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Abstract

The strong interaction between graphene and elemental ferromagnetic transition metals
results in considerable shifts of the graphene π band away from the Fermi level. At the
same time, a weakly-dispersing single-spin conical band feature is found in the proxim-
ity of the Fermi level at the K point in the surface Brillouin zone of epitaxially-aligned
graphene/Co(0001). Here, the robustness of this electronic state against twisting angles
at the interface is experimentally and theoretically demonstrated by showing the pres-
ence of similar band features also in the case of rotated graphene domains on Co(0001).
Spin-resolved reciprocal space maps show that the band feature in rotated graphene
has similar Fermi velocity and spin polarization as its counterpart in epitaxially-aligned
graphene. Density-functional-theory simulations carried out for the experimentally ob-
served graphene orientations, reproduce the highly spin-polarized conical band feature
at the graphene K point, characterized by a hybrid π-d orbital character. The presence
of the conical features in the rotated domains is attributed to the unfolding of the super-
structure K point states exclusively to the K point of the graphene primitive cell. The
similarities found in the electronic character for different graphene orientations are crucial
in understanding the magnetic properties of realistic graphene/Co interfaces, facilitating
the implementation in spintronics applications.

1. Introduction

Owing intrinsically high carrier mobility, small spin-orbit coupling, gate tunability
and large spin diffusion length at room temperature, graphene is an ideal candidate for
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the realization of novel, highly efficient spintronic devices [1, 2, 3, 4]. Towards this goal,
spin polarization in graphene has been induced by doping, controlling defects and, most
effectively, by coupling it to a ferromagnetic material [5, 6, 7, 8, 9, 10]. Among ferro-
magnetic support materials for graphene, cobalt and nickel have attracted the greatest
attention due to the structural matching and the electronic interaction at the interface.
In particular, contacting graphene with cobalt was shown to result in a range of phe-
nomena spanning from efficient spin injection [11], spin reorientation in thin cobalt films
[12] and the presence of a Rashba-type Dzyaloshinskii-Moriya interaction (DMI) at the
graphene-cobalt interface [13, 14, 15]. Notably, the well-known electronic structure of
freestanding graphene is remarkably modified due to the strong substrate interaction
with graphene π band lying considerably below the Fermi level [16]. Therefore, the basis
of spin-related phenomena can rather be attributed to the orbital hybridization at the
interface, which results in a spin polarized state near the Fermi level, termed as minicone
by Usachov et al. [17].

Based on the good structural matching between cobalt and graphene [18], most studies
on the electronic structure of the graphene-cobalt interface have considered azimuthally-
aligned lattices. Indeed, the minicone state has been demonstrated only in the case of
graphene lattice aligned with the Ni and Co substrate lattices. Nonetheless, enhanced
perpendicular magnetic anisotropy in cobalt is reported also for graphene/Co layers with
complete azimuthal disorder [19]. Moreover, there is a range of possible commensurate
structures with different azimuthal orientations between two nearly-matching hexagonal
layers [20]. Indeed, chemical vapor deposition (CVD) growth of graphene on ultrathin Co
films results in rotational disorder at the relatively low growth temperatures necessary to
avoid film dewetting [21, 22, 23]. Considering all the research and applications centered
around ultrathin films, it is important to understand the effect of rotational disorder by
considering both structural and electronic aspects. Thus, we address here the existence of
spin polarized minicone bands near the Fermi level in graphene with different rotational
alignment with respect to the Co substrate.

In order to investigate the nature of the minicone state depending on the relative
in-plane orientation between graphene and cobalt, we use CVD growth with ethylene
as the precursor. The growth conditions are adjusted so that graphene domains with
symmetry axe aligned or rotated with respect to those of the substrate form. By using
spin- and energy-resolved two-dimensional (2D) momentum mapping, we show the pres-
ence of very similar electronic states near the Fermi level with linear band dispersion and
high degree of spin polarization for both epitaxially-aligned and rotated graphene do-
mains. The experimentally-observed properties of the minicone states are confirmed by
density-functional theory (DFT) calculations taking into account the three most abun-
dant graphene rotations at 19.2◦, 22.4◦ and 16.5◦. The theoretical calculations indicate
that the K points of commensurate Gr/Co superstructures coincide with that of the
graphene primitive cell. Furthermore, DFT reveals a high degree of carbon character in
the hybridized minicone states for all graphene rotations considered.

