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With the discovery and first characterization of graphene, its potential for spin-

tronic applications was recognized immediately. Since then an active field of research

has developed trying to overcome the practical hurdles. One of the most severe chal-

lenges is to find appropriate interfaces between graphene and ferromagnetic layers,

which are granting efficient injection of spin-polarized electrons. Here we show that

graphene grown under appropriate conditions on Co(0001) demonstrates perfect struc-

tural properties, and simultaneously exhibits highly spin-polarized charge carriers. The

latter was conclusively proven by observation of a single-spin Dirac cone near the Fermi

level. This was accomplished experimentally using spin- and angle-resolved photoelec-

tron spectroscopy, and theoretically with density functional calculations. Our results

demonstrate that the graphene/Co(0001) system represents an interesting candidate

for applications in devices using the spin degree of freedom.

KEYWORDS: Graphene, spin polarization, electronic structure, Dirac cone, spin-

resolved ARPES

The most unique properties of the intrinsically two-dimensional material graphene stem

from its cone-like dispersion of charge carries near the Fermi level, EF, where electron and

hole pockets meet only at the K points of the Brillouin zone.1 As a consequence the car-

riers in graphene effectively behave as relativistic Dirac fermions with zero effective mass.

This is evidenced, for instance, by their outstanding mobility, which is observed in trans-

port measurements.2 This behavior opens up significant possibilities for use in next genera-

tion electronics,3 where the spin-degree of freedom in particular might be used.4,5 However,

graphene’s unique electronic structure becomes strongly altered when brought into contact

with ferromagnetic metals, which are used as spin-polarizing substrates.6,7 For any practical

use it is therefore necessary to find an appropriate graphene/ferromagnet system where the

remarkable properties of graphene and, in particular, its cone-like dispersion near the Fermi

level are preserved.
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Numerous studies of the electronic band structure of graphene/metal systems show that

due to the strong interaction between C 2pz and d states of the metallic substrate, the π-states

of graphene are essentially modified and largely shifted away from EF. For example, this has

been shown for several metals, which are characterized by an open and chemically active d-

shell, as is the case for Ni, Co, Fe, Rh, Re, and Ru.8–17 Only in the cases of weakly interacting

substrates does the Dirac cone remain almost undisturbed. This is predicted theoretically7

and observed experimentally in graphene on Au, Cu, Ir, Pt, Al and on silicides, where

the Dirac point is close to EF.10,16,18–22 For the cases of magnetically interesting substrates

like Ni(111) and Co(0001), the Dirac cone is modified in a very special way. It is split in

several parts, which retain some similarities to the Dirac cone of freestanding graphene. The

main part was identified in photoemission experiments as a gapless Dirac cone with its apex

located at the binding energy of about 2.8 eV.14 According to theoretical calculations the

states close to the apex are notably mixed with metal 3d states.14,15,23 This mixing destroys

the conical band above the energy of 2 eV. Thus far, no ferromagnetic substrate is known

where the electronic structure of free-standing graphene is widely conserved. Interestingly,

theoretical considerations suggest that in spite of strong distortions of the linear dispersion

of the π-states due to their hybridization with metal d-states, a new spin-polarized cone-like

interface band near the Fermi level might exist.6,7,14,15,23–25 This offers an opportunity to

obtain desired electronic and magnetic properties, and combine them in these composite

structures.

Here, for the first time we experimentally demonstrate and theoretically support that

such a Dirac-cone-like feature exists in a graphene/ferromagnet system, with its apex close

to EF. Studying a perfectly oriented graphene/Co(0001) system by spin- and angle-resolved

photoelectron spectroscopy (SR-ARPES) we found that this cone-like band is formed by

states with only one spin orientation. A system with such a property could act as a source of

spin-polarized current, which is one of the main components of spintronic devices. The key

aspect that gives rise to these properties is the perfect mutual orientation of the graphene
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layer and the Co(0001) substrate, which may be achieved following the appropriate growth

protocol.

