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Rault,5 Patrick Le Fèvre,5 François Bertran,5 Donya Mazhjoo,6 Gustav Bihlmayer,6 Oliver Rader,3
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Abstract

Epitaxial graphene/ferromagnetic metal (Gr/FM) heterostructures deposited onto heavy metals have been
proposed for the realization of spintronic devices because of their perpendicular magnetic anisotropy and size-
able Dzyaloshinskii-Moriya interaction (DMI), allowing for both enhanced thermal stability and stabilization
of chiral spin textures. However, establishing routes towards this goal requires the fundamental understanding
of the microscopic origin of their unusual properties. Here, we elucidate the nature of the induced spin-orbit
coupling (SOC) at Gr/Co interfaces on Ir. Through spin- and angle-resolved photoemission spectroscopy
along with density functional theory, we show that the interaction of the heavy metals with the Gr layer via
hybridization with the FM is the source of strong SOC in the Gr layer. Furthermore, our studies on ultrathin Co
films underneath Gr reveal an energy splitting of ∼ 100 meV for in-plane and negligible for out-of-plane spin
polarized Gr π bands, consistent with a Rashba-SOC at the Gr/Co interface, which is either the fingerprint or the
origin of the DMI. This mechanism vanishes at large Co thicknesses, where neither in-plane nor out-of-plane
spin-orbit splitting is observed, indicating that Gr π states are electronically decoupled from the heavy metal.
The present findings are important for future applications of Gr-based heterostructures in spintronic devices.

Keywords: graphene, cobalt intercalation, spin-orbit coupling, Rashba effect, SR-ARPES, DFT, spintronics.

Introduction

Spintronics aims at exploiting the spin degree of freedom
of electrons for new forms of information storage and logic
devices [1]. A major challenge for innovative, high-speed,
low-power operation spintronic devices is to develop suitable
spin transport channels with long spin lifetime and propaga-
tion length. Graphene (Gr) is an ideal spin channel material,
exhibiting the longest spin relaxation length ever measured
at room temperature, of several micrometers [2–7], as well as
enhanced spin-to-charge conversion and spin Hall effect when
interfaced with heavier atoms [8, 9] due to spin-orbit coupling
(SOC) [10].

While this interaction can drive to a modification of spin
relaxation or spin diffusion lengths, strong SOC also dictates
a vast variety of related intriguing phenomena, especially for
reduced dimensions. Prominent examples are the quantum
spin Hall (QSH) and anomalous Hall (QAH) states [11–17],
as well as the interfacial Rashba effect and the Dzyaloshinskii-
Moriya interaction (DMI) [18, 19]. In relation to the latter, as
the interplay between Rashba textures and the DMI is rooted
in their common origin in a strong SOC and the absence of
inversion symmetry, the first can promote or strengthen the
second [20, 21], thereby stabilizing chiral spin textures. Such
a connection gives rise to non-trivial magnetic states, includ-

ing the emergence of skyrmions [22, 23] enabling the devel-
opment of efficient non-volatile storage technologies [24–27].

However, Gr is a material of negligible SOC in its pris-
tine state. At the K point of the Gr surface Brillouin zone
(SBZ), where the Dirac point (DP) is located at the Fermi level
(EF), the SOC-induced gap is very small, of only 24-50 µeV
[28]. To observe spin-orbit effects suitable for applications,
it is thus necessary to enhance the SOC in Gr while preserv-
ing its Dirac cone structure. The required high nuclear charge
can in principle be achieved by combining Gr with appropri-
ate substrates [29–32], or by intercalation of heavy atoms in
suitable geometries [33–37], resulting in a strong hybridiza-
tion and a spin splitting which can be deliberately induced in
the vicinity of the DP. For instance, Au intercalation at the
Gr/Ni interface has been demonstrated to create a giant spin-
orbit splitting (∼ 100 meV) of the Gr Dirac cone up to the
Fermi energy [33] due to an in-plane Rashba spin polarization
caused by hybridization with Au states. A Rashba splitting of
∼ 100 meV was also measured for Gr/Au/SiC [38]. Besides,
in the case of Gr/Pb bilayers grown on Pt(111) [35, 39], the
observed enhancement of SOC has been explained in terms
of intrinsic (Kane and Mele [11]) and extrinsic (Rashba [34])
SOC contributions, responsible for out-of-plane and in-plane
spin polarizations, respectively.
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In the context of magnetic properties, the intercalation of
thin ferromagnetic metal (FM) layers underneath Gr is con-
sidered a promising approach for developing multifunctional
devices as it enables control of the spin filtering and injec-
tion efficiency [40–42], exchange coupling [43], tunnel mag-
netoresistance [44], Rashba effect [34, 45–48], topological
electronic flattened bands [49] and perpendicular magnetic
anisotropy (PMA) [20, 50–54], as well as the stabilization
of magnetic skyrmions [55, 56]. The combination of spin-
orbit interaction and ferromagnetism offers exciting possibili-
ties for electrical control of topologically-protected chiral spin
textures in Gr/FM heterostructures, where an unexpectedly
large interfacial DMI has been observed to play a key role
[20, 53]. However, this raises questions about how Gr can in-
duce a large interfacial DMI where SOC is weak. While the
strong hybridization between Gr and FM states [57–60] has
been previously identified as one of the key ingredients un-
derlying the enhancement of interfacial PMA [51, 52], direct
spectroscopic evidence of the exact microscopic mechanism
that is ultimately responsible for the significant increase of
DMI at Gr/FM interfaces remains elusive.

