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ABSTRACT: A rich class of spintronics-relevant phenomena
require implementation of robust magnetism and/or strong
spin−orbit coupling (SOC) to graphene, but both properties
are completely alien to it. Here, we for the first time
experimentally demonstrate that a quasi-freestanding character,
strong exchange splitting and giant SOC are perfectly
achievable in graphene at once. Using angle- and spin-resolved
photoemission spectroscopy, we show that the Dirac state in
the Au-intercalated graphene on Co(0001) experiences giant
splitting (up to 0.2 eV) while being by no means distorted due
to interaction with the substrate. Our calculations, based on
the density functional theory, reveal the splitting to stem from
the combined action of the Co thin film in-plane exchange
field and Au-induced Rashba SOC. Scanning tunneling microscopy data suggest that the peculiar reconstruction of the
Au/Co(0001) interface is responsible for the exchange field transfer to graphene. The realization of this “magneto-spin−orbit”
version of graphene opens new frontiers for both applied and fundamental studies using its unusual electronic bandstructure.

KEYWORDS: Graphene, spin−orbit and exchange coupling, electronic structure, angle- and spin-resolved photoemission spectroscopy,
scanning tunneling microscopy, ab initio calculations

Extending graphene’s functionalities beyond those intrinsi-
cally inherent to it has become a great challenge of

contemporary solid state physics, materials science, and
nanotechnology.1−6 In particular, being a nonmagnetic material
with a weak spin−orbit coupling (SOC), graphene inspires a
great quest for the ways of modifying these properties, thus
offering prospects for the appearance of exotic phenomena and
novel applications. For example, the enhancement of SOC in
graphene would enable the efficient generation of pure spin
currents based on the spin Hall effect,6 as has already been
observed.7 It could also facilitate the eventual realization of its
quantized version in the carbon honeycomb lattice.8 A multitude
of effects have also been predicted to appear in graphene when it
is magnetized in a controlled manner, for example, the gate
tunable exchange bias,9 spin-transfer torque,6,10 magneto-
resistance and spin filtering,2,5,11 just to name a few. Actually, a

combination of strong SOC and robust magnetism could provide
a playground for the observation of the quantum anomalous Hall
effect,12 spin−orbit torque,13 and other phenomena,14,15 thus
boosting the already established high application potential of
graphene to an unprecedented limit. However, great care should
be taken when modifying its properties in order to preserve the
intrinsic characteristics of graphene that make it so attractive,
namely, a linear dispersion of the electronic bands close to the
Fermi level and ultrahigh carrier mobility.5,16−23

So far, several approaches to enhance spin−orbit effects in
graphene have been proposed. The hydrogenation7 or fluori-
nation22 of graphene as well as proximity of heavy compound21,24
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are known as the ways to increase its intrinsic SOC. On the other
hand, the intercalation of heavy species, for example, Au,25−27 has
been found to yield a giant Rashba effect in graphene.28,29 Strong
enhancement of SOC has also been reported for a partially and
fully Pb-intercalated graphene on Ir30 and Pt(111),31 respec-
tively, both cases pointing toward the quantum-spin-Hall-like
state in the carbon honeycomb. Making graphene magnetic
represents another great challenge. The most straightforward
way is its synthesis on the magnetic substrates such as Ni(111)
and Co(0001).32−36 However, there is a price to pay: the pris-
tine electronic bandstructure of freestanding graphene is lost
due to hybridization of the π-state and underlying metal sur-
face states.32−36 Another alternative is based on the use of non-
magnetic and relatively inert substrates that allow tuning
graphene’s magnetization via the creation of isolated vacan-
cies37−41 or light atoms adsorption.37,42−44 These methods have
proven experimentally feasible, although requiring a precise
control of the vacancies/adsorbates distribution, which appears
to be quite challenging. Despite all these efforts, presently, a
sizable spin splitting originating from the combined action of the
SOC and induced magnetization in graphene has not been
measured.
Here, we report the first experimental evidence of a quasi-

freestanding graphene bandstructure characterized by strongly
enhanced exchange and Rashba effects, whereby we call it
magneto-spin−orbit graphene. Applying angle- and spin-resolved
photoemission spectroscopy to the Au-intercalated graphene
on Co(0001)/W(110), we observe a giant spin splitting (up to
200 meV) of the Dirac state whose linear dispersion is nonetheless
largely preserved. On the basis of the density functional theory
(DFT) calculations, we decisively establish the splitting to stem
from the combined action of the Co-film-derived in-plane
exchange field and Au-induced Rashba SOC, the hallmark of
such a phenomenon being a strong bandstructure asymmetry

with respect to the Brillouin zone (BZ) center. Further scanning
tunneling microscopy (STM) measurements reveal that the
exchange field transfer from the Co film to graphene is facilitated
by a peculiar reconstruction at the hidden Au/Co(0001)
interface. These results represent a clear achievement of a case
in which quasi-freestanding graphene simultaneously shows
strong spin−orbit and magnetic effects without external fields,
which opens promising avenues for realization of the above-
room-temperature graphene spintronics.