Figure 1: Graphene structure in real and reciprocal space. LEED patterns of
graphene/Co(0001) for (a) misoriented graphene domains, and (b) perfectly oriented
graphene. The electron energy was 70 eV. Respective STM images for (c) misoriented
domain, rotated by ∼ 10◦ relative to the Co(0001) lattice and (d) graphene aligned in a
registry with the substrate. The horizontal direction is parallel to the [112̄0] direction of
cobalt. The inset shows a zoomed region manifesting non-equivalence of two sublattices.
The synthesis temperature is shown above the images.

Structural properties of graphene/Co interface. We explored the structural prop-

erties of a single graphene layer grown by chemical vapor deposition (CVD) on a layer of

Co(0001) and discovered that the highly ordered graphene perfectly oriented with respect to

the substrate could be grown only within a certain temperature range. As an example, in Fig-

ure 1 we show the results of low energy electron diffraction (LEED) and scanning tunneling

microscopy (STM) characterization of graphene on Co(0001) prepared at the temperature

of 560◦C (Fig. 1a,c), as well as at 660◦C (Fig. 1b,d). The latter is essentially quite high,

and close to its destruction temperature. The system prepared at the lower temperature is

characterized in LEED by the arc shaped reflexes (Fig. 1a). This observation implies the

presence of predominant misoriented domains, the existence of which has been established
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by other studies.11,13,14 The STM data taken from the system are consistent with the LEED

results. They demonstrate a well-known moiré pattern, which is intrinsic to the mismatched

interface (Fig. 1c).

Next, we looked closely at the LEED and STM data taken for the second system (Fig. 1b

and 1d), which was prepared at high temperature. In this case we can safely conclude that

carbon atoms, packed into the graphene matrix, perfectly fit the lattice of the underlying

cobalt layer. This is possible because the misfit between lattice parameters of free graphene

and cobalt is less than 2%. LEED shows a (1×1) structure and the STM image demonstrates

a three-fold symmetry of the system, which indicates the nonequivalence of the two carbon

sublattices A and B, depicted in inset in Fig. 1d. This may correspond to the structure,

in which the atoms of one sublattice are located above Co atoms, while the others occupy

hollow sites.

It should be noted that recently the formation of graphene/Co(0001) interface with (1×1)

LEED pattern was demonstrated on the Co film with the thickness of 3 nm at the growth

temperature of 430◦C.26 This suggests that the synthesis temperature may be not the decisive

parameter, which ensures perfect graphene orientation. In our experiments much thicker Co

films were used (not thinner than 10 nm), which was necessary for keeping the film integrity

at the synthesis temperatures up to 660◦C. We suppose that thicker Co films may require

annealing at higher temperature in order to reach good crystallization, which is important

for graphene ordering. Also the type of hydrocarbon gas used in CVD may be important.

Interestingly, despite the perfect graphene orientation no spin-polarized interface state was

detected in Ref. 26. This indicates certain structural differences between the systems formed

at different conditions. The possible difference, which may be not reflected in the LEED

pattern, is a presence of nonperiodic imperfections of the graphene/Co interface, formed at

low temperature. In the case of Ni(111) it has been demonstrated that the quality of graphene

is increasing with the synthesis temperature.27 Graphene grown at the temperatures of 400–

450◦C is characterized by a high concentration of defects, while at 650◦C a high-quality
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lattice is formed.27 For this reason we avoided low growth temperatures and used STM for

proving the high graphene quality.

Figure 2: ARPES insight into the electronic structure of graphene/Co interface. (a) ARPES
data taken near the K-point from well-oriented graphene on Co(0001) at room temperature,
using 40 eV photons with s+ p polarization. (b) Structure of graphene in momentum space;
the line schematically indicates the direction of measurements. (c) ARPES insight into the
mini cone at EF obtained with 28 eV photons. (d) ARPES constant-energy maps of the
mini cone.

