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Highly spin-polarized Dirac fermions at the graphene/Co interface
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The interface of graphene with ferromagnets is highly relevant for spintronics, because graphene on Co(0001)

shows a largely intact Dirac cone and strong hybridization with Co 3d states breaking the sublattice symmetry

that had been considered mutually exclusive. Here we show by spin- and angle-resolved photoemission that the

Dirac cone and Dirac point are also highly spin polarized (∼ −25%), which reinforces the puzzling issue of

a strong graphene-substrate interaction. The problem is solved by our ab initio calculations which show that

(i) the upper and lower halves of the Dirac cone belong to different sublattices and (ii) one half is spin polarized

by spin-dependent hybridization because it is situated at the edge of a minority-spin band gap of the Co substrate.

DOI: 10.1103/PhysRevB.91.235431 PACS number(s): 73.22.Pr, 75.70.−i, 81.05.ue, 85.75.−d

Owing to its low spin-orbit interaction and resulting
micrometer-range spin-relaxation length [1–4], graphene is
considered a prime material for spin transport. Spin is
typically injected from ferromagnetic contacts which make the
graphene-ferromagnet interface and ferromagnetic graphene
important subjects of investigation. Proximity magnetization
of the graphene occurs by impurities [5] and at the inter-
faces [6]. The spin-filter properties of graphene interfaces with
Ni and Co have been investigated by density functional theory,
and 100% magnetoresistance was found [6]. Spin currents are
reversible by electric gating [7]. For ferromagnetic graphene
induced by a proximity magnetization, a spin superconductor
state has been investigated theoretically [8]. In that case,
intact spin-split Dirac cones of the ferromagnetic graphene
enable the formation of electron-hole pairs which are spin
polarized and may form an exciton condensate that can be
charge insulating [9]. Calculations predict that graphene would
acquire a ferromagnetic spin polarization of the Dirac cone
of ∼24% when grown on the low-temperature ferromagnetic
insulator EuO [10].

It has been difficult to detect ferromagnetic order in
graphene. Primarily, it has been reported based on x-ray
magnetic circular dichroism (XMCD) measurements at the
carbon K edge, for example, for graphite-Fe multilayers [11],
chemically functionalized graphene [12], and graphene on
Ni [13]. In addition, the fate of the graphene Dirac cone and
the associated transport properties in proximity magnetized
graphene remains unclear because strong proximity magneti-
zation principally also means strong electronic hybridization.
The Dirac cone was found to be destroyed by a graphene-Ni
interaction, and it was suggested that a monatomic layer of
Cu in between graphene and Ni is required to restore the
Dirac cone in graphene [6]. This Cu layer only slightly affects
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the magnetoresistance, but it strongly reduces the induced
ferromagnetism in the graphene.

A strong ferromagnetic exchange interaction induced in
graphene is also crucial for realizing the quantum anomalous
Hall effect in graphene [14–18]. This topological quantum
phase leads to edge states with a robust quantized Hall
conductance σxy = Ce2/h (Chern number C). Both the spin-
orbit interaction and the exchange interaction have to be
provided by proximity effects.

Interfacing graphene with the heavy metals Au [19] and
Ir [20] under preservation of the Dirac cone has been
achieved, probably because breaking of the graphene sublattice
symmetry is avoided by a large-scale moiré superstructure
and a large graphene-substrate distance in both cases [21].
The resulting proximity spin-orbit interaction is giant sized
on Au (∼100 meV [22]) and Ir (∼50 meV [23]). Because
the inversion symmetry perpendicular to the graphene plane
is broken by the proximity effect, the spin-orbit effect is of
Rashba type, which leads graphene to the peculiar spin texture
sketched in Fig. 1(a) [24,25].

Figure 1(b) shows, for comparison, the spin texture of a
ferromagnetic Dirac cone. It has been widely believed that
on ferromagnets Ni and Co—which present a much higher
electronic density of states at the Fermi level and on which the
graphene layer is closer by 1 Å than on Au and Ir—preserving
the Dirac cone is hopeless. Moreover the graphene adsorption
site is “on top” and breaks the graphene sublattice symmetry
maximally.