Earlier on, it has been suggested that Gr plays an essen-
tial role in determining the unusual properties of Gr/FM in-
terfaces in the absence of strong SOC. For instance, on the
one hand, in the case of Gr/Co interfaces, it has been exper-
imentally found that the hybridization of Co 3d orbitals with
Gr bands can lead to an enhancement of the interfacial PMA
[51, 52] via the anisotropy of the orbital magnetic moments
[51]. On the other hand, based on density functional theory
(DFT) calculations of the electronic structure of Gr/Co bilay-
ers on Ru(0001), the physical origin of the DMI at Gr/Co
interfaces has been attributed to a Rashba effect originating
from large variations of the SOC energy in the Co layer [20].
These variations have been explained by the strong influence
that the change in the potential gradient induced by Gr at the
interface has on the Co 3d orbitals [20, 53]. However, in this
case, a Rashba splitting as small as 1.28 meV is predicted to
be the reason for a considerable enhancement of the effective
SOC value at the interface [20]. This is in contrast to the case
of Co/Pt interfaces, where the DMI has been explained by a
Fert-Levy model [61, 62], according to which the DMI at the
vacuum/FM interface should scale with the SOC in the ma-
terial that is on the non-magnetic side of the interface under-
neath the FM layer. Conversely, very recent DFT calculations
revealed that the DMI at both Gr/Co and Co/Pt interfaces may
have a common physical origin, with the effect of Gr being to
reduce the total DMI of the hererostructure by the inversion
of the chirality of the vacuum/Co interfacial DMI [63].

To address these issues, we experimentally investigate the
electronic origin of the large DMI at Gr/FM interfaces. To this
end, we use angle-resolved photoemission (ARPES) with and
without spin resolution to systematically characterize the elec-
tronic structure of high quality Gr-based heterostructures with
atomically flat interfaces and a homogeneous intercalated Co
layer sandwiched between Gr and an epitaxial Ir(111) layer.
Unlike previous studies in which Gr/FM interfaces of high

quality were only grown on metallic single-crystal substrates,
our heterostructures consist of interfaces of the same excel-
lent quality grown on insulating commercial oxide substrates,
which enable their suitability for real spintronic devices in
which injected currents (electrical or spin) are not drained
by the substrate [51, 53, 64, 65]. Our main finding is that a
strong SOC induced in the Gr layer underlies the significant
enhancement of the interfacial DMI. The effect manifests it-
self by a spin splitting of Gr π-states which is consistent with
a Rashba-SOC at the Gr/Co interface two orders of magnitude
larger than what was previously assumed. The experimental
results are supported by DFT calculations, pinpointing the in-
teraction between Gr and the heavy metal layer via the FM
as the main source of SOC for Gr. Our findings hold signifi-
cant implications for the integration of Gr-based heterostruc-
tures into technologies with advanced functionalities for next-
generation spintronic devices.

Results and discussion

Electronic properties of pristine and Co-intercalated Gr/Ir

In order to understand the importance of the hybridization
effects involving Gr π-states for the enhancement of SOC at
the interface, ARPES measurements of the electronic struc-
ture before and after systematic Co intercalation were per-
formed at first. The procedure adopted for the preparation of
epitaxial Gr-based heterostructures is described in more de-
tail in the Methods section and extensively reviewed in ref.
[64]. In brief, a 30-nm-thick Ir buffer was DC sputtered at
670 K on an insulating Al2O3(0001) substrate, onto which
epitaxial Gr was subsequently grown by ethylene dissociation
at 1025 K. After Gr growth, Co was deposited by electron-
beam evaporation at room temperature and its intercalation
under Gr was promoted by a moderate thermal annealing, pre-
viously calibrated to ensure complete intercalation and avoid
Co-Ir alloying effects [64]. The high quality of the interfaces
and the completion of the intercalation process were checked
by ARPES and low-energy electron diffraction (LEED) (see
Figs. 1 and 2).

The energy-momentum band dispersion of Gr/Ir/Al2O3

(0001) measured by ARPES along the Γ-K-M direction of
the Gr SBZ is presented in Figs. 1(a)-(c). The overall elec-
tronic structure is consistent with the characteristic quasi-
freestanding character of the Gr layer on Ir(111), and com-
parable to the case of Gr grown on Ir(111) single-crystal sub-
strates [37, 66–68], proving the high quality of the Gr/Ir in-
terface. The photoemission features of the Gr σ and π bands
are very sharp and intense, as evidenced by the momentum-
distribution curve (MDC) at an energy of E-EF = -150 meV
and the energy-distribution curve (EDC) at the K point of the
Gr SBZ (Figs. 1(d) and (e), respectively), confirming again
the interface quality. The dominant feature in the spectrum is
the Gr π band, whose bottom is located at Γ, at an energy of
E-EF ≈ -8.28 eV, and disperses linearly towards EF resulting
in the formation of a slightly n-doped Dirac cone, as inferred
from the MDC and EDC analyses. The narrowest MDC cor-
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responding to an energy of -150 meV (DP energy) can be fit
to a Lorentzian function, whose full width at half maximum
(FWHM) is ≈ 0.0061 Å−1, similar to the FWHM value ob-
tained for Gr grown on Ir(111) single-crystal substrates [67].
In the band dispersion, Gr π band replicas expected due to the
additional periodicity of the moiré lattice can be distinguished
(see, e.g. Fig. 1(d)) despite their much lower intensity when
compared to the main Gr Dirac cone.