2. Methods

2.1. Surface Microscopy and Electron Diffraction

Spectroscopic PhotoEmission and Low-Energy Electron Microscope (SPELEEM, Elmitec)
operating at the Nanospectroscopy beamline (Elettra synchrotron, Trieste) [24] was used
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for surface microscopy, microspot diffraction and spectroscopy measurements. In the
SPELEEM setup, the sample is either illuminated with low-energy electrons (LEEM)
or soft X-rays (XPEEM), giving structural and chemical information, respectively [25,
26]. In LEEM, elastically backscattered electrons are directly imaged on a 2D detector
through a system of electromagnetic lenses. The electron kinetic energy of the backscat-
tered electrons is selected by tuning a voltage bias applied to the sample (start voltage,
Vst). In addition to real space imaging, low-energy electron diffraction (LEED) patterns
can be collected by imaging the backfocal plane of the objective lens. In diffraction
mode operation, the probed area is limited to a micron sized region (µ-LEED) by using
an area-selecting aperture. The lateral resolution in real space imaging is better than 10
nm in LEEM and 30 nm in XPEEM, whereas the transfer width in diffraction mode is
below 0.05 Å−1 [27].

2.2. Spin and Angle Resolved Photoemission Spectroscopy

Spin-resolved ARPES measurements were carried out using the NanoESCA photoe-
mission microscope (PEEM) operating as a branchline at the Nanospectroscopy beamline.
In the NanoESCA setup, the sample is illuminated with soft X-rays from the beamline
equipped with two Apple-II type undulators. Photon energies cover a range from 40 eV
to 1000 eV, and photon polarization can be set to linear horizontal, linear vertical or
elliptical. The microscope, by properly tuning the electrostatic lenses, can operate in
real space or reciprocal space mode (k-PEEM). The kinetic energy of the photoelectrons
is selected by applying a proper bias voltage to the sample, similarly to the SPELEEM
instrument. The photoemitted electrons are collected by an optical column, energy fil-
tered in the double-hemispherical configuration (IDEA) and finally projected onto a 2D
detector. In addition, spin-dependent reflectivity of a W(001) target inserted in the opti-
cal column allows to perform real or reciprocal space imaging with spin resolution. The
quantification of the spin polarization can be performed by considering constant the spin
sensitivity, being 0.42 and 0.05 for the two employed scattering energies [28]. Therefore
the spin polarization P can be given in an interval ranging from -100% (fully spin-down)
and +100% (fully spin-up). Prior to spin-resolved measurements the sample was in-situ
magnetized using a magnetic field of about 0.5 T, sufficient to align the Co magnetic
domains along the easy magnetization axis of the W(110) crystal [29, 30].

The high resolution ARPES measurements were carried out at the BaDElPh beam-
line (Elettra synchrotron, Trieste), using photon energy of 33 eV, s-polarization [31].

2.3. Sample preparation

The W(110) crystal was cleaned by repeated annealing cycles to 1370 K in 3×10−7

mbar of molecular oxygen, followed by high temperature flashes in UHV up to 2000◦C,
until a sharp (1×1) LEED pattern was obtained. The temperature was measured using
a C-type thermocouple in the SPELEEM and Bad Elph, and a K-type thermocouple
in the NanoESCA setup. Cobalt was deposited using an e-beam evaporator, from a
99.995% purity Co rod, while keeping the sample at room temperature. A total of 50
ML Co was deposited at a rate of 2.3 Å/min. The evaporation rate was determined
from the completion of the pseudomorphic bcc(110) layer on W(110) [32], which can
be monitored in real-time using LEEM during the growth of the Co adlayer. After
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deposition, the quality of the structure and cleanliness of the film was verified by LEED
and XPS, respectively. The carbon for the graphene growth was provided by exposing
the surface to ethylene (C2H4) partial pressure of 5×10−7 mbar. The realignment of
rotated graphene was performed by annealing the sample under UHV conditions up to
900 K. In all the experiments the base pressure of the preparation and analysis chambers
was below 2×10−10 mbar.