In this situation, it came as a surprise that strong hybridiza-
tion and an intact Dirac cone are instead compatible [26]. This
was demonstrated by angle-resolved photoemission (ARPES)
for graphene on Ni(111) and Co(0001). In the measured band
structure, the strong interaction between the graphene and its
substrate does not lead to a gapped Dirac point as expected
for a p(1 × 1) “on-top” adsorbed graphene (AC stacking).
Instead, the gap occurs away from the Dirac point where the
π and 3d bands have an anticrossing. The Dirac point itself
becomes shifted to a higher binding energy and remains intact
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FIG. 1. (Color online) Comparison of (a) spin-orbit and (b)

exchange-type spin splittings applied to the graphene Dirac cone

dispersion.

in the ARPES experiment. Density functional theory (DFT)
calculations of graphene on Ni identify that it has a counterpart
in the unoccupied states [26].

The question arises now whether the induced spin polar-
ization indicated by XMCD for graphene/Ni is only limited to
the immediate hybridization region, or are the Dirac point
and the linear portion of the π band also spin polarized.
Before the discovery of the intact Dirac point, spin-resolved
photoemission of the π band had already been performed away
from the Dirac point: For graphene/Co(0001) it gave hardly
any spin polarization P [27] and for graphene/Ni(111) it gave
values of P = (0 ± 2)% [27] and P = −12% [28] at different
points in the Brillouin zone.

In the present work we have chosen Co(0001) for graphene
growth. Using spin- and angle-resolved photoemission mea-
surements, we demonstrate strong spin polarization and spin
splitting of the graphene Dirac cone. We explicitly distinguish
the exchange from spin-orbit effects in the experiment. We
distinguish graphene from Co states by their symmetry and
show that the Dirac point and its spin polarization are not sim-
ply due to states of the Co substrate. The calculation confirms
this assignment and shows that the Dirac cone and Dirac point
are situated in a minority-spin bulk band gap of the Co.

Graphene has been grown on 20 atomic layers of Co on
W(110), as described before [26]. Spin- and angle-resolved
photoemission measurements have been performed with a
hemispherical energy analyzer equipped with a Rice Uni-
versity Mott-type spin detector [29]. Experiments have been
conducted using linearly polarized synchrotron radiation of
62 eV photon energy. Before each set of measurements the
sample has been magnetized in the in-plane ŴM direction
using a Helmholtz coil. The spin detector zero asymmetry has
been calibrated by selecting the level where spin asymmetries
for two opposite magnetizations coincide. More information
is given elsewhere [30,31].

Our theoretical results were obtained by the full-potential
linearized augmented plane wave method in the generalized
gradient approximation to DFT using the FLEUR code [32].
Structural optimization of graphene on a 14-layer Co film
has been applied to the topmost three layers, allowing also
for a buckling due to the two inequivalent sublattice sites of
the graphene in the p(1 × 1) “on-top” geometry. The results

FIG. 2. (Color online) Spin- and angle-resolved photoemission

from epitaxial graphene/Co(0001). (a) Valence band overview in the

ŴK and ŴM directions. (b) The graphene Dirac cone region measured

perpendicular to ŴK through the K point of the graphene Brillouin

zone. (c) shows data from (b) as a stack of spectra. (d) Spin-resolved

measurement conducted exactly at the K point. Red and blue spectra

correspond to the minority and majority spin, respectively.

shown are for a structure with the average distance reduced to
2.05 Å due to van der Waals interactions [33] and retaining
a buckling of 0.01 Å with the spin-orbit coupling effects
included.

Figure 2(a) shows an ARPES overview along the ŴM and
ŴK directions of the graphene Brillouin zone. Due to the
strong graphene-Co interaction, the characteristic graphene π -
band dispersion is shifted to higher binding energies compared
to freestanding graphene [19]. The photoemission intensity of
the π band is strongly modulated, so that after crossing the K

point, the π band is no longer visible when measured along ŴK

[34,35]. When measured in the direction perpendicular to ŴK

through the K point, both sides of the Dirac cone are clearly
visible [see Figs. 2(b) and 2(c)]. This is the experimental
geometry used in all subsequent figures. The Dirac point in
spin-integrated photoemission is seen at 2.8 eV binding energy.
Near the Fermi level there are slightly dispersing Co states;
the upper part of the graphene Dirac cone hybridizes with
the Co states in that region. Besides the graphene Dirac cone
dispersion, in addition, there is a faint band around 5.2 eV
binding energy. It originates from the same π band but the
M point of the rotated graphene domains [26]. Growth has
recently been improved so that contributions from rotated
domains disappear from the spectra [36].