Spin Splitting Asymmetry. We start from structural
characterization of the graphene/Co(0001)/W(110) before
and after the gold intercalation. The low energy electron dif-
fraction (LEED) pattern, obtained for the chemical vapor deposi-
tion (CVD)-grown single graphene layer on Co(0001), repre-
sents a perfect hexagon of sharp and bright reflexes (Figure 1a).
One can conclude that the graphene sheet formed is of high
quality and is commensurate with the Co(0001) surface, showing
a (1× 1) structure, in agreement with ref 45. Under the synthesis
conditions used, graphene grows with one sublattice being placed
atop the surface layer Co atoms and the other falling in the fcc
hollow sites of Co(0001).46 The bonds between the on-top
graphene atoms and the underlying Co ones stabilize the com-
mensurate growth favored by a small mismatch of the lattices.
However, despite a chemical bonding between graphene and Co
substrate, a gold layer can be intercalated.35 As can be seen in
Figure 1b showing the LEED pattern after the Au intercalation, a
fine structure composed of six satellites surrounding each (1× 1)
spot appears that can be identified as a p(10× 10) superstructure.
Similar p(9× 9) periodicity was previously observed for the gold-
intercalated graphene/Ni(111).25,47

Another strong indication of the successful intercalation
comes from the inspection of the photoemission spectra of the
graphene/Co sample before and after exposing it to gold. It is
well-known, that the graphene’s electronic structure is strongly

Figure 1. LEED and ARPES insights into the crystal, electronic, and spin structures of graphene/Co before and after Au intercalation. (a,b) LEED
patterns of graphene/Co(0001) and graphene/Au/Co(0001), respectively, obtained with an electron beam energy of 113 eV. The inset in (b) shows a
zoom of a (1 × 1) spot with its six satellites. (c) Dispersion of the graphene/Au/Co(0001) Dirac π-state near the K̅ point of the 2D BZ, measured along
the ky direction using a photon energy of 21.2 eV (solid white lines show the result of momentum distribution curves fitting with two Lorentzian peak
functions). (d) ARPES data of graphene/Au/Co(0001) acquired in the Γ̅K̅′ direction of the 2D BZ with a photon energy of 62.5 eV.
(e,f) Photoemission spectra with angle and spin resolution measured in the K̅′ and K̅ points valleys, respectively (hν = 62.5 eV). The panels below the
spin-resolved spectra display the measured spin polarizations. The data taken at k∥ = 1.7 Å

−1 correspond to the signal coming from the graphene π-band
near the Fermi level, while the Co d-states are probed at k∥ = 1.5 Å

−1 (the graphene- and gold-derived states are lying well below them; we associate the
Co d-states in panels e and f with the edges of the spin-polarized d-bands, bordering the local bandgaps, see Supporting Information Note B1). In (e,f),
blue and red colors denote opposite sign projections of an electron spin vector, lying in-plane and directed perpendicular to the momentum. The
spin-resolved energy distribution curve (EDC) data without smoothing of the polarization function are shown by red and blue points.
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modified by interaction with ferromagnetic 3d substrates.35,45,47,48

However, intercalation of a nonmagnetic metal atoms helps to
recover graphene’s bandstructure close to that of the freestanding
one.25,26,49 Indeed, in stark contrast to the graphene/Co system,
the gold-intercalated one is characterized by a nice linearly
dispersing π-state up to binding energies (BEs) of 2 eV, the Dirac
point (DP) being located at ∼100 meV above EF (Figure 1c,d).
Importantly, for a quasi-freestanding graphene low-energy band
structure formation the gold d-states are located in the 2−6 eV
BE region, where the deviations from the linear dispersion due
to spin-dependent avoided-crossing effects25,26 are seen (marked
by a large rounded rectangle in Figure 1d). Next, the absence
of the photoemission signal in the second BZ along the K̅M̅
∥kx direction (see Figure 2) indicates that the A−B sublattice

symmetry is no longer broken50,51 after the gold intercalation,
unlike in the graphene/Co case.45 As further confirmed using
STM measurements, a p(10 × 10) superstructure favors neither
the A−B symmetry breaking nor increase of the graphene’s
intrinsic SOC. Consequently, the DP gap formation can be
excluded in our graphene/Au/Co(0001). Thus, the electronic
structure of the Au-intercalated graphene on Co(0001) turns out
to be largely similar to that of freestanding graphene with its
linear dispersion maintained, the Dirac cone being slightly
p-doped, and showing no clear signatures of the DP gap opening.
However, as we demonstrate below, there is a fundamental
difference with respect to the freestanding graphene case: a huge
spin splitting of the π-band.
Strong or even giant spin−orbit effects may be expected upon