2.4. Theory

DFT calculations were performed in the plane-wave-pseudopotential approach, as
implemented in the PWscf code, a part of the Quantum ESPRESSO distribution [33].
The generalized-gradient approximation for exchange and correlation in the Perdew–
Burke–Ernzerhof parametrization and ultrasoft pseudopotentials are used. To account for
van der Waals interactions, we applied the empirical DFT-D method [34]. The graphene-
covered Co(0001) surfaces are simulated using the supercell method. The computational
load due to the large lateral sizes of the rotated phases limited the thickness of the cobalt
slab to three layers on top of which was an additional layer of graphene and a vacuum
slab equivalent to 7 hexagonal-close packed (hcp) interlayer spacings. Our optimized bulk
Co lattice constant is 2.501 Å with c/a ratio of 1.611, which is less than 0.7% smaller
than the experimental values of 2.507 Å and c/a of 1.623[35]. For the epitaxially-aligned
configuration, we used the fcc-top adsorption geometry [23]. The atomic positions are
relaxed in the graphene and the interface Co layer, while the atomic positions in the
bottom two Co layers are kept fixed at the bulk values. The R22◦ phase which we
simulated in our calculations can be denoted as (

√
7×

√
7)R40.9◦ supercell. The primitive

vectors spanning the unit cell of R22◦ are rotated by 40.9◦ with respect to the Co (101̄0)-
direction and the graphene is rotated by 21.7◦ relative to the Co (101̄0)-direction (and
the epitaxial alignment) in R22◦. In the R19◦ phase, or (8 × 8)R40.9◦ supercell, the
graphene is rotated by 19.1◦ with respect to the Co (101̄0)-direction. Finally, in the
R16◦ phase, denoted as (7 × 7)R36.6◦, graphene is rotated by 16.4◦ relative to the Co
(101̄0)-direction.

3. Results and discussion

Graphene was grown by ethylene CVD on a 50 ML (about 10 nm) Co film on W(110)
[36]. Growth at pC2H4 = 5 × 10−7 mbar and T = 850 K leads to the formation of
various rotational domains of graphene consistently with the literature [21, 23, 37] (fur-
ther details on sample growth and characterization can be found in the Methods section
and in Supporting Material Section 1). Angle resolved photoemission and low-energy
electron diffraction (LEED) patterns from the resulting surface featuring both rotated
and epitaxially-aligned graphene domains are shown in Figure 1a and 1b, respectively.
In the 2D photoelectron momentum map in Figure 1a obtained from the angle resolved
photoemission spectroscopy (ARPES) measurement at constant binding energy near the
Fermi level, the minicone feature reported in the literature can be discerned at the K
point of the epitaxially-aligned graphene domain (green arrow). In addition, a similar
band feature is visible also at the respective K points of the rotated graphene domains,
as indicated by the red arrows. Based on this observation, we have studied the structural
and electronic properties of different graphene domains in a comparative manner.
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Figure 1: a) 2D momentum map near the Fermi level (Eb = 50 meV, hν = 56 eV, p-polarisation, T = 130
K) of coexisting graphene domains with different azimuthal orientations, and b) the corresponding LEED
pattern (Vst = 40 V). Brillouin zones of the cobalt substrate (blue), 19.2◦ rotated graphene primitive cell
(red) and the corresponding Gr/Co superstructure (gray) are shown as an overlay on the bottom right.
c) LEED intensity profile acquired along the curved path indicated in the inset. The intensity profile
was fitted using Gaussian profiles. Optimized unit-cell geometries from DFT calculations for graphene
orientations: d) R19.2◦, e) R16.5◦, f) R22.4◦, g) epitaxially-aligned phase. The black lines denote the
surface unit cell, while the red and blue circles represent the C and Co atoms, respectively, in (d-g).
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Table 1: The cohesive energy (∆E in eV per Co surface atom) relative to the epitaxially-aligned case,
average distance between the Co surface and graphene (d in Å), and isotropic strain of graphene (ϵ in
%) are shown for different rotational phases of graphene on Co(0001), based on our DFT calculations.

