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Graphene grown on Co(0001) films and islands: Electronic structure
and its precise magnetization dependence
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We achieve epitaxial growth of graphene on the ferromagnetic substrate Co(0001) by chemical vapor
deposition using propylene. Structural and electronic properties are revealed by means of low-energy electron
diffraction, scanning tunneling microscopy, and spin- and angle-resolved photoelectron spectroscopy. The
results are compared to those of graphene/Ni(111) for which a magnetization-dependent Rashba effect has
recently been reported. Bulklike Co(0001) films on W(110) can be separated into islands by heating, and
subsequently they can be covered by graphene. Such system is used to present unambiguous proof that in
graphene/Co(0001) there is no Rashba effect and no intrinsic dependence of the band dispersion on the
magnetization occurs. The high spin polarization of secondary electrons reported for graphene/Ni(111) is
confirmed for graphene/Co(0001) with higher values (~25%) due to the larger magnetic moment of Co.
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I. INTRODUCTION

Graphene, i.e., a single atomic layer of graphite has
evolved as one of the most attractive topics in solid-state
physics since its successful preparation by exfoliation from
bulk graphite samples in 2004 and the experimental investi-
gation of its transport properties.! The observation of a half-
integer quantum-Hall effect indicated the presence of relativ-
istic charge carriers.>? Its relation to the Klein paradoxon
and its high carrier mobility of 1.5X 10* cm?/Vs (Ref. 4)
made the physics of quasiparticles in graphene a subject of
intensive spectroscopic research.’ It was possible to directly
measure the band dispersion of massless Dirac fermions for
graphene grown on SiC (Ref. 6) and on Ni(111) after inter-
calation of one monoatomic layer (ML) of Au.” Band-gap
control at the Dirac point was demonstrated for graphene
bilayers on SiC by the electric field of adsorbed alkali atoms,
thus adding to the perspectives of a carbon-based
electronics.?

The application of spintronic concepts to graphene sug-
gests further possibilities of accelerated signal processing.
The huge potential of graphene for spintronics has been dem-
onstrated in a recent work which evidenced a wm scale of
spin-relaxation length at room temperature caused by weak
spin-orbit interaction in this material.* Another key prerequi-
site for the use of graphene in spintronics are ferromagnetic
contacts. A 10% change in magnetoresistance was observed
at room temperature for graphene attached to Permalloy and
has been interpreted as spin injection.!”

The classical method of micromechanical cleaving'-? ap-
pears inadequate for a reliable fabrication of such graphene-
based spintronic devices. Therefore, epitaxial growth of
graphene by chemical vapor deposition, i.e., cracking of hy-
drocarbons at Ni surfaces,'!'2 has recently been considered.
This fabrication method by self-organization provides
graphene layers of extremely high quality with significantly
reduced defect density as compared to graphitized SiC sub-
strates (see, e.g., Refs. 13-15 for graphene on SiC and Refs.
16 and 17 for graphene on metals).
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In the context of graphene spintronics, an experiment re-
cently conducted by Dedkov et al.'® on chemical-vapor-
deposited graphene on Ni attracted considerable interest. An
intriguing magnetic effect—a k; shift of the graphene 7 band
upon reversal of the magnetization of the Ni substrate—was
observed in angle-resolved photoemission measurements.
The origin of the shift was attributed to a spin polarization
induced in graphene through hybridization of its 7 states
with spin-polarized 3d states of Ni. It was assumed that the
Rashba-type spin-orbit interaction!® caused by a large poten-
tial gradient at the Ni-graphene interface affects the electron
spin in graphene and that it can be influenced by switching
the magnetization of the Ni substrate. Ref. 18 discusses the
observed kj shift of the 77 band in the framework of a concept
suggested by Krupin et al.?® for the observation of a
magnetization-dependent Rashba effect in photoemission
without the need for spin resolution. We have recently shown
by spin-resolved photoemission that the spin polarization of
graphene 7 states is too low and the spin-orbit interaction
too small for this effect to be observed in graphene/Ni and
graphene/Co (Ref. 21) while, after intercalation of 1 ML Au
between graphene and Ni(111), a Rashba effect with a spin-
orbit splitting of ~13 meV can be observed.”?> Presently,
the magnetotransport properties of graphene/Permalloy* still
await explanation and it is possible that the observations in
Ref. 18, while not being of Rashba origin, are related to
them.