Electronic structure viewed by ARPES. The electronic structure of this perfectly

oriented graphene on Co(0001) was next explored in detail by spin- and angle- resolved

photoelectron spectroscopy. In Fig. 2a we present ARPES spectra taken at the K-point of

the surface Brillouin zone (BZ) (the data at the Γ-point are shown in Fig. S3a in Supporting

Info). Figure 2b schematically shows the BZ of graphene, and the direction of the ARPES

measurements. Looking at the ARPES-derived band maps, two interesting features may be

seen: (i) the main Dirac cone,14 which is shifted to ∼ 2.8 eV below EF, and (ii) another

cone-like feature near EF. The latter is shown magnified in Fig. 2c, where the Fermi level
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approaching is clearly visible. The dispersion of this state does not depend on the photon

energy and its photoemission intensity is relatively high in the range of hν = 22 − 60 eV.

To prove this spectral feature has an intrinsic conical shape, representing carriers with the

properties of Dirac fermions, we took several constant energy maps. These are joined together

in Fig. 2d. Obviously, the ARPES data reveal trigonally warped contours of the discussed

“mini cone” feature, demonstrating certain similarity to the Dirac cone of quasi-freestanding

graphene.10 The photoemission intensity distribution is not symmetric, demonstrating higher

intensity in the first BZ. However, the asymmetry is not so pronounced as in the case of main

Dirac cone (see Fig. S4 in Supporting Info). This difference can be explained by a significant

contribution of cobalt d-orbitals to the cone-like interface state. It should be noted that the

dotted lines in Fig. 2c show the result of fitting of momentum distribution curves with two

lorentzian peak functions. These lines show the band dispersion, which appears almost linear

in the energy range of 30−150 meV; however the fit result is not well defined at the K-point,

where the two peaks become strongly overlapped. Thus the exact shape of the cone apex

cannot be reliably determined from experimental data. However, we can definitely conclude

that the energy distance between the band and the Fermi level is smaller than the energy of

thermal excitations at the room temperature (26 meV).

As we see, the mini cone feature is localized within a narrow energy region, ∼ 0.2 eV below

the EF. The slope of the linear part of the band, which is often identified with a Fermi velocity

vF , is nearly ten times smaller than that observed in a free-standing graphene. The reduced

vF in the graphene/Co(0001) system reflects a certain influence of the “heavy” d-electrons

of the cobalt substrate. This suggests that the mini cone contains notable contribution of

3d states of cobalt hybridized with 2p states of carbon.

The nature of the mini Dirac cone. For deeper understanding of the observed band

structure we carried out ab initio calculations. Taking into account sublattice asymmetry,

observed in STM images, we considered a top-fcc adsorption geometry, which we have found

to be slightly more favorable energetically (by only 6 meV per C atom) than the top-hcp

7

Page 7 of 17

ACS Paragon Plus Environment

Nano Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 3: Theoretical insight into surface and bulk spin-resolved band structure of
graphene/Co(0001). Size of spots is proportional to the contribution of carbon (a) and
upper cobalt layer atoms (b) to the wave function. The dashed line shows the bands of
freestanding graphene. Shaded bands correspond to projected bulk Co states. The path in
the k-space corresponds to the experiment geometry, shown in Fig. 2b.

Figure 4: Spin-resolved ARPES view of the mini cone feature. The spectra were taken at
the K-point of the BZ along the vertical dashed line in Fig. 2a. Momentum resolution was
∼ 0.2Å−1, hν = 37 eV. The sample was magnetized along the ΓK direction. Magnetization
along the ΓM direction results in the similar SR-ARPES spectra.
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structure. The ferromagnetic nature of Co results in exchange splitting of all the states

within the graphene/Co(0001) system, and formation of the majority and minority states.

When the freestanding graphene starts to interact with the Co substrate, the spin-up and

spin-down states of the initially degenerate Dirac cone (dashed line in Fig. 3a) are coupled

differently with the respective spin-polarized Co states. The apex of the unperturbed Dirac

cone falls directly into the local energy gap of the bulk majority states of Co. Therefore, the

conical dispersion of spin-up states is mainly preserved near the cone apex. The interplay

with cobalt bands only leads to the opening of a small gap of ∼ 0.33 eV at the EF and

reducing the velocity of quasiparticles. This scenario explains the mini cone formation (see

Fig. S1 in Supporting Information). The spin-down Dirac cone apex strongly overlaps with

the bulk projected Co minority states near EF, and their interaction pushes the lower cone

apex down, leading to a huge splitting of ∼ 4.5 eV in the π-band. It should be noted that

in Ref. 14 the formation of a second Dirac cone was described theoretically and discussed in

detail for the case of graphene/Ni(111) system. It was emphasized that the second cone at

the EF is a counterpart of the main Dirac cone with its apex at 2.8 eV.