R19.2◦ R16.8◦ R22.4◦ R0◦

∆E 0.127 0.127 0.119 0.0

d 2.13 2.12 2.10 2.08
ϵ 0.61 1.42 1.42 1.42

From the structural perspective, graphene azimuthal orientations and their relative
abundance can be quantitatively obtained by measuring the intensity profile in the LEED
pattern as seen in Figure 1c along the path indicated in the inset [38]. The azimuthal
angle corresponding to the Co(0001) crystal vector is taken as the origin of the angular
scale ϕ. By definition, epitaxially-aligned graphene domains appear at ϕ = 0 (R◦).
The intensity profile reveals the presence of four broad diffraction peaks rather than a
featureless diffraction ring expected from an entirely incoherent azimuthal distribution.
The rotations are determined to be ϕ = 9.6◦, 16.5◦, 19.2◦, 22.4◦ by fitting the intensity
profile with Gaussian peaks. The relative abundance of the ϕ ̸= 0 peaks are 4.7%, 38.2%,
40.6%, 16.5%, respectively. As it can be expected, these angles are close to some of the
commensurate orientations found for two matching hexagonal lattices [20], with small
differences due to the strain between graphene and the cobalt support.

DFT calculations give further insight into the structural properties of the graphene/Co
interface. We consider the three most represented rotated phases, in descending order of
abundance: R19.2◦, R16.5◦, and R22.4◦ (from here on, the experimentally determined
rotation angle will be used to label the respective graphene domain), and compare their
structural, energetic and electronic-structure properties to the ones of the epitaxially
aligned graphene. The fully relaxed surface unit cell geometries are shown in Figs. 1d-g.
The cohesive energy differences between the rotational phases and the epitaxially-aligned
one are calculated to be all of the order of 100 meV per Co surface atom as can be seen
in Table 1. Furthermore, the average graphene-Co distance, calculated as the difference
between the average vertical position of C atoms and the average vertical position of
top-layer Co atoms, is larger in the rotational phases as compared to the epitaxially-
aligned one by 0.02-0.05 Å. The variations in the C positions for all graphene/Co phases
are within 0.05 Å, which is significantly smaller than the typical buckling in graphene
Moiré structures such as on Ru(0001) with about 1.5 Å buckling [39]. As for the isotropic
tensile strain, R16.5◦ and R22.4◦ have the same value as in the epitaxially-aligned phase,
while the strain is somewhat smaller in R19.2◦ (see Table 1).

The computed adsorption geometries consider rotational domains with almost fully
relaxed graphene lattices. This is verified experimentally by LEED. The distance between
the (00) and the first-order diffraction spots in ϕ ̸= 0 domains is 1.0± 0.4% larger with
respect to that of ϕ = 0 domains, consistently with the rotated domains relaxing towards
the lattice constant of freestanding graphene.