intercalation of an element as heavy as gold below graphene.25,30,31

To check their presence in graphene/Au/Co(0001), we have
performed photoemission measurements with spin resolution.
Surprisingly, we first do not find any noticeable splitting of the
π-state at the K̅′ point (−1.7 Å−1) with the error of 20 meV,
as one can see in Figure 1e that displays a spin-resolved spectrum
of graphene’s Dirac cone.We then havemeasured a spin-resolved

spectrum at the K̅ point (k∥ = 1.7 Å−1) and in stark contrast
found a giant spin splitting of the π-state with a magnitude up to
150 ± 20 meV, see Figure 1f. It should be noted here that this
measurement has been done by rotating the sample by 180°
around the normal emission axis (hereafter, azimuth angle
rotation), as it is shown in the bottom left corner of the figure.
The reason for that is to keep the experiment geometry, that is,
the angles of photon incidence and photoelectron emission. The
measurement without azimuth angle rotation has also been
performed and the result obtained agrees well with that shown in
Figure 1e,f, see Note A3 of the Supporting Information. The
asymmetry of the spin splitting for the ±k∥ directions in the 2D BZ
implies itsmechanism lies beyond simple Rashbamodel in graphene.

Combination of Rashba SOC and Exchange Field. A
common reason for the ±k∥ asymmetry of the electronic
structure is a lifting of the time-reversal symmetry. Because of the
magnetic nature of the Co substrate, one may suggest its
magnetization to play a role in the formation of the band and spin
structure observed. Particularly, such an asymmetry can be
brought about by a so-called “Rashba+Exchange” effect that was
first seen for the rare-earth metal surfaces,52 but later has also
been discussed in relation to graphene.33 The effect requires,
however, the magnetization vector to lie within the surface plane,
while it is well-known that bulk hcp Co has an easy axis along
(0001), that is, perpendicular to the basal plane.53 In contrast,
for the thin film system showing the same surface, this axis lies
in-plane due to surface anisotropy effects.54,55 This is exactly
what takes place in our Co(0001) film grown on W(110)
substrate, for which magnetization is known to be oriented along
the W[11 ̅0] direction in films with thickness of more than 3 and
up to at least 50 monolayers.54,55 Namely, since the thickness of
our Co(0001) film (∼95 Å or 46 monolayers) is close to the
mentioned upper limit, we have checked the easy axis direction
with the spin-resolved ARPES measurements. This has been
done by probing the Co d-states both near the K̅ point (at k∥ =
1.5 Å−1 along kx) and at the Γ̅ point, using a normal emission
mode. In the former case, we find that there is no spin polari-
zation along kx, while there is along ky (Figure 1e,f). In the latter
case, the measurements with the 120 eV photon energy (Note
A4.1 of the Supporting Information) show that the polarization
axis is rotated together with the sample, proving our Co(0001)
film to be spontaneously magnetized in-plane along the [11̅00]
axis (i.e., parallel to −ky).
To confirm that it is a combined action of the gold-induced

Rashba SOC and a Co-derived in-plane exchange field that
produces such an effect, we have performed spin-resolved
photoemission measurements after applying external magnetic
field first in the [011 ̅0] direction and then in the one opposite
to it. We begin with checking the normal emission spectra to
monitor the Co d-states polarization after the field application.
The results of the measurements are shown in Figure 3a,b. Note
that the photon energy of 21.2 eV has been chosen for a clear
comparison with the data available in literature55,56 and we
indeed find a good agreement. Importantly, by comparing the
two spectra shown in Figure 3a,b, one can clearly see the reversal
of the Co 3d-states spin polarization indicative of the sample
remagnetization.
We then concentrate on the BZ corners to reveal graphene’s

π-state changes accompanying sample remagnetization. Revisit-
ing the K̅ and K̅′ points with the 21.2 eV photons after the field
application along the −ky direction (one of the sample’s easy
magnetization axes), we find a substantially increased spin splitting
of 200 ± 40 meV in the K̅ point (Figure 3c; c.f. Figure 1f), and a

Figure 2. Constant-energy maps of the angle-resolved photoemission
intensity for graphene/Au/Co(0001) at the K̅ point.
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splitting of about 40 ± 40 meV in the K̅′ one (Figure 3e; c.f.
Figure 1e). To find signatures of such an asymmetry in the spin-
integrated photoemission spectrum, we have performed a careful
EDC analysis in both the K̅ and K̅′ valleys. Figure 4 shows the
spin-integrated EDCs near the K̅′ (panel a, gold color) and
K̅ points (panel b, green color). The measurements have been
performed along the Γ̅K̅ and Γ̅K̅′ directions for the magnet-
ization pointing along +ky ([01 ̅10]). It is evident from the first
glance, that the peaks near K̅′ are significantly wider than those
near K̅ (fwhm’s of ∼500−530 and ∼410−450 meV, respecti-
vely), which is consistent with the fact that after the sample
remagnetization (Figure 3d,f,g) themeasured spin splitting in the
K̅′ valley is much larger than in the K̅ one. It should be noted that
near the K̅′ point, the fwhm decreases abruptly which is due to
the Fermi level proximity resulting into π-states cutoff (see the
topmost EDC in Figure 4a). The fitting of the second from
the top peaks yields two main components (shown in red and
blue) that reveal different energy separation between their maxima.
These blue and red peaks can be nicely identified as the spin-split
states based on the spin-ARPES data shown in Figure 3: the spin
splitting near the K̅′ point is giant (200 meV, Figure 3f and