The mini cone states are formed by the mixture of C 2pz and Co 3d states. They

have an intrinsically two-dimensional nature and their wave-functions are spatially located

at the interface (see Fig. S2 in Supporting Info). This theoretical finding is conclusively

confirmed by the absence of the kz dispersion of the mini cone feature in ARPES spectra.

The mini cone appears only in the majority spin bands, and therefore it can be considered

as a 100% spin-polarized interface state. It should be noted that the ARPES data revealed

an extensive region of linearity of the mini cone dispersion, therefore it may be considered

as a Dirac cone. The calculation demonstrates that the cone apex is parabolic due to

presence of a gap. It implies that Dirac fermions are not massless. The gap originates

from graphene symmetry breaking in the top-fcc configuration and may vanish in a more

symmetric bridge-top structure, as it was predicted for the graphene/Ni(111) system.25 Since

the upper unoccupied part of the mini cone is not accessible with ARPES, we are not able
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to determine reliably which adsorption geometry was realized in experiment.

The predicted strong spin polarization of the mini cone is experimentally confirmed by

the SR-ARPES data shown in Fig. 4. The spectrum was taken along a cut through the

K-point. The majority spin channel exhibits a strong peak just below EF, while no peak is

present in the minority spin signal. The peak in the majority channel reflects the highly spin-

polarized mini cone located in the spin-projected band gap of the Co substrate. Two bumps

seen at 0.2 and 0.35 eV in the minority and majority spectra, respectively, we attribute

to the edges of bulk cobalt bands with high density of states. This is consistent with our

calculation within the accuracy of DFT. A broad peak in the minority-spin signal at ∼ 3.2 eV

is related to the spin-polarized apex of the main Dirac cone, in agreement with the results of

our calculation. The peak is broadened and shifted to higher binding energies (with respect

to the data shown in Fig. 2a) due to lower momentum resolution in spin-resolved mode.

In summary, the presented data clearly demonstrate the existence of a single-spin mini

Dirac cone at EF when the graphene monolayer is perfectly oriented on a Co(0001) surface.

It is important to emphasize that those graphene/Co(0001) samples which mainly consist of

misoriented domains DO NOT reveal this mini cone feature (see Fig. S3b). The intensity

of the mini cone is proportional to the fraction of domains with (1 × 1) structure, which

we believe is why the mini cone was not detected and described in the previous studies. It

should be noted that according to calculations, the band structure of the graphene/Ni(111)

interface is very similar to that of graphene/Co(0001). A spin-polarized mini cone at the EF

was predicted for this system, too.14 It can be identified in the calculated band structure of

graphene/Ni(111) system.7,14,16,24,25 The epitaxial properties of the Ni-based system are more

favorable, and the (1 × 1) structure is usually formed due to a perfect match of the lattice

constants. Nevertheless, the experimental observation of a mini cone in this system has been

never reported. We have carefully measured ARPES spectra of graphene/Ni(111) interface

and found that the mini cone appears in this system as well (see Fig. S5 in Supporting Info).

However, the feature is not as striking and pronounced as is seen in the case of the Co-system.
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It seems from the data that the mini cone apex is located below the EF and its upper part is

visible, implying that the gap is very small (< 40 meV) or absent. According to the recent

calculations25 such gap corresponds to a bridge-top adsorption geometry, in which the upper

metal layer does not break the symmetry of the graphene lattice. In the symmetry-breaking

configurations like top-fcc or top-hcp the gap is expected to reach 0.5 eV.25 This may indicate

that in our sample the bridge-top geometry was dominating. However, the data in Fig. S5

must be interpreted with a great caution, because the mini cone falls into the region with

high density of Ni 3d minority states, which also contribute to the ARPES intensity and may

mask the real dispersion of the interface state. Our finding together with the results of band

structure calculations for multiple strongly bound graphene systems7,14,16,24,25,28 implies that

the mini cone formation is a quite general feature of graphene interfacing with d-metals.