These Dirac cones are also visible at the Fermi surface (FS)
and constant energy (CE) maps in Fig. 1(f). Here, the main
Dirac cones at the K and K′ points, whose dispersions are
indicated by red dashed lines, exhibit the characteristic trig-
onal symmetry of quasi-freestanding Gr on Ir(111), and coex-
ist with the band dispersion of Ir 5d states typically observed
in Ir(111) bulk single crystals (the ellipsoidal-shaped features
close to EF [59, 69]). The Gr and Ir SBZs, indicated by red
and orange hexagons in Fig. 1(f), can also be clearly identified
from the intensity of the CE contours associated with the dif-
ferent features. Additionally, hybridization between Ir 5d and
Gr π states can be observed in the energy region between -1
and -4 eV, leading to a reduction of the spectral weight at the
band crossings along the Γ-K direction, as seen in Fig. 1(a).
Nonetheless, hybridization effects are rather weak so that the
overall quasi-relativistic Dirac-like dispersion is largely pre-
served as in the case of weakly bonded systems, where the
electronic structure is usually similar to that of freestanding
Gr [58].

In Fig. 2 and Fig. S1 of the Supporting Information (Supp.
Info.), an overview of the electronic band structure is pro-
vided, as seen by ARPES along the Γ-M-K-Γ direction be-
fore (Fig. 2(a)) and after intercalation of an epitaxial Co film
of 2 and 10 monolayers (ML) thickness (Fig. 2(b) and (c),
respectively). The LEED images in Fig. 2(a) and (b) are con-
sistent with the well-known ∼ 10×10 moiré pattern due to
the coexistence of the incommensurate unit cells of Ir and Gr
[51, 64, 70]. In contrast, a clear commensurate Gr structure
can be observed in Fig. 2(c) decoupling the Gr layer from
the Ir substrate. The overall energy-momentum dispersion of
Gr π and σ states in the pristine Gr/Ir/Al2O3(0001) sample
(Fig. 2(a)) is observed to be comparatively close to that of
a weakly interacting layer system. The dispersing Ir-derived
bands between -4 eV and EF, mainly consisting of the two
concentrical ellipsoidal pockets centered at the MIr point of
the Ir SBZ [59, 69], and the Rashba-split Ir surface state (SS)
dispersing towards Γ [71], can be distinguished.

Upon Co intercalation, the overall electronic band structure
of Gr, as compared to Gr/Ir/Al2O3(0001), becomes strongly
modified because the Gr-Co interaction is stronger than the
Gr-Ir interaction. As a result, the Gr π band for a 2-ML-
thick intercalated Co film is significantly downshifted in en-
ergy by ∼ 2 eV, as seen in Fig. 2(b) and Figs. S1 and S2 in
Supp. Info. Specifically, the bottom of the π band at the Γ
point is shifted from -8.28 to -10.08 eV, and the Dirac cone
merges with the Co 3d states at ∼ -2.80 eV in the vicinity
of the K point. Further Co intercalation (10 ML) results in
a double π band dispersion, as seen in the ARPES maps of

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 1. Electronic structure of Gr/Ir/Al2O3(0001). ARPES in-
tensity band map along the Γ-K-M direction. (b) Zoom-in over the
region of the Dirac cone corresponding to the red rectangle in (a). (c)
Perpendicular cut to the Γ-K direction centered at the K point. (d)
MDC and (e) EDC profiles extracted at the energy and momentum
positions indicated in (b) and (c). (f) FS and CE maps. Red dashed
vertical lines indicate the Gr Dirac cones at K and K′. Ir and Gr SBZs
are indicated by orange and red hexagons, respectively.

Fig. 2(c) and in the EDC profiles in Fig. S2 (Supp. Info.), ex-
tracted at the momentum positions indicated by green dashed
lines in Fig. 2. The double π band feature can be interpreted
as a nearly-undisturbed Gr/Ir π band closer to EF plus the
more electronically doped π′ Gr/Co band at higher binding
energies, associated with a highly-interacting, commensurate
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a)

b)

c)

FIG. 2. Characterization of Co-intercalated Gr/Ir/Al2O3(0001)
heterostructures. Evolution of the electronic properties. (a)-(c)
LEED images and curvature ARPES band maps. The band disper-
sions provide an overview of the electronic structure of (a) Gr/Ir and
Co-intercalated, (b) Gr /2 ML Co /Ir and (c) Gr /10 ML Co /Ir systems
along the Γ-M-K-Γ direction. Red and orange dashed lines follow
the Gr π and σ bands for Gr/Ir and Gr /2 ML Co /Ir/, respectively. On
the left, the schematic sketches of the corresponding heterostructures
and their LEED patterns acquired at energies of (a), (b) 69 eV and
(c) 155 eV are shown. Note that the ARPES band maps were ob-
tained after applying the curvature algorithm of Ref. 72 in order to
obtain sharper and better resolved electronic band dispersions (raw
data shown in Fig. S1 in Supp. Info.). Green dashed vertical lines
in the ARPES band maps indicate the positions at which the EDC
profiles shown in Fig. S2 in Supp. Info. have been extracted.

phase. As reported earlier [51], the intercalation of further
Co layers leads to a relaxation of the Co lattice resulting in
a strong corrugation of the Gr layer. Although the intercala-
tion of Co underneath Gr is layer-by-layer and epitaxial [51],
the formation of Co clusters or inhomogeneities at large thick-
nesses cannot be completely ruled out and can eventually lead
to a more corrugated Gr layer [51, 58]. The double π band dis-
persion can thus be associated to a corrugated Gr layer where
the π band feature appears due to weakly interacting, hill, Gr
atoms, while the π′ band arises from highly interacting, val-
ley, Gr atoms, in qualitative agreement with previous findings
on other intercalated systems [58].