In order to gain understanding of the magnetic effect dem-
onstrated in Ref. 18, we investigate graphene on a ferromag-
netic surface which has a magnetic moment larger than that
of Ni. For this purpose we developed a technique for epitax-
ial growth of graphene on Co(0001). Similar to the case of
Ni,”!8 graphene was prepared by chemical vapor deposition
using propylene and a moderately hot (450 °C) Co(0001)
film grown before on a W(110) substrate. The partial pres-
sure of propylene during graphene formation was
1 X107 mbar. Graphene deposition is a self-limiting pro-
cess which terminates upon formation of a single atomic
layer of graphene. The magnetic spin moment of Co
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(1.76 up/ atom) is approximately three times larger than that
of Ni (0.615u5/atom). Hence, if the magnetic effect ob-
served previously is related to graphene-substrate
interaction,'® the magnitude of the k; shift may as well be
larger for graphene/Co than for graphene/Ni.

II. EXPERIMENTAL

Angle-resolved photoemission experiments have been
performed with a hemispherical electron-energy analyzer and
linearly polarized undulator radiation at the UE112-PGM1
and PGM2b beamlines of BESSY II. For spin analysis, a
Rice University Mott-type spin polarimeter has been oper-
ated at 26 kV.?* The spin-quantization axis lies in the surface
plane of the sample, parallel to the magnetization direction
M of the sample, see Fig. 2(b). We developed a special
sample manipulator optimized for spin- and angle-resolved
photoemission.?* The manipulator is fully automated and
computer controlled. Its accuracy of sample positioning is
50 pm and 0.1° for sample translations and rotations, re-
spectively. The manipulator is equipped with integrated
Helmbholtz coils which were used to generate magnetic field
pulses in the sample surface plane and to remanently mag-
netize the sample. This can be done without changing any
axis coordinates. Analogous to Ref. 18, we investigated how
the dispersion of the 7 band in graphene/Co(0001), mea-
sured along the direction perpendicular to the remanent mag-
netization of Co film, changes upon magnetization reversal.
Due to the fact that the easy axis of magnetization in

Co(0001)/W(110) is aligned to [1100] which corresponds to
the I'M direction of the graphene Brillouin zone, we mea-
sured the 7-band dispersion along the I'K direction. For de-
tails see Fig. 2(b).

II1. RESULTS
A. Characterization of graphene/Co(0001)

The structural quality and electronic properties of
graphene fabricated on bulklike Co(0001)/W(110) were in-
vestigated by low-energy electron diffraction (LEED) and
scanning tunneling microscopy (STM) in Fig. 1 and by
angle-resolved photoemission in Fig. 2. Figure 1(a) shows
the twofold-symmetric LEED pattern from W(110). 15 ML
Co/W(110) as deposited show the sixfold-symmetric LEED
pattern of Fig. 1(b). Figure 1(c) displays the LEED pattern
from this sample after chemical vapor deposition of
graphene. It indicates a predominant p(1 X 1) structure in
registry with the Co substrate plus weaker circle segments
indicating domains of graphene slightly rotated relative to
the Co lattice. A similar pattern is seen for
graphene/Ni(110).% Figure 1(d) displays a large-scale STM
image of graphene/Co(0001) and reveals the formation of a
perfect honeycomb structure. Figure 1(e) shows a fine-scale
STM image of graphene/Co(0001) with the unit cell of ideal
graphene superimposed. One clearly sees the threefold sym-
metry similar to the case of graphene on the (111) face of
Ni.” These observations are consistent with the structural
model in Fig. 2(a) suggested also for graphene/Ni(111).2627
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FIG. 1. (Color online) Preparation and structure of graphene on
Co(0001). LEED patterns from (a) bare W(110), (b) 15 ML Co/
W(110), and (c) graphene/15-ML Co/W(110). (d) The STM charac-
terization of graphene/Co(0001) reveals the formation of high-
quality graphene with (e) pronounced threefold symmetry in the
spatial electronic structure.