Figure 4a), while near the K̅ point it is much smaller (40−50 meV,
Figure 3d and Figure 4b). According to the EDC analysis, the fwhm
of each of the two components of the π-state is large, reaching
∼380 meV, that does not allow one to clearly see the spin splitting
between them in the spin-integrated ARPES. Finally, it should be
noted that based on the sx + sz spin polarization data we find the
same giant and asymmetric spin splitting of the graphene states,
as in the case of the sy component behavior (Supporting Information
Note A6).
It should be noted that after the magnetization (M↓ in Figure 3)

the spin splitting near K̅ increases significantly as compared to that
in Figure 1f, which may be attributed to the growth of the domains
that are getting magnetized in the [0110̅] direction by the field. We
note that the spin splitting observed appears to be of a large
magnitude for a graphene with preserved linear dispersion relation
and retained group velocity. A two times smaller spin splitting has
previously been reported for the gold-intercalated graphene/
Ni(111)25 and attributed to the pure Rashba effect. However, in
graphene/Au/Co(0001), in agreement with what one can expect
assuming the Rashba+Exchange mechanism,33,52 the band and spin
structures change symmetrically relative to the 2D BZ center after

Figure 3. Spin splittings in graphene/Au/Co(0001) after magnetization and remagnetization by external field. (a,b) Spin-resolved normal
photoemission spectrum of the Co d-band after the external magnetic field application along the [011̅0] (magnetization) and [01 ̅10] directions
(remagnetization), respectively. Color coding is the same as in Figure 1. (c−f) Spin-resolved photoemission spectra of the graphene π-states at the K̅ and
K̅′ points of the 2D BZ after the magnetization (c,e) and remagnetization (d,f). The measurements at K̅′ have been done after a 180° azimuth angle
rotation of the previously (re)magnetized sample (see text for explanations). The spin-resolved EDC data without smoothing of the polarization
function are shown by thin red and blue lines. (g) Spin-resolved photoemission spectra of the graphene π-state taken along the K̅′Γ̅ direction at several k∥
after the remagnetization. The panels below the spin-resolved spectra display the measured spin polarizations. All measurements have been performed
with a photon energy of 21.2 eV.
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the sample remagnetization (M↑), see Figure 3d,f. In this case, the
giant spin splitting of 200 meV is observed at K̅′, while a small one
appears now at K̅. As we show in Figure 3g, the π-state spin splitting
lies in the range of 120−200meV along the K̅′Γ̅ direction, at least up
to k∥ = −1.55 Å−1, which agrees with our ab initio calculations
reported below.
We note again that the measurements at the K̅ and K̅′ points of

the graphene BZ have been realized by a 180° azimuth angle
rotation as it is shown in the insets in Figure 3c−g. Normal
emission spectra of the Co d-bands (see Figure 5) show that the
azimuth angle rotation by 180° is equivalent to the magnetization
reversal. A turnover of the majority and minority Co bands upon
the sample remagnetization (see transitions in Figure 5a→ b and
Figure 5c→ d) is the same as that upon the azimuth angle sample
rotation by 180° around the normal emission axis (see transitions
in Figure 5a → c and Figure 5b → d).
To get further insights into a possible origin of this giant and

asymmetric spin splitting, we have modeled a situation in which
graphene bands overlap in wave vector and energy with well-
defined spin-polarized Co states (see Supporting Information
Note 4.3). Such a scenario cannot be excluded for example at the
K̅ and K̅′ points, where the π-band could overlap with Co states,
similar to those shown in Figure 1e,f. Assuming as an extreme
case that graphene bands are only Rashba (and not exchange)
split, we find that the summation of photoemission intensities of
graphene bands and spin-polarized Co states also yields certain
asymmetry in the apparent spin splitting values between the
K̅′ and K̅ points. However, for a wide range of parameters the
degree of this asymmetry is always much smaller than in the
measurements. For example, setting graphene’s Rashba splitting
to 100 meV25 and taking the separation between the Co states
of 300 meV (as in Figure 1e,f), we obtain the spin splittings of
70 and 120 meV in the K̅′ and K̅ points, respectively.
For comparison, Figure 1 (Figure 3) reports spin splittings of
∼0 and 150 (±20) meV (40 and 200 (±40) meV). Therefore,

the asymmetric splitting that we find cannot be accounted for by
a simple summation of intensities originated from Co spin-
polarized and graphene’s purely Rashba-split states: a coexistence
of the Rashba and exchange splittings in the graphene bands is
necessary to explain these observations.