Moreover, several prominent Co electronic states can be
identified in Figs. 2(b) and (c): (i) a narrow and very intense
Co peak close to EF, present along the entire Γ-M-K-Γ direc-
tion in an energy range between -0.2 and -0.5 eV, and com-
mon to the two studied Co thicknesses; (ii) for the thicker
(10 ML) Co system (Fig. 2(c)), a non-dispersing and broad

state located at an energy of -8.0 eV is present in the band
structure, which could be indicative of a more disordered
thicker, though epitaxial, Co layer; (iii) another Co-derived
band strongly dispersing from -1.9 eV to EF towards Γ, which
confirms that, aside from the possible disorder, the interca-
lation of the thickest Co layer is mainly epitaxial; (iv) while
Ir features can be distinguished only for the pristine and the
2 ML Co-intercalated Gr/Ir/Al2O3(0001) system, they disap-
pear as the Co thickness is increased (i.e. 10 ML Co).

Now we will show for the 2 ML Co system that Co states
hybridize with Ir states. We use the Γ-M direction where there
are no Gr states between -2.5 eV and EF. Previous ARPES
measurements have shown how after intercalation of one or
more Co layers, the Ir bands close to EF can barely be dis-
tinguished, while the Co 3d states are so intense and broad
that the Ir 5d bands become blurred and diffuse [58, 59].
A zoom-in on the electronic structure from EF to -5.5 eV
for both Gr/Ir/Al2O3(0001) and the intercalated Gr/2 ML
Co/Ir/Al2O3(0001) systems along the Γ-M and Γ-K directions
is shown in Fig. 3 and Fig. S3 (Supp. Info.), respectively. Raw
and curvature ARPES band maps are displayed for both sys-
tems. The FS and CE maps are also presented in Figs. 4(a)
and 4(b), as well as in Fig. S4 in the Supp. Info. First, it
should be noted that, contrary to previous studies, different
bands corresponding to the electronic states of the underlying
Ir(111) layer can always be detected. Noticeably, the elec-
tronic states that make up the ellipsoidal electron pockets cen-
tered at MIr observed in the pristine structure in Fig. 4(a) are
also unambiguously resolved for the Gr/2 ML Co/Ir/Al2O3

(0001) at the FS (Fig. 4(b)). The prominent Ir-derived band
dispersing from -3.8 eV at 0.6 Å−1 to EF at 1.13 Å−1 along
the Γ-M direction in Fig. 3(b) coincides with the same band
for the Gr/Ir/Al2O3 (0001) system in Fig. 3(a). In this regard,
hybridization between Co 3d states at approximately -0.5 and
-1.2 eV (clearly resolved between 0.5 and 0.8 Å−1 along the
Γ-M direction) and the Ir dispersing band becomes evident, as
reflected in the regions of increased intensity (red arrows on
raw ARPES band maps in Fig. 3(b)), and by the gap opening
observed in both raw and curvature, ARPES band maps (blue
dashed lines in Fig. 3(b)). The main gap opening of Ir dispers-
ing band occurs between -1.1 and -0.65 eV at 0.99 Å−1 along
the Γ-M direction (magnified in the inset in Fig. 3(b)). Such a
hybridization is also reflected in the CE maps at -0.5 and -1.0
eV in Figs. 4(a) and (b), where the Ir ellipsoidal pockets near
EF in Gr/Ir/Al2O3(0001) (Fig. 4(a)) become closed ellipses
when interacting with Co 3d states (Fig. 4(b)).

It is also important to note that, besides the Co-Ir hybridiza-
tion close to MIr; the Rashba-split Ir SS [71], with negative
effective mass and maximum intensity at -0.26 eV at Γ, is still
visible after Co intercalation (albeit slightly modified by the
interaction with Co 3d states), as can be inferred from the band
maps along both Γ-M (Fig. 3) and Γ-K (Fig. S3 in Supp. Info.)
directions. Because they are visible and shifted, we conclude
that the Rashba-split Ir SS at Γ and Ir 5d bands close to MIr are
preserved and hybridized after intercalation of 2 ML Co. Al-
loying effects between Co and Ir may occur at Co-Ir interfaces
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(a)

(b)

FIG. 3. Hybridization effects between Co and Ir. Zoom-in on the dispersion of the bands over the region close to EF for (a)
Gr/Ir/Al2O3(0001) and (b) Gr /2 ML Co /Ir/Al2O3(0001) heterostructures along the Γ-M direction. Raw and curvature ARPES band maps
with and without superimposed guidelines are presented, respectively. Blue dashed lines indicate the Ir-derived bands (a), which persist and
hybridize with Co states (b), as evidenced by the corresponding gap openings. A close view of the gap regions is shown as an inset on the left
panel in (b). Red and green dashed lines follow the Gr bands and a Gr replica originating from the moiré superlattice, respectively. Red arrows
indicate the energies at which the CE contours shown in Fig. 4 have been obtained.

for lower coverages (< 1 ML) and higher annealing temper-
atures. The formation of alloys could potentially lead to the
recovery of the Dirac cone up to the Fermi level [73]. How-
ever, considering the soft thermal annealing process used for
intercalation [64], the thickness of Co, and the observed elec-
tronic structure, these effects can be neglected in the samples
studied here.