Electronic structures of the coexisting epitaxially-aligned and rotated graphene do-
mains are compared in Figure 2. Figure 2a displays the energy-momentum map taken
along the KΓK direction of Co(0001), which coincides with the KΓK′ direction of the
epitaxially-aligned graphene domains. The minicone state is seen at large momenta
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Figure 2: a) Energy-dependent ARPES intensity profile of epitaxially-aligned graphene acquired along
the Co KΓK direction near Fermi level. b) Energy-dependent ARPES intensity profile of rotated
graphene acquired at 18◦ with respect to the Co KΓK direction. c) Comparison of the minicone bands
for epitaxially-aligned and rotated graphene near their respective K points, with the superimposed lin-
early dispersed MDC fitted maxima positions. d) Left: 2D spin resolved momentum map (EB = 90
meV) of the sample composed by both epitaxially-aligned and rotated graphene domains; right: the
corresponding spin integrated map. Zoom-in of the dashed region is shown in e). Dashed black, red and
orange lines indicate the SBZs of the epitaxially-aligned, +18◦ and -18◦ rotated graphene, respectively.
f) Spin polarization profile of aligned and rotated graphene acquired along the dashed paths in d)-left.
Prior to measurements, the sample was magnetized as shown on bottom of b) panel. All measurements
were done at Ts = 130 K using hν = 56 eV with p-polarization.

as an intense band with linear dispersion near EF . The high intensity below about
0.15 eV binding energy corresponds to the Co 3d states. Instead, Figure 2b shows the
energy-momentum map taken at an angle ϕ = 18◦ with respect to the KΓK direction
of the Co(0001) substrate. Note that this angle corresponds to the weighted average
of coexisting graphene rotational domains as found from the data displayed in Figure
1c. We observe a pattern similar to the epitaxial orientation, characterized by a linearly-
dispersive band with the maximum at about 1.7 Å−1 away from Γ along the k∥ direction.
The maximum of the minicone state intersects the Fermi level at a slightly larger in-plane
momentum transfer with respect to the epitaxially-aligned case (1.74 Å−1 vs. 1.70 Å−1,
respectively), as better appreciable in Figure 2c. This is consistent with the structural
relaxation of the rotated graphene domains observed in LEED. Note that the Co 3d
states appear with similar intensity in both the epitaxially-aligned and rotated profiles.

In order to determine the energy position of the minicone band apex in the case of
rotated graphene we measured it with a high-resolution ARPES setup using s-polarized
VUV photons as excitation source (see Supporting Information Figure S4). By fitting the
momentum map near the Fermi level of rotated graphene acquired along its ΓK direction
(see Supporting Information Figure S4), the apex of the minicone band is found at a
binding energy of 25±15 meV, which is the same as that of epitaxially-aligned graphene.
The lateral extent of the surface Brillouin zone (SBZ) is 1.9% larger in the case of rotated
graphene with respect to the epitaxially-aligned case, in agreement with the LEED data.
Moreover, the rotated minicone bands are broader in k// than their epitaxially-aligned
counterpart, likely due to the presence of domains with slightly varying rotations all
contributing to the same band feature. This augmented broadening can be observed in a
2D momentum map acquired close to the Fermi level (EB = 90 meV), while the minicone
bands from epitaxially-aligned graphene have a clear triangular shape (Figure 2d), the
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minicone bands from rotated domains appear as elongated bands, aligned perpendicularly
to the ΓK direction of Co(0001).

The Fermi velocity, derived from a linear fit to the measured energy dispersion of the
minicone band, is found to be vF = 1.66 × 105 m/s for the epitaxially-aligned phase.
In the case of rotated graphene, the corresponding value is vF = 1.95× 105 m/s, which
corresponds to an average over the rotated domains. On the other hand, the π band
(main Dirac cone) apex of the rotated phase is found at 2.45 eV with a band velocity
of 0.95× 106 m/s. Therefore, the rotated π band apex is shifted 0.38 eV towards lower
binding energies in comparison to epitaxially-aligned graphene [16, 40, 41]. This is in
line with a weaker graphene-cobalt interaction in the rotated graphene phase similarly
to what has been observed in rotated graphene on Ni(111) [42].