Exchange Field Transfer Mechanism. Given the strong
experimental indication of the combined action of the Rashba
SOC and exchange field on the graphene π-states, we resort to
DFT calculations to get insights into the mechanism of the
magnetization transfer from the ferromagnetic substrate to
graphene. As a first guess, we have neglected the Co−Au inter-
mixing at the interface, but the joint Exchange+Rashba effect
appeared to be marginal (Note B2 of the Supporting Information).
In fact, a failure of such a model to describe the SOC and
magnetization transfer might be indicative of the more complex
crystal structure of our sample. Therefore, before continuing with
further theoretical analysis, we have gone beyond the LEED
characterization and acquired STM topographs. The latter have
been found to depend drastically on the bias voltage. As one
can see in Figure 6b, a well-known moire ́ structure of the
Au-intercalated graphene25,47,49 is observed for V = 2 mV. How-
ever, if the bias voltage is increased to, for example, 5 mV,
a peculiar periodic pattern of the triangular-shaped features starts
to be discernible (Figure 6a). The use of an intermediate V value
of 3 mV allows one to visualize both the moire ́ and triangles
patterns on the same topograph, c.f., the lower and upper halves
of Figure 6c. Figure 6d shows the sharpest STM image of the
triangular-shaped features pattern, obtained at V = 10 mV and
I = 0.4 nA. Its period is measured to be ∼24−26 Å, as illustrated
by the profile in Figure 6e, which corresponds to the p(10 × 10)
superstructure determined by LEED shown in Figure 1a. Such
STM results have been obtained on the scales up to 100 ×
100 nm2. We note that the variation of the applied bias voltage
from 2 to 10 mV is accompanied by large (up to 3.5 Å) variation
of the tip−sample distance s which justifies the change of
appearance of the STM images shown in Figure 6. Only when
large enough s values (equivalently, large enough V values) are
used the triangular dislocation network is observed, although the
precise threshold value ofV for its observation is surprisingly low,
that is, a few millivolts only. The physical explanation of these
observations is that the Au/Co(0001) states close to the Fermi
level have larger spatial extension perpendicular to the surface
than the graphene states and, thus, only at large enough tip−
sample distances the STM image shows better the triangular
dislocation network with a minimal influence of graphene states.
Indeed, Figure 6d shows the best resolution for the triangular
dislocation network of the Au/Co(0001) system in the STM
image taken at 10 mV, that is, at the largest tip−sample distance,
with a rather blurred graphene on top of it. At V = 5 meV, magni-
fication of the STM image between triangles reveals graphene’s
honeycomb lattice (Figure 6f).
It is worth noticing at this point, that the observed moire ́

pattern indicates the p(10 × 10) superstructure to hardly
break the graphene A-B symmetry since the two sublattices are
indistinguishable which excludes the opening of the DP gap of
the structural origin. Moreover, as argued in ref 57, the formation
of the spin−orbit gap is not expected in graphene when it is
incommensurate with the substrate. These factors, together
with the above-described ARPES indications, point toward the
absence of the DP gap of any origin in our Au-intercalated
graphene on Co(0001), which thus retains a quasi-freestanding
character in this aspect.

Figure 4. Energy distribution curves near the K̅ and K̅′ points with 2D
data plots of ARPES intensity versus kx. (a,b) Spin-integrated EDC
photoemission spectra of the graphene π-states with fitting of the main
peaks and the background at k∥ = −1.63 and 1.61 Å−1 along kx. The
topmost EDC in (a) has been fitted with an asymmetric peak because of
the larger fwhm of the π-state in the K̅′ valley and the Fermi level
proximity. A reasonable fit with a symmetric peak could be achieved for
the topmost peak in (b) because the fwhm of the π-state in the K̅ valley
is smaller and it does not cross the Fermi level. The spectra were
measured after the external magnetic field application along [01̅10]
(M↑ in Figure 3). The peaks shown in gray can be attributed to the
hybrid states of graphene/Au/Co(0001) since they are absent in the
spectrum of pristine Co(0001).
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A similar triangular-shaped pattern was previously seen by
STM for a submonolayer of Au on Ni(111) with p(9.7 × 9.7)
periodicity and dubbed “misfit dislocation loops”.58 It was found

that periodic network of triangles, reflecting nothing but the
structure at the buried Au/Ni(111) interface, appears due to the
interface strain relief. At that, formation of each triangle requires

Figure 5. Spin-resolved photoemission spectra of the Co d-band for two geometries of the experiment. (a,b) Spin-resolved normal emission spectra of
the Co d-band for graphene/Au/Co(0001) after magnetization and remagnetization, respectively. (c,d) The same spin-resolved spectra measured after
a 180° rotation of the sample around the normal emission axis (azimuth angle rotation). Both panels a and c are measured after magnetizationM↓, while
panels b and d are measured after remagnetization M↑. The photon energy is 120 eV.