Another significant feature of the electronic structure of the
2 ML Co system is the development of mini Dirac cones in
a narrow energy region of ∼ 0.2 eV below EF at the K point
(Fig. 4(c)). These mini Dirac cones have been previously ob-
served in a perfectly oriented Gr layer on a Co(0001) surface
and they strongly depend on the epitaxial quality of the inter-
face [57]. The mini Dirac cones are due to the interaction of
C 2pz and Co 3d orbitals, have a fully two-dimensional char-
acter with their wave functions located at the interface, and
are spin polarized. The development of the mini Dirac cone is
a hallmark of the Co-Gr interaction, and the optimal interface
[57].

To summarize this part, following intercalation of 2 ML Co,
the Ir SS and Ir 5d bands are preserved in the vicinity of EF,
and become strongly modified due to the interaction with Co
3dstates. Moreover, the perfectly oriented epitaxial Gr layer
leads to the formation of the mini Dirac cone as a result of
the Co-Gr interaction. As observed in the electronic struc-
ture, further Co intercalation (i.e., ≥ 10 ML) decouples the Ir
layer from the Gr/Co interface, eventually introducing some

disorder effects. These results provide direct spectroscopic
evidence of the Co-Ir electronic hybridization, including the
Rashba-split Ir SS, as well as the Co-Gr electronic interac-
tion. These findings indicate that there is the possibility that
the spin-orbit interaction from the Ir layer is the main source
of SOC a the Gr/Co interface.

Large Rashba-type spin-orbit splitting of Gr π states at the
Gr/Co interface

In order to investigate whether a spin-orbit induced spin
splitting is generated in Gr π states by Co intercalation, spin-
resolved ARPES measurements were performed at selected
wave vectors k of the Gr SBZ (Fig. 5(a)).

The spin-resolved EDCs for Gr /2 ML Co /Ir /Al2O3(0001)
are presented in Figs. 5(b) and (c) (in-plane chiral and out-of-
plane spin components, respectively), measured at 1.48 Å−1

along the Γ-K direction, as indicated by the dashed vertical
line in the ARPES band map of Fig. 5(a), which crosses the
region of the doped main Dirac cone with a stronger Gr char-
acter. To isolate and extract the precise contribution from the
Gr π band in each spin channel separately, the spin-resolved
EDCs in Fig. 5 were normalized and fit using five different
components, which correspond to: Two peaks close to EF aris-
ing from Co 3d states (turquoise color in Figs. 5(b) and 5(c));
the Gr σ band contribution (purple); a wide feature appear-
ing after Co intercalation (grey, almost negligible contribution
from disordered or localized states); and the intense contribu-
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(c)(a)

(b)

FIG. 4. Observation of Co mini Dirac cones at the Gr/Co interface. Fermi surface and constant energy contours acquired at energies
of -0.5 and -1.0 eV for (a) Gr/Ir/Al2O3(0001) and (b) Gr /2 ML Co /Ir/Al2O3(0001) heterostructures. In each panel, the Gr and Ir hexagonal
SBZs are indicated by red and orange solid lines, respectively. (c) Development of mini Dirac cones following Co intercalation. The band
dispersions were taken along the two orthogonal momentum directions indicated by the white dashed lines crossing at K point in (b). On the
left, a zoom-in over the region of the mini Dirac cone corresponding to the blue rectangular area near EF is shown as an inset.

(a) (b) (c)

FIG. 5. Rashba effect on Gr π states for 2 ML Co. (a) Spin-integrated band dispersion of Gr /2 ML Co /Ir/Al2O3(0001) taken along the Γ-K
direction. Normalized spin-resolved EDCs (blue/red colors for spin up/down respectively) corresponding to (b) the in-plane chiral and (c)
out-of-plane spin components, taken at the momentum position indicated by the orange vertical line in (a). Red and blue solid lines are fits to
the experimental data. The in-plane spin projections are perpendicular to the momentum direction in (a). Individual peaks labelled according
to the corresponding band features are displayed at the bottom of each panel. Measurements were taken at photon energy of hν=64 eV.
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FIG. 6. Rashba effect on Gr π states for 4 ML Co. (a) ARPES band dispersion of Gr /4 ML Co /Ir(111) single-crystal centered at the K
point along the momentum direction of the Gr SBZ orthogonal to Γ-K. (b) Evenly-spaced EDC profiles over the full momentum range shown
in (a). (c),(d) Spin-resolved EDCs taken at the momentum position indicated by both the vertical solid line in (a) and the spin-integrated EDC
highlighted in (b). The spin-resolved EDCs corresponding to the in-plane chiral (perpendicular to momentum direction in (a)) and out-of-plane
spin components are shown in the top and bottom panels respectively. Solid lines are fits to the data (see Methods). (d) Zoom-in over the
range of the Gr π band. The spin splitting of the in-plane channel (∆E) is indicated. (e)-(h) ARPES and spin-resolved ARPES measurements
analogous to those shown in (a)-(d) taken at opposite momentum with respect to K. The observed reversal of the spin-orbit splitting in the
in-plane chiral spin component is indicated in panel (h). Measurements were taken at photon energy of hν=45 eV.

tion from Gr π states, with the spin up and spin down com-
ponents shown in blue and red color, respectively. Note that
these were simultaneously acquired using independent elec-
tron counters.