The contact of graphene with a ferromagnetic material like Co or Ni can be a source

of spin-polarized electrons and, therefore, is a very promising system for spintronic de-

vices.4,6,11,16,29,30 Our results clearly demonstrate that the use of an epitaxial graphene/Co

interface might be more efficient than the use of polycrystalline metal electrodes. This sys-

tem has a unique electronic structure near the Fermi level – a single-spin interface state

at the K-point of the BZ. The notable contribution of graphene π-orbitals to this state

accounts for a good coupling between the wave function of spin and charge carriers at the

interface and the wave function in freestanding graphene when it is used as a conducting

channel between electrodes. We believe that this can provide good conditions for effective

spin-polarized transport, in agreement with theoretical predictions.30

Methods. The clean Co(0001) surface was obtained by growing the crystalline cobalt

film with a thickness of 10 nm on the clean W(110) substrate in ultra-high vacuum (UHV) at

a deposition rate of 1.5 Å/min at the room temperature. Graphene film was synthesized in

the UHV chamber using chemical vapour deposition (CVD) by exposing the heated sample

surface to propylene at a pressure of 10−6 mbar and a temperature of 560-660◦C for 15 min.
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At these conditions the synthesis reaction is self-limiting. The growth starts immediately

on a hot catalytically active metal surface and proceeds until the surface is covered by

a single graphene layer.11,14,22 No further growth is possible on such graphene-passivated

surface, therefore the synthesis always results in the formation of a complete graphene single

monolayer. Monolayer graphene thickness was proved by X-ray photoemission spectroscopy

using the intensity ratio of measured C 1s and Co(Ni) 3p lines. Depending on the synthesis

temperature, different ordering of graphene domains was obtained. A similar procedure was

used to form graphene on the Ni(111) surface.31,32

Spin- and angle-resolved photoemission spectroscopy (SARPES and ARPES) was per-

formed at the UE-112 PGM-1 beamline at BESSY II synchrotron radiation facility using

RGBL-2 station. All measurements were done using linearly polarized radiation. Spin-

resolved spectra were obtained from the data acquired in two opposite sample magnetization

directions in order to eliminate spectrometer asymmetry.33 No smoothing was applied to the

data.

Scanning tunneling microscopy (STM) images were obtained using Omicron VT SPM in

the research resource center “Physical Methods of Surface Investigation” of St. Petersburg

State University (SPbSU), where perfectly oriented graphene was synthesized on Co(0001)

for the first time. The hexagonal close-packed crystal structure of cobalt film was confirmed

after graphene synthesis using Bruker “D8 DISCOVER” X-ray diffractometer in the resource

center for X-ray Diffraction Studies of SPbSU.

We carried out ab initio electronic structure calculations of graphene/Co(0001) using the

projector augmented-wave method34 as implemented in the VASP code.35,36 The generalized

gradient approximation to the exchange-correlation potential in the revised Perdew-Burke-

Ernzerhof version (PBEsol)37 was employed.

The system was simulated using the 19-layer-thick Co film with a graphene monolayer

attached to both its sides. The lateral lattice parameter was fixed as in the experiment for

bulk Co, a=2.507Å. All the atomic layers in the supercell, including graphene ones, were

12

Page 12 of 17

ACS Paragon Plus Environment

Nano Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



relaxed until the forces on each atom were less than 10−2 eV/Å. The energy cutoff for the

plane-wave expansion of wave functions was set to 400 eV, and a k-point grid of 12× 12× 1

was used to sample the two-dimensional Brillouin zone.

Supporting Information Available:

Detailed results of the DFT calculations of graphene/Co(0001) system and SR-ARPES data

for graphene/Ni(111) system are presented. This material is available free of charge via the

Internet at http://pubs.acs.org.
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