Figure 6. STM insight into the atomic structure of the graphene/Au/Co(0001) interfaces. (a,b) STM images (9 × 4.5 nm2) acquired from the same
area of the graphene/Au/Co(0001) sample using different bias voltages V: V = 5 mV, I = 0.43 nA (a) and V = 2 mV, I = 0.43 nA (b). (c) STM image
(9× 9 nm2) obtained with V = 3mV and I = 0.4 nA. (d,e) STM image (9.42× 4.5 nm2) of periodic triangular structure (scanning parameters V = 10mV
and I = 0.4 nA) with profile taken along the blue line. (f) A 1 × 1 nm2 atomically resolved STM image (V = 5 mV and I = 0.4 nA).
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squeezing several atoms from the interface Ni layer that turn out
to be incorporated in the Au overlayer apparently as both isolated
monomers and clusters, consisting of several atoms.58 It was
found in ref 58 that the number of Ni atoms squeezed out of the
surface layer in order to form the underlying dislocation loops is
equal to the number of Ni atoms incorporated into the Au layer.
Turning back to the graphene/Au/Co system, we stress that it
shows several close similarities to the Au/Ni(111) one. First,
both the Co(0001) and Ni(111) surfaces are hexagonal and have
similar lattice parameters. Second, as evidenced by STM, the
periodicities of the systems’ superstructures are very close:
p(10 × 10) and p(9.7 × 9.7), respectively. Finally, both systems
feature very similar periodic network of triangles. There is, of
course, a principal difference between the two which is the
presence of the graphene layer on top of Au/Co(0001). How-
ever, as it has been exemplified by the Pb-intercalated graphene/

Ir(111),30 Pb atoms form the same c(4 × 2) superstructure both
being deposited on the pure Ir(111) surface and intercalated
below graphene/Ir(111). These facts altogether strongly suggest
that the Au/Co(0001) interface below graphene is the same as
the one formed in the Au/Ni(111) without graphene,58 which, in
particular, means, that there are cobalt atoms incorporated in the
Au layer. Unfortunately, the XPS analysis has not allowed us to
detect any noticeable energy shift (more than 0.1 eV) of the Co
2p core level after the Au intercalation. A similar situation at the
Au/Co interface has been reported in refs 59 and 60. As far as the
valence band states are concerned, the Co d-peak measured at
normal emission is widened after Au intercalation, which can
be explained by the hybridization at the interface, while no
noticeable energy shift of the peak is observed. We note that the
absence of the Co core level and valence band states shifts upon
Au-intercalation (at least within the experimental resolution)

Figure 7. First-principles insight into dispersion and spin structure of graphene π-bands in the presence of Rashba SOC and in-plane exchange field.
(a−f) Spin- and valley-resolved carbon-projected bandstructure of graphene/Au (a,b) without and (c−f) with constraining the magnetic moments on
carbon atoms. The magnetization vector is directed along +ky (−ky) in panels c,d (e,f). Left (right) panels show the bands in the (K̅′) K̅ valleys. The
thickness of the color lines and the degree of their transparency reflect the module of the ±sy spin projections.
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does not exclude the presence of certain amount of Co atoms
in the Au layer, as has been explained above on the basis of the
triangular misfit dislocation model.58 Therefore, one can suppose
that the latter can open a channel of magnetization transfer from
the substrate to graphene via direct cobalt−carbon hybridization.
A straightforward DFT calculation for the p(10 × 10) super-

structure containing a network of triangular-shaped features
revealed by our STM measurements is hardly possible. There-
fore, to confirm that such an asymmetry of the π-state splitting
may indeed stem from the exchange field and Rashba SOC joint
action, the following calculation is performed. We effectively take
into account the exchange field transfer that the formation of the
triangular-shaped features network is expected to facilitate by
applying a magnetization constraint to the graphene sheet placed
on top of the gold layer (see Methods for geometry description).
Figure 7a,b shows the calculated in the K̅ and K̅′ valleys
graphene-projected bandstructure with only SOC included (i.e.,
for a zero exchange field). In this case, the Rashba-type spin
splitting of the Dirac cone28 is expectedly revealed, the Rashba
parameter λ being equal to 57 meV. If an exchange field is then
introduced parallel to +ky, a magnetic moment of ∼0.002 μB is
fixed on each carbon atom (as calculated within a Wigner-Seitz
sphere; the exchange splitting of the Dirac cone is ∼140 meV),
an asymmetric splitting develops along kx in perfect agreement
with our experiment, reaching a giant value of 175 meV near K̅′
along Γ̅K̅′ (Figure 7c), but only of 53 meV near K̅ along Γ̅K̅
(Figure 7d). On the other hand, upon remagnetization, a giant
(moderate) splitting is observed along the Γ̅K̅ (Γ̅K̅′) direction
(Figure 7e,f). The π-states dispersion presented in Figure 7
agrees qualitatively with that obtained within the model
Hamiltonian approach.15 Note that although the resulting
magneto-spin−orbit graphene dispersion shows local gaps in
the K̅ and K̅′ points, the global gap between the π and π* bands is
absent.
It should also be noted that choosing the graphene adsorption