As clearly seen in Fig. 5(b), there is a large energy spin-
splitting in the in-plane chiral spin component for Gr π states
of ∆E in-plane ≈100 meV. In contrast, the out-of-plane spin
up and down spectra do not show any sizeable spin splitting
above the average error, as shown in Fig. 5(c). The energy
spin splitting seen in the in-plane chiral spin component for
the Gr π band is consistent in size with the one reported for
Au and Pb intercalated layers at similar k values along the
Γ-K direction [33, 34].

This result is further corroborated in Fig. 6 with measure-
ments for 4 ML Co intercalated Gr on an Ir(111) single crys-
tal along the momentum direction of the Gr SBZ orthogo-
nal to the Γ-K direction. Note that similarly to Fig. 5, the

in-plane chiral spin up and spin down orientations in Fig. 6
(which are perpendicular to the electron momentum), are also
tangential to the Dirac cone, however rotated by 90◦ with re-
spect to Fig. 5. Figures 6(a) and 6(b) provide a spin-integrated
band dispersion of the Dirac cone alongside spin-integrated
EDCs. Figure 6(c) shows spin-resolved EDCs correspond-
ing to the in-plane chiral and out-of-plane spin components,
measured at the momentum position indicated by the vertical
line in Fig. 6(a), whose spin-integrated EDC is highlighted in
Fig. 6(b). As seen in the zoom-in over the range correspond-
ing to the Gr π band in Fig. 6(d), a large energy spin splitting
of ∆E≈ 100 meV, consistent with the spin-resolved measure-
ments of Fig. 5, is clearly resolved in the in-plane chiral spin
component for Gr π states. Figures 6(e)-(h) show ARPES
and spin-resolved ARPES measurements corresponding to the
ones shown in Figs. 6(a)-(d) but taken at opposite momentum
with respect to K, as indicated in Figs. 6(e),(f). A reversal of
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the spin-orbit splitting in the in-plane chiral spin component
is clearly observed and highlighted in Fig. 6(h).

Altogether, the chiral spin up and spin down orientations
in Figs. 5(b) and 6(c) are consistent with a spin-orbit splitting
predominantly associated with an in-plane Rashba-type spin
texture, that is characterized by a counterclockwise (clock-
wise) spin circulation around K for the outer (inner) π band
spin states. First, the Rashba scenario is fully supported by the
spin-resolved EDCs shown in Figs. 5(b) and 6(c), as both in-
plane chiral spin components are tangential to the Dirac cone
but rotated by 90◦ to each other. This observation rules out the
possibility of a collinear alignment of antiparallel spin vectors
in a global spin texture whose origin would be entirely mag-
netic. Second, the observed reversal of the spin-orbit splitting
at opposite wave vectors confirms a Rashba effect. It should
be noted that due to the energy dependent hybridization, spin-
orbit effects with reducing energy are increasingly more diffi-
cult to resolve, as the lower half of the Dirac cone possesses
very strong Co character, resulting in an overall spin texture
that is more complex. This effect is manifested by an out-of-
plane canting of electron spins which can be nevertheless ob-
served in Figs. 6(d) and 6(h), despite the reduced Co weight
in this energy region.

As a next step, spin-resolved ARPES measurements were
performed on the thicker 10 ML Co system (see Fig. S5 in
Supp. Info.), whose band dispersion is presented in Fig. 2(c).
Despite the increasing spectral broadening of Gr π states in-
duced by Co intercalation, any possible spin-orbit splitting
of considerable size between opposite spin states is not ob-
served. The absence of a measurable spin-orbit splitting for Gr
π states in thicker intercalated Co films is in agreement with
previous findings for Gr grown on 15 ML Co/W(110) [45]. W
and Ir have similar spin-orbit coupling strength. These obser-
vations support our ARPES findings that at larger Co thick-
ness the Gr/Co interface is electronically decoupled from the
Ir layer, and emphasize the critical role of the interaction be-
tween Gr and the heavy metal layer via the FM as source of
SOC for Gr atoms. The long range of the coupling across
several atomic layers is also not unprecedented: Noble metal
films on W(110) show a Rashba splitting [47]. For 1 to 7 ML
thickness, it was shown that the Rashba splitting is the same
for Au films and Ag films despite the very different size of
the SOC. This shows that the SOC originates from the W sub-
strate.

Hence, a large Rashba-SOC at the Gr/Co interface originat-
ing from the Gr layer, which in contrast to our findings was
previously thought to be negligible [20] and thus not impor-
tant for the observed enhancement of interfacial DMI, is con-
sistent with the energy spin splitting observed in the in-plane
chiral spin component for Gr π states in the thinner interca-
lated Co heterostructure.