Figure 2(d) shows spin-resolved measurement exactly
at the K point of the graphene Brillouin zone. Majority-
(I↑) and minority-spin photoemission intensities (I↓) are
clearly identified by the background spin polarization at
higher binding energy. A strong difference between intensities,
meaning a strong spin polarization P = (I↑ − I↓)/(I↑ +

I↓), occurs everywhere in the spectrum in Fig. 2(d): the
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FIG. 3. (Color online) Effect of incident light polarization. The

red shaded area shows the difference in the minority-spin spectra for

(p + s) and pure s polarization of the incident light. The blue shaded

area is for the difference in majority-spin spectra.

background (featureless at 6 eV and higher binding energies),
Co-derived states, and the graphene Dirac point which appears
as a minority-spin peak at 2.6 eV. The spin polarization
as measured at the Dirac point is about −10% and has a
minority-spin character, and the background spin polarization
is about +15% so that the Dirac point spin polarization
relative to the background polarization is about −25%. In the
majority-spin spectrum there is also a broad peak around 3 eV
binding energy, which can be assigned as the majority-spin
counterpart of the Dirac point.

We want to verify that the minority-spin peak at 2.6 eV
originates from the graphene. The orbital responsible for the
graphene π band and the Dirac cone is a pz orbital pointing
perpendicularly to the graphene plane. Figure 3 shows the
influence of the incident-light polarization on the spin-resolved
spectra at K . Here (p + s) polarization excites both σ and pz

graphene orbitals. The π -band intensity dominates the valence
band in this case. s-polarized incident photons suppress
photoemission from the pz orbitals and thus from the Dirac
cone. The difference is presented in Fig. 3 as shaded areas. Note
that the Co intensities also depend on the light polarization, but
they are large only in the energy region about 2 eV from the
Fermi level with a small minority-spin feature at 2.3 eV. (See
the measurement of pure Co(0001) [30,31].) This means that
the shaded areas correspond predominantly to the graphene π -
band intensity, and that the minority-spin polarization at 2.6 eV
and the majority-spin polarization at ∼3 eV and the splitting
between them in fact belong to the graphene Dirac cone.

Figures 4(a), 4(c), 4(e), and 4(g) (left panels) show the
graphene Dirac cone dispersion measured with spin resolution.
Going away from the K point, the minority-spin π band splits
into two bands, i.e., upper π∗ and lower π branches of the Dirac
cone. The lower branch can be followed in the minority-spin
spectra, although the feature progressively broadens and loses

intensity. Already at about 0.3 Å
−1

the upper branch mixes

and hybridizes with Co 3d states, so that at 0.7 Å
−1

the peak
around 1.2 eV binding energy can be solely attributed to a
minority-spin Co 3d state. Dispersion of the majority-spin part
of the Dirac cone is not distinguishable from the background
due to its large broadening and low intensity. Figure 4(d) shows

FIG. 4. (Color online) (b) shows the Dirac cone dispersion and

positions of spin-resolved measurements. Left column panels [(a),

(c), (e), (g)] show the Dirac cone dispersion obtained with spin

resolution, going from 0 to +0.7 Å
−1

relative to the K point. (d) and

(f) are measurements for opposite wave vectors to those shown

in (c) and (e). They show that there is no spin-orbit contribution

to the observed Dirac cone spin polarization. (h) Reversal of the

spin-resolved spectrum (g) when the sample magnetization direction

is reversed.

a spectrum measured at −0.1Å
−1

, i.e., an opposite wave vector
to Fig. 4(c) relative to the K point. Figure 4(f) shows the
counterpart of Fig. 4(e). All the measurement positions are
marked on Fig. 4(b) by white lines, tilted due to a conversion
from angles to wave vectors k‖. (In the discussion we use
approximate k‖ values for simplicity.)

A comparison of opposite k‖ values allows us to test
for a spin-orbit (Rashba) contribution to the observed spin
polarization following Fig. 1. Comparing Figs. 4(c) and 4(d)
we see that the spectra are nearly identical. This is the
direct indication of the absence of spin-orbit effects on Dirac
cone spin splitting and spin polarization. As complementary
information, we can directly prove the exchange-type nature
by reversing the remanent magnetization of the sample.
All features in the spin-resolved spectra reverse with the
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FIG. 5. (Color online) Band structure calculated for

graphene/Co(0001) perpendicular to ŴK . (a)–(c) Symbols

indicate states with charge density on the carbon and at the topmost

Co layer, i.e., the Co atomic layer in contact with the graphene.