height of 2.65 Å and a magnetic moment value of 0.002 μB per C
atom provides the calculated splitting values in the best agree-
ment with the experimental ones. This adsorption distance can
be interpreted as an average graphene-Au distance taking into
account the corrugation shown in Figures 6d,e. The latter is
expected to enable a Co-3d-C-2p hybridization leading to mag-
netization of graphene. We would also like to note that only
∼0.002 μB per carbon atom is needed to achieve giant splitting of
175 meV. This value is an order of magnitude smaller than that
induced on C atoms in graphene/Co (i.e., without Au). Taking
into account that the intercalated layer of graphene/Au/Co is
essentially Au-rich, this magnitude of the carbon magnetization
appears to be quite realistic, although suggesting predominantly
ferromagnetic alignment of the local moments of the Co atoms
incorporated in the Au layer. According to our exchange coupling
parameters calculations, this ferromagnetic alignment is expected
to be stabilized due to the strong exchange interactions with the
local moments of the substrate Co atoms (Note B4 of the
Supporting Information). Indeed, the strongest interactions,
involving the incorporated Co atoms, are characterized by
positive exchange integrals and correspond to the coupling with
the nearest neighbors from the Co substrate. As a result, the
moments of the incorporated Co atoms are indeed expected to
be ferromagnetically ordered to the magnetization of the sub-
strate. Moreover, since the maximal exchange integrals obtained
are of the same order of magnitude or even up to two times larger
than those in, for example, the bulk iron, such an ordering can be
stable up to the room or even higher temperature.

Thus, using angle- and spin-resolved photoemission spec-
troscopy, scanning tunneling microscopy and density functional
theory calculations, we have evidenced an emergence of a new
dimension of the quasi-freestanding graphene’s functionality, a
combination of robust magnetism and strong spin−orbit
coupling. This magneto-spin−orbit version of graphene is achieved
owing to peculiar blend of the Co film in-plane magnetization,
strong spin−orbit coupling of the intercalated gold layer and
reconstruction of the hidden Au/Co(0001) interface. Altogether,
these factors give rise to a very high, 0.2 eV spin splitting of the
graphene Dirac cone without loss of its linear dispersion which is
a major step toward achievement of graphene-based spintronics.
To be specific, our results pave a way to phenomena, that rely on
the graphene’s bandstructure resulting from the Rashba spin−
orbit splitting and in-plane magnetism, for example, the optical
generation of a spin-polarized current15 or spin−orbit torque.13
Crucially for these phenomena, the high Curie point of cobalt
guarantees the magnetism-derived properties of the system to
persist above room temperature. In a fundamental aspect, our
results give rise to new exciting possibilities for this novel band-
structure of graphene. Apart from the obvious need of its further
study per se, the observed bandstructure can subsequently be
tuned to enable, for example, a bandgap engineering by a selec-
tive doping of graphene46 or a quantum-anomalous-Hall-like
state by choosing a thicker Co substrate that would feature an
out-of-plane magnetization.

Methods. Spin- and angle-resolved photoemission experi-
ments were performed at the resource center “Physical methods
of surface investigation” (PMSI) of Research park of Saint
Petersburg State University at the research modular platform
Nanolab. A hemispherical energy analyzer VG Scienta R4000
equipped with a 25 kV 3D Mott polarimeter and a narrowband
high-intensity UV He-discharge (hν = 21.2 eV) light source
Scienta VUV 5k with retractable capillary (⌀ 0.8 mm) were used.
The energy and angular resolutions were 17 meV and 0.5°
(143 meV and 3°), respectively, for ARPES (spin-ARPES). All
spin-ARPES measurements are shown in the coordinate system
of the 3DMott detector, which for the measured emission angles
coincides with the sample coordinate system, except for the
sample rotation by 180° around the normal. In this case, the
directions of the sx and sy axes in the sample coordinate system
become oppositely directed to corresponding axes in the
detector coordinate system. It should also be noted that only
in-plane sy spin polarization data are presented in the main text.
XPS measurements were performed using monochromated Al
Kα radiation (the energy resolution was 0.45 eV). Low-energy
electron diffraction patterns were obtained with diffracto-
meter OCI BDL800IR. Part of the ARPES and spin-ARPES
experiments were done at the U125-2_SGM, UE56-2_PGM-2
beamlines at Helmholtz-Zentrum Berlin (BESSY II) using a
p-polarized synchrotron radiation at experimental station Phoenexs
employing a hemispherical energy analyzer SPECS Phoibos 150
equipped with a 26 kV 2D Mott polarimeter (the energy and
angular resolutions were 150 meV for ARPES, 100 meV for spin-
ARPES and 1° for both methods). The analysis procedure for the
spin-ARPES data is described in Note A5 of the Supporting
Information. STM measurements were performed at the PMSI
using a UHV module of the scanning tunneling and atomic force
microscope Omicron VT AFMXA 50/500. All ARPES and STM
measurements were carried out at room temperature. The
samples were synthesized at the PMSI. Well-oriented graphene
was prepared by chemical vapor deposition on the previously
annealed Co(95 Å)/W(110) surface at temperature of 660°.45
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The intercalation of the Au monolayer was done by a deposi-
tion of gold atoms (3.6 Å or ∼1.5 monolayers) on graphene/
Co(0001)/W(110), followed by annealing at temperatures
450−500°. Co film was magnetized by a current pulse through
the coils close to the sample. Peak value of the applied magnetic
field at the sample position and decay time were 0.3 T and
∼0.2 ms, respectively.
Electronic structure calculations were carried out within DFT