DFT calculations of Co-intercalated Gr/Ir interface

To further verify our experimental findings, we performed
DFT calculations for 2 ML of epitaxial Co intercalated at
a Gr 1×1 /Ir(111) interface, with spin-orbit interaction fully

taken into account. A complete description of the used proce-
dures is included in the Methods section, and additional cal-
culations are provided in Figs. S6 and S7 of the Supp. Info.
To reduce the complexity of the problem, in the calculations
Gr 1×1 was expanded to match with the Ir lattice, and thus K
and M high-symmetry points are referred to the Ir(111) SBZ.
In this way, contributions from the moiré superlattice of Gr
to the electronic structure are explicitly neglected, although
the spin splitting and the induced (in-plane) spin-polarization
features are well considered. To give a comparison, a p(2×2)
Gr relaxed on a (

√
3×

√
3) Co/Ir(111) was calculated and the

unfolded band structure (to the 1 × 1 Gr unit cell) is shown
in Fig. S7. Compared to the p(1×1) structure, a slight dif-
ference in the doping level of the upper Dirac cone and a re-
duced splitting is noticed, but the discussed Gr bands between
-5 and -8 eV along Γ-K are almost unaffected. In Fig. 7(a)
the surface-projected band structure for Gr /2 ML Co /Ir(111)
as determined by DFT along the Γ-K-M-Γ direction is dis-
played. Here, the contribution of the k-resolved density of
states (DOS) of Gr and Ir at the Gr/Co interface is highlighted,
and the color representation indicates opposite orientations of
the in-plane chiral spin component at the interface, which are
perpendicular to electron momentum. The area of the circles
is proportional to DOS (Gr)×DOS (Ir), being thus indicative
of the hybridization between Gr and Ir. Overall, the calcula-
tion shows qualitatively good agreement with the experimen-
tal results.

By directly comparing the DFT calculations with the exper-
iment, the preservation of the Gr π bands and their hybridiza-
tion with Ir and Co-derived states at the interface is clear, re-
sulting in a significant Gr-Ir interaction (region indicated with
a rectangle in Fig. 7(a)). The main Dirac crossing point of
the Gr π band at the K point is located at an energy of E-
EF = -3 eV, in good agreement with the experimental results
(see Fig. 2(b) and Figs. S1-S4 of the Supp. Info.). Similarly,
in Fig. 7(a), clear signatures of the Gr-Ir hybridization can be
also identified at -1.5 eV and in the vicinity of EF around K
(horizontal black arrows), where the strong Co-Gr hybridiza-
tion gives rise to the characteristic mini Dirac cone as exper-
imentally observed (Fig. 4(c)). Note that the calculations ne-
glect the band shift due to electron doping, and therefore the
mini Dirac cone appears slightly above EF. Moreover, near the
M point there is a small enhancement of the DOS (horizontal
black arrow in Fig. 7(a)) consistent with the Ir-Co hybridiza-
tion that is observed in the ARPES measurements (Figs. 3, 4
and Fig. S3 in Supp. Info.).

In Fig. 7(b), a closer view of the energy-momentum disper-
sion of Gr π states along the Γ-K direction is provided, show-
ing the calculated in-plane chiral spin component in the Gr
layer within the energy and momentum ranges corresponding
to the region indicated by a rectangle in Fig. 7(a). The chi-
ral spin up and spin down orientations in Fig. 7(b) correspond
to those in Fig. 7(a). There is a large energy spin splitting
in the in-plane chiral spin component between Gr π states of
opposite spin, confirming the crucial role of the spin-orbit in-
teraction induced in the Gr layer for the enhancement of SOC
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FIG. 7. Theoretical prediction of Rashba effect on Gr on Ir through 2 ML Co. (a) Surface-projected band structure of Gr /2 ML Co /Ir(111)
as determined by DFT (see Methods) along the Γ-K-M-Γ direction. The area of the circles is proportional to the product of the Gr and
interface Ir DOS, while the color representation indicates the opposite orientations of the in-plane chiral spin component along the direction
perpendicular to electron momentum. (b) Spin-resolved valence band structure corresponding to the calculated in-plane chiral spin orientations
in the Gr layer. A close view of the energy-momentum dispersion of Gr π states along the Γ-K direction is seen. The energy and momentum
ranges correspond to the region of the Dirac cone with strong Gr character indicated by a rectangle in (a).

at the interface. The spin splitting is significantly pronounced
in an energy region between -6 eV and -4 eV as the electron
momentum approaches K point, in very good agreement with
the spin-resolved ARPES measurements (Figs. 5 and 6). This
spin-orbit splitting, which exceeds by far the one originating
from SOC spatial variations in the Co layer and is highlighted
by red and blue solid lines in Fig. 7(b), is in quantitative agree-
ment with the energy spin splitting experimentally observed,
that is, we recall, ≈ 100 meV. Consistent with this, a careful
examination of the Gr π states in this energy region clearly
shows that they are hybridized with the states localized at
Ir (and Co) at the interface (larger DOS inside the rectangle
in Fig. 7(a)). Thus, our theoretical calculations largely agree
with the experimental results and demonstrate the strong elec-
tronic interaction between electronic states of Gr and those of
the Ir-Co interface as well as a pronounced spin-orbit splitting.
In other words, the obtained results confirm the Rashba-like
spin-texture induced by Ir in the Gr layer and provide insight
into the microscopic mechanism that is ultimately responsible
for the significant enhancement of SOC at the Gr/Co interface
that is experimentally discovered here.