At E − EF = −3 eV a Dirac crossing point is seen with strong

weight at the graphene. This Dirac point and the lower half of the

Dirac cone are situated in a minority-spin bulk band gap of the

Co. (d), (e) Symbols indicate the sublattice polarization defined as

P = w(A) − w(B), where w(X) is the local density of states (DOS)

at atom X. The size of the symbol is determined by |P | while the

color is inferred by its sign.

magnetization, as shown for K and +0.7Å
−1

from K in the
Supplemental Material [30,31] and in Fig. 4(h).

We have investigated the system graphene/Co(0001) by
first-principles band-structure calculations. Figure 5 shows the
results for a Co film covered on one side by graphene. Large
symbol sizes indicate a high charge density at carbon and
the topmost Co (interface) sites. The white areas correspond
to surface-projected bulk band gaps. They are largely shifted
by the exchange splitting of Co of about 1.6 eV. Therefore,
only for minority spin do the lower Dirac cone and the Dirac
crossing point (at −3.2 eV) lie in such a bulk band gap. The
Dirac point can be investigated at a much smaller energy
scale than in the experiment where the features are broad. The
calculation shows a gap at the Dirac point of less than 200 meV.
It is also seen that the graphene character is maintained below

and above the Dirac point while the weight at the Co interface
layer is overall larger at the Dirac point. The majority-spin
part of the Dirac cone, instead, is degenerate with Co states
near the Dirac point, has much more Co character there, and is
spread over ∼0.5 eV width. This spin-dependent hybridization
is able to withhold the minority-spin electrons at the graphene
while the majority-spin electrons “leak” into the Co substrate.
This contributes to an antiparallel magnetization there. The
calculation confirms this impression and gives a magnetic
moment at the on-top carbon site of −0.032µB and at the
hollow carbon site of +0.029µB which gives a total carbon
moment of −0.003µB.

The minority-spin band at 1–1.5 eV from Fig. 4 is identified
here as a minority-spin Co band (1.5–2.0 eV binding energy) at
the interface. Also, the majority-spin state from the experiment
(at ∼3 eV) is identified as the majority-spin Dirac point which
is strongly hybridized. From Fig. 5(e) it is also seen that
the exchange splitting of the graphene Dirac cone is positive
(∼700 meV).

We have previously pointed out the importance of dynamic
hybridization effects in graphene/Ni(111) [26]. This means
that the hybridization is energy dependent. This is much more
clearly revealed in graphene/Co due to the large exchange
splitting in the Co. Figure 5(b) shows that the lower half of the
Dirac cone at E − EF = −3 eV already has graphene character
while the upper half has a predominantly Co character. In the
majority-spin panel [Fig. 5(a)] for the Dirac cone near the
Fermi energy, it is the opposite.

This clearly confirms that almost intact Dirac cones can
exist despite strong sublattice symmetry breaking. This is

possible for k vectors slightly (0.1 Å
−1

) away from the K point
because the upper and lower halves of the Dirac cones belong
to different sublattices, as can be seen in Figs. 5(d) and 5(e).
The separation of the Dirac cone into A and B sublattices is
most pronounced directly at K , where the two halves can mix
effectively.

In summary, spin- and angle-resolved photoemission
shows that graphene on Co(0001) forms a Dirac cone which
is strongly minority-spin polarized. Ab initio calculations
show that this spin polarization is due to a minority-spin bulk
band gap of the Co, which hosts the lower half of the Dirac
cone, including the Dirac point. This half cone is located
at sublattice A and has a counterpart of majority spin. The
majority-spin Dirac cone and the upper half of the minority
spin Dirac cone are degenerate with Co bulk bands, which
leads to a stronger Co character.

This physical insight that spin-polarized graphene Dirac
cones form through spin-dependent bulk band gaps will
be useful for interfacing graphene with metals as well as
ferromagnetic insulators, and for combining exchange and
spin-orbit interactions for realizing the quantum anomalous
Hall effect in graphene.

Note added. Recently, we became aware of a study with
similar conclusions, where the cone at the Fermi level is well
resolved [37].
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