of graphene
on the Fe(111) structure.
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results, and the non-self-consistent total energy of the system
was determined for the IP and OOP orientations of the
magnetic moments. Couplings between MLG and transition
metals due to proximity effects have been reported in the
literature.30,31

Furthermore, the step-edge energy underneath the graphene
layer induces atomic modulation and enhances the corrugation
of the Fe surface during the annealing process. The surface
morphology changes slightly due to lattice mismatch. Due to
the MLG coating, we observe that the Fe system changes to
show unique domain patterns. This modification allows closed
90° domains and unique domain structures in the Fe(111)
orientation.

3. CONCLUSIONS
MLG on single-crystalline Fe(111) was successfully studied.
High-quality MLG growth is possible through dissociative
adsorption under UHV conditions. Because of the presence of
graphene, a single-crystalline Fe(111) substrate can retain its
original properties because it is prevented from reacting with
the oxygen in the air. Due to the unique properties of the Fe
structures, large numbers of randomly oriented domain walls
are observed. In a magnetic field range of ±150 mT, the IP
orientation is completely canted (coupled with the first layer of
Fe atoms). If the thin-film types of the structures are patterned
along the domains, then high-quality devices can be simply
fabricated by growing MLG on top of the surface.28

4. EXPERIMENTAL SECTION
4.1. Fabrication of Monolayer Graphene onto Single-

Crystalline Fe(111). A clean Fe(111) surface was prepared by
applying multiple successive cycles of Ar+ sputtering at an energy of 1
keV for 30 min over ∼24 h and subsequent annealing for 2−5 min at
approximately 1000 K in a UHV chamber; this procedure was
performed until carbon was minimized and no peaks corresponding to
contaminants such as S, NO2, or O2 were observed by PES. After
additional confirmation of the surface purity with LEED and ARPES,
a graphene layer was grown on the Fe(111) substrate at ∼1000 K in a
C2H2 atmosphere of 1 × 10−6 to 5 × 10−6 Torr.
4.2. ARPES and X-ray Photoelectron Spectroscopy (XPS)

Measurements. The ARPES studies were performed at beamline
10D of the Pohang Accelerator Laboratory (PAL), which is equipped
with a Scienta R4000 analyzer that provides an overall energy
resolution of ∼50 meV at ∼34 eV under a pressure of 1.2 × 10−10

Torr. The binding energy was calibrated by measuring the Au Fermi
energy and the Au 4f core-level spectrum. The data were collected at
room temperature. The electronic band structures were taken from
the clean Fe(111) surface and from the graphene grown on Fe(111)
at the Γ and K points along the ky direction in momentum space, as
shown in the insets of Figure 1C,D. A photon energy of 420 eV was
used for spectrum collection.
4.3. Ferroxyl Spray Test. The ferroxyl test was conducted while

monitoring the appearance of the Fe surface. The test solution was
sprayed onto the surfaces of the bare Fe and the graphene-coated
structure.
4.4. Scanning Probe Microscopy (SPM) and Scanning

Tunneling Microscopy (STM). SPM and magnetic force micros-
copy (MFM) were performed via 30 nm dynamic mode scanning.
STM was used for high-quality topographic measurements under
ambient conditions.
4.5. Spin-Polarized Low-Energy Electron Microscopy

(SPLEEM). Real-space images were acquired using three orthogonal
electron beam spin alignments such that the magnetic contrast along
three orthogonal directions corresponds to the OOP magnetization
direction and two orthogonal IP axes. SPLEEM images map the
magnetization of the sample in the sense that the intensity in each
pixel represents the dot product of the spin polarization vector P of

the illumination beam and the magnetization vector M with a lateral
resolution on the order of 10 nm.

4.6. First-Principles Calculation. In the framework of density
functional theory, our first-principles calculation was performed using
the Vienna ab initio simulation package (VASP) with the Perdew−
Burke−Ernzerhof generalized gradient approximation (GGA-
PBE).12,13 The electron−ion interaction is described by the projected
augmented wave (PAW) potentials.14 In all calculations, a kinetic
energy cutoff of 520 eV and a Γ-centered 6 × 6 × 1 K-point mesh for
the first Brillouin zone integration are employed. The MAE is
calculated in three steps. First, structural relaxation is performed until
the forces on each atom are smaller than 0.001 eV/Å to determine the
ground state. Next, the Kohn−Sham equations are solved with no
spin−orbit coupling (SOC) considered to determine the charge
distribution of the system’s ground state. Finally, the SOC is included,
and the non-self-consistent total energy of the system is determined
when the orientations of the magnetic moments are set for both IP
and OOP.

Understanding the correlation between the magnetic domain
structure and functional properties is important for materials subject
to magnetic field-driven phase transitions or microstructure variations.
Recently, many studies have been performed using 2D-based
materials with other metals for interfacial magnetic properties. In
this work, we report the synthesis of a monolayer of graphene (MLG)
on single-crystalline Fe(111) by a chemical desorption process at
1000 K below the transition temperature. After MLG coating, the
intrinsic magnetic and electronic properties of single-crystalline
Fe(111) and the effects of MLG were investigated.
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