As visible in Figure 2d, upon graphene adsorption, the bands of the Co substrate
maintain the same spin behavior as compared to the bare surface (see Supporting Infor-
mation Figure S5). In particular, minicone bands of epitaxially-aligned domains present
a highly spin-polarized majority character (Figure 2d), in line with previously reported
results [9, 17, 22, 43, 16]. Using the procedure described in ref. [44, 28], the determined
value of the spin polarization on the minicone in the epitaxially-aligned domains cor-
responds to 53±8%. Importantly, the minicone bands of rotated graphene present the
same spin behavior as the epitaxially-aligned one. The measured value of spin polar-
ization in the case of rotated graphene is 47±7%, which is comparable to the value of
the epitaxially-aligned one. Note that the measured degree of spin-polarization can be
underestimated due to the presence of magnetic domains as the measurement is done in
remanence.

The nature and the origin of this linearly-dispersing spin-polarized state near Fermi
level can be better understood by DFT calculations. Figure 3 shows the calculated
band structures along the ΓK direction for both majority and minority spins of R19.2◦,
and only majority spin of R16.5◦, R22.4◦ and the epitaxially-aligned phase. Each band
structure is unfolded from its respective supercell to the 1 × 1 graphene primitive cell
[45]. Each of the phases possesses a minicone-like feature in the spin majority channel at
the K point. By comparing majority and minority spin channels of R19.2◦ in Figs. 3a)
and b), it can be concluded that in our calculations the minicone is almost fully spin
polarized (for the other phases and for the main Dirac cones, see Supporting Information
Section 4). Furthermore, the minicones of the rotated-graphene phases have a roughly
similar appearance as the minicone of the epitaxially-aligned phase, but with a more
pronounced linear dispersion.

The minicone bandgap opening in the rotated phases is of the order of a few meV as
can be seen in Figs. 3(a-c), while the corresponding value for epitaxially-aligned graphene
is 0.4 eV. In binding energy the minicone apex is found at 0.311 eV for R19.2◦, 0.259 eV
for R22.4◦ and 0.267 eV for R16.5◦, while in the epitaxially-aligned phase it is found at
0.302 eV binding energy. All these values are 0.23−0.29 eV larger compared to the exper-
imental binding energy of the minicone. Similar binding energies of the highest valence
states at K have been observed earlier for the DFT band structures of the epitaxially-
aligned graphene/Co(0001) in generalized-gradient approximation [46, 47, 43]. While
inclusion of van-der-Waals non-local correlation functional with GGA exchange improves
overall comparison of the electronic structure with experiment relative to GGA [46], a
full consideration of self-energy effects is necessary for further reduction of the quantita-
tive shift of the minicone binding energy between theory and experiment and for better
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comparison with the experimental dispersions [48, 49].
Estimated theoretical Fermi velocities of the minicone in the rotated phases at K in

the ΓK direction vary from 2.3 × 105 m/s (R22.4◦) to 2.6 × 105 m/s (R19.2◦) and are
significantly enhanced with respect to the estimated Fermi velocity of the epitaxially-
aligned graphene (1.3× 105 m/s). The increase of the Fermi velocity can be considered
a further indication of a weaker substrate interaction in the rotated phase in comparison
to the epitaxially-aligned graphene, as the stronger interactions due to the reduction of
the graphene-Co distance are shown to flatten the minicone in the epitaxially-aligned
graphene around the K point. Note that the calculated band velocities compare rea-
sonably well with the experimental values, confirming the correspondence between the
experimentally-observed band feature and the calculated one.

Figure 3: The calculated band structures for different rotated phases of graphene on Co(0001) unfolded
into the 1 × 1 graphene primitive unit cell along ΓK direction for a) majority and b) minority spin
channels of R19.2◦; majority spin channels of c) R16.5◦, d) R22.4◦ phase; d) the majority spin channel
of the epitaxially-aligned graphene. The color bar indicates the strength of the primitive-cell character
of the unfolded states. The unfolding has been performed using the BandUP code [45].