using the projector augmented-wave method61 as implemented
in the VASP code.62,63 The exchange-correlation energy was
treated using the generalized gradient approximation.64 The
Hamiltonian contained the scalar relativistic corrections and the
spin−orbit coupling was taken into account by the second
variation method.65 In order to describe the van der Waals inter-
actions we made use of the DFT-D366,67 approach. The energy
cutoff for the plane-wave expansion was set to 400 eV. All cal-
culations were performed using a Γ̅-centered k-point grid of 21 ×
21 × 1 in the two-dimensional Brillouin zone.
We used a model of repeating slabs separated by a vacuum gap

of a minimum of 10 Å. As a structural model of our graphene/
Au/Co(0001) system, showing p(10 × 10) periodicity, we
adopted a simplified one that was employed in ref 68 for a similar
graphene/Au/Ni(111) system. It assumes that the intercalated
gold atoms are arranged in the ×( 3 3 )R30° periodicity that
is commensurate with both the graphene’s and cobalt’s (2 × 2)
cell (Figure S17 of the Supporting Information). In the supercell,
the three gold atoms are placed in such a way that one of them
falls into the honeycomb’s hollow site, another one lies exactly
below one of the A-sublattice carbon atoms, while the last one
lies below one of the B-subblatice sites. With respect to Co, the
intercalated layer resides such that the three gold atoms are
located in the on-top, fcc, and hcp hollows of the (0001) surface.
Graphene is commensurate with Co(0001) and is placed in the
fcc-top registry.46 The in-plane lattice parameter of Co(0001)
was set to 2.507 Å. By choosing this structural model we
compromise between the system’s treatability within DFT on the
one hand, because a p(10 × 10) cell study would require a vast
computational effort, and the conservation of its basic structural
characteristics on the other hand. Indeed, the model basically
captures the presence of Au atoms that are located at different
positions with respect to graphene and describes satisfactorily the
average Au−Au next neighbor distance (∼2.9 Å vs 2.75 Å in the
experiment). The Co film thickness was chosen to be five atomic
layers and all the interlayer distances were optimized using a
conjugate-gradient algorithm and a force tolerance criterion for
convergence of 0.03 eV/Å (spin−orbit coupling was included
during the relaxation). The electronic structure calculated for the
geometry obtained is shown in Figure S17.
As an alternative way to account for graphene’s magnetization,

we applied a magnetic moment constraint (constrained DFT
calculation) to the carbon atoms using the above-described
structural model, but with removed Co substrate. The graphene
sheet magnetization magnitude and the graphene−Au interlayer
distance (controlling the induced SOC strength) were treated as
the parameters that were varied in the physically meaning-
ful ranges to achieve the spin splitting values obtained in our
experiments. At that, the graphene and gold layers were main-
tained planar. The bandstructures for this case are shown in
Figure 7.
The exchange coupling constants have been computed using

the magnetic force theorem as it is implemented within the
multiple scattering theory.69 This method provides the exchange
parameters entering the Heisenberg model from the energy

change induced by an infinitesimal rotation of the magnetic
moments. For calculations, we have used a full potential fully rela-
tivistic Green function method, specially designed for surfaces and
interfaces.70,71 The structural model employed in the calculation is
described in details in the Note B4 of the Supporting Information.
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Missing Atom as a Source of Carbon Magnetism. Phys. Rev. Lett. 2010,
104, 096804.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.7b01548
Nano Lett. 2018, 18, 1564−1574

1573

http://dx.doi.org/10.1021/acs.nanolett.7b01548


(40) Nair, R.; Sepioni, M.; Tsai, I.-L.; Lehtinen, O.; Keinonen, J.;
Krasheninnikov, A.; Thomson, T.; Geim, A.; Grigorieva, I. Spin-half
paramagnetism in graphene induced by point defects.Nat. Phys. 2012, 8,
199−202.
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