Conclusions

To summarize, through ARPES with and without spin res-
olution in combination with DFT calculations we have inves-
tigated the electronic origin of the large DMI at Gr/FM inter-
faces. To this end, we have performed a systematic experi-
mental characterization of the electronic properties of high-
quality Gr-based heterostructures presenting atomically flat
interfaces and homogeneous epitaxial Co layers intercalated

between Gr and an Ir(111) layer and grown on insulating sub-
strates. Our findings reveal that, in contrast to conventional
wisdom, spin-orbit effects induced in the Gr layer are of cen-
tral importance to fundamentally understand the enhancement
of the SOC at Gr/FM interfaces. The effect is manifested by a
large energy spin splitting in the in-plane chiral spin compo-
nent for Gr π states, consistent with a Rashba spin texture and
a spin-orbit splitting that exceeds by far the one originating
from SOC variations in the Co layer. The experimental results
are supported by DFT calculations pinpointing the interaction
between Gr and the Ir layer as the main source of SOC for Gr
atoms. The effect disappears with large separation from the
Ir as demonstrated for 10 ML Co. These findings are consis-
tent with a large Rashba-SOC at the Gr/Co interface arising
from the Gr layer in ultrathin intercalated Co films, and are
important towards achieving better control of the interfacial
properties. We have demonstrated a convenient and very sen-
sitive way of probing the SOC at the Gr-Co interface. This,
and the demonstration that the interaction is mainly provided
by the heavy metal layer, will help developing graphene-based
memory and logic devices on insulating substrates.

Methods

Sample growth and characterization. The pristine,
2 ML Co and 10 ML Co samples were grown at the Molecular
Beam Epitaxy (MBE) chamber at IMDEA Nanoscience
(Madrid, Spain), and transferred to the Cassiopée beam-
line end station at the SOLEIL synchrotron light source
(Gif-sur-Yvette, France) using an ultrahigh vacuum (UHV)
suitcase at pressures below 5×10−10 mbar. Gr-based epitax-
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ial heterostructures were grown under UHV conditions on
commercially available Al2O3(0001)-oriented oxide single
crystals. The insulating substrates were ex-situ annealed
in air at 1370 K for 2 hours in order to obtain flat surfaces
with large terraces prior to their insertion into the MBE
chamber. Epitaxial (111)-oriented 30 nm thick Ir buffers
were deposited by DC sputtering at 670 K in 8×10−3 mbar
Ar partial pressure with a deposition rate of 0.3 Å/s. The
epitaxial quality of the fabricated Ir layers was verified by
LEED and XPS. Epitaxial Gr was subsequently grown at
1025 K by exposing the samples to ethylene gas at a partial
pressure of 2×10−8 mbar for 30 min. After cooling down to
room temperature, Co was deposited by electron-beam evap-
oration on top of Gr/Ir/Al2O3(0001) with a deposition rate
of 0.04 Å/s, while its intercalation under Gr was promoted
by a moderate thermal annealing. During this process, the
sample was gradually heated up to 550 K while acquiring
XPS spectra to verify in real time the complete intercalation
of Co underneath the Gr layer. The XPS spectrum of Co
was not modified by the presence of Co-C [64] which rules
out diffusion of C. The 4 ML Co-intercalated sample for
spin-resolved ARPES measurements was grown in-situ at
the spin-ARPES end station permanently installed at the
U125-2-PGM beamline of BESSY II. The Co source was
carefully calibrated using a quartz crystal monitor.

Photoemission experiments. ARPES measurements were
carried out at room temperature at the Cassiopée beamline
HR-ARPES end station, and at the spin-ARPES end station at
the U125-2-PGM beamline of of the synchrotron light source
BESSY II in Helmholtz-Zentrum Berlin. Photoemission
spectra were acquired using linearly-polarized light at photon
energies of hν= 64 eV and 45 eV, respectively. The base
pressures of the photoemission setups were better than
1×10−10 mbar. check previous version. Emitted photo-
electrons were detected with Scienta R4000 hemispherical
analyzers up to acceptance angles of ±15◦. The angular and
energy resolutions were set to 0.1◦ and 5 meV, respectively.

Spin-resolved measurements. Spin-resolved ARPES
spectra in Fig. 5 were acquired at a photon energy of 64
eV at the spin-ARPES end station of Cassiopée beamline
at SOLEIL synchrotron, using a SES2002 Scienta analyzer
coupled to a Mini-Mott spin detector capable of detecting
simultaneously both in-plane chiral (perpendicular to the
analyzer horizontal entrance slit) and out-of-plane spin
components (perpendicular to the surface plane). The energy
resolution of the spin-resolved measurements was 230 meV,
and the angular resolution was 3.6◦. Spin-resolved ARPES
measurements in Fig. 6 were taken at a photon energy
of 45 eV at the U125-2-PGM beamline of the BESSY II
synchrotron light source, using a Scienta R4000 analyzer
(vertical entrance slit) coupled to a Rice University Mott-type
spin polarimeter operated at 25 kV. The samples were
measured in remanence after applying a pulsed magnetic
field of 0.5 T under an angle of 45◦ with respect to the

surface normal. Resolutions of the spin-resolved ARPES
measurements were 45 meV (energy) and 0.75◦ (angular).
The spin-resolved EDCs were fit using Lorentzian peaks and
a Shirley background, multiplied with a Fermi function, and
convoluted with a Gaussian broadening to account for the
finite experimental resolution.

Theoretical calculations. We used DFT in the general-
ized gradient approximation [74] employing the full-potential
linearized augmented-plane-wave method as implemented in
the FLEUR code [75]. Relativistic effects, including spin-orbit
coupling, were fully included. To calculate the electronic
structure of Gr 1×1 /2 ML Co /Ir(111), a seven layer Ir(111)
film was used as substrate, and different stackings were con-
sidered as a starting point for the structures to relax. The
lowest energy was obtained when one C atom was situated
above the top Co and the other in a fcc position. To ob-
tain the surface- and spin-projected band structures, spin-orbit
coupling with an out-of-plane spin-quantization axis was con-
sidered, enabling non-collinear calculations to resolve the in-
plane spin components in the different layers.
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