Notably, orbital projections indicate a high degree of carbon orbital nature of the
mini-cone states at K (see Supporting information Figure S6). In the majority spin
channel carbon character of the minicone states in the rotated phases is estimated to be
above 40% [50], which is comparable to the calculated value of 55% for the epitaxially-
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aligned phase.
Furthermore, we also show the graphene primitive-cell character in Figure 3 in color

code, based on the spectral-weight calculation during the unfolding procedure, [45] which
gives the probability that the eigenstate in the supercell has the same character as the
primitive cell Bloch state to which it unfolds. The primitive character is a measure of
the superlattice’s modulation of the electronic structure with respect to the primitive
cell. The unfolded mini-cone state at K is trivially strongest in the epitaxially-aligned
phase since the supercell coincides with the primitive cell. In the rotated phases, the
primitive cell character is approximately 60%. In all the rotated phases considered, the
states at K of the graphene primitive cell are unfolded exclusively from the K points
of the superstructure unit cell. This results in the appearance of the minicones both
at the primitive and supercell K points and explains the observation that the minicone
appears at the K point of the primitive cell even in the rotated phases (overlay inset
in Figure 1a). Finally, the fact that the minicone has a more linear dispersion and is
found at lower binding energy in the rotated phases relative to the epitaxially-aligned
one is likely related to the specific strength of graphene-Co binding in the rotated phases.
In the rotated phases, the binding is weaker than in the epitaxially-aligned phase, but
the graphene-Co distances are still in the range of chemisorption distances and graphene
appears without any rippling.

4. Conclusion

In this work, we demonstrate experimentally that epitaxially-aligned and rotated
graphene domains host highly spin-polarized minicone features at the K points of the re-
spective graphene SBZ. The experimental findings are reproduced by DFT calculations
performed for the four prevalent orientations of graphene on Co(0001). The calcula-
tions reveal a similar graphene character of the minicones in the rotated phases and the
epitaxially-aligned phase. Furthermore, a smaller band-gap opening and a dispersion of
the minicone closer to linear in the rotated phases, with respect to the epitaxially-aligned
phase, have been found in the calculated band structures. In particular, an enhanced
Fermi velocity of the minicone state with respect to the epitaxially-aligned graphene one
has been observed both experimentally and theoretically. We find that all our experi-
mental and theoretical findings originate from (i) the fact that the superstructure states
at K, and thus the minicone states, unfold exclusively to the K states in the primitive
cell and (ii) the weaker graphene-Co binding in the rotational phases (due to the loss of
C and Co orbital alignment) relative to the epitaxially-aligned phase, but which keeps
some characteristics of chemisorbed graphene.

Considering the unavoidable presence of different rotational alignments of graphene
grown especially on ultrathin Co films, our findings provide a solid experimental and
theoretical basis for exploiting CVD synthesized graphene/Co(0001) interfaces in spin-
tronics. Moreover, the similarities between graphene/Co(0001) and graphene/Ni(111),
and to a lesser extent graphene/Fe, indicate that our results can be generalized also to
other ferromagnetic substrates.
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Koroteev, E. V. Chulkov, V. K. Adamchuk, A. Grüneis, C. Laubschat, D. V. Vyalikh, Observation
of Single-Spin Dirac Fermions at the Graphene/Ferromagnet Interface, Nano Letters 15 (2015)
2396–2401.
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[44] C. Tusche, M. Ellguth, A. A. Ünal, C.-T. Chiang, A. Winkelmann, A. Krasyuk, M. Hahn,
G. Schönhense, J. Kirschner, Spin resolved photoelectron microscopy using a two-dimensional
spin-polarizing electron mirror, Applied Physics Letters 99 (2011) 032505.

[45] P. V. Medeiros, S. Stafström, J. Björk, Effects of extrinsic and intrinsic perturbations on the elec-
tronic structure of graphene: Retaining an effective primitive cell band structure by band unfolding,
Physical Review B 89 (2014) 041407.

[46] G. M. Sipahi, I. Žutić, N. Atodiresei, R. K. Kawakami, P. Lazić, Spin polarization of
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