The high quality of graphene/Co(0001) and the similarity
of its electronic structure to the one of graphene on Ni(111)
are verified by angle-resolved photoemission measurements.
Figure 2(c) reveals characteristic dispersions of 7 and o
states in the valence band. Comparing graphene/Co(0001) to

graphene/Ni(111) near the K point, we see that contributions
from other directions of the surface Brillouin zone (SBZ) are
superimposed, which correspond to the extra structures seen
by LEED. Otherwise, critical-point energies of 7 and o
states in graphene/Co(0001) are nearly the same as in
graphene/Ni(111). This means, in particular, that properties
of the bonding between graphene and its ferromagnetic sub-
strate such as the amount of charge transfer and overlayer-
substrate hybridization are very similar for Co(0001) and
Ni(111).

B. Graphene on separate Co(0001) islands

In order to be able to separate intrinsic magnetic effects
from the influence of environmental magnetic fields on the
photoemitted electron, we have prepared the sample in a par-
ticular way which allows us to obtain a reference for an
absolute determination of angular and momentum coordi-
nates of photoemission from graphene bands relative to the
sample surface. First of all, we made use of the fact that in
contrast to Ni, the Co layer is rather unstable on W(110) and
can easily be broken up into microscopic islands by anneal-
ing above 600 °C.?® (This preparation will further on be re-
ferred to as “overannealing.”) The fact that photoemission is
a nonlocal probe, i.e., it averages in our case over an area of
~0.1 mm?, allows us to measure the dispersion of sp bands
of open W(110) areas between Co islands simultaneously
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FIG. 2. (Color online) (a) Structural model of graphene on
Co(0001).(b) SBZ of graphene and directions of Co magnetization.
(c) Angle-resolved photoemission of the band structure of graphene/
Co(0001) along T'K as compared to the band structure of (d)
graphene on Ni(111).

with the dispersion of 7 bands of graphene on magnetized
Co islands.

The effect of breaking the Co film up was studied by
means of LEED and STM for 15 ML Co/W(110) and the
detailed results are presented in Fig. 3. Figures 3(a) and 3(b)
characterize the broken Co films before graphene prepara-
tion. The LEED pattern in Fig. 3(a) clearly indicates the
coexistence of diffraction patterns from Co(0001) and
W(110) suggesting the presence of open W(110) surfaces
between Co islands. This conclusion is confirmed by the
STM measurements in Fig. 3(b). They reveal that the over-
annealed Co film collapses into three-dimensional islands
which are 6-8 nm high and separated by large areas of the
W(110) substrate. These areas can be identified as open sites
of W(110) due to the presence of long and straight mono-
atomic steps characteristic of the bare W(110).

We subsequently performed graphitization of the Co film
collapsed into three-dimensional islands. Results of the
structural characterization by means of LEED and STM are
shown in Figs. 3(c) and 3(d), respectively. LEED indicates
the appearance of typical graphene ring sections mentioned
above, while the STM reveals that the character of phase
separation between Co and W(110) remains unaffected. Fine-
scale STM measurements of the island surface (not shown)
indicate the formation of a graphene layer identical to the
one shown in Fig. 1(e). Areas between three-dimensional
islands demonstrate the formation of clusters consisting pos-
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FIG. 3. (Color online) Characterization of a Co film collapsed
into three-dimensional islands. (a) LEED and (b) STM from an
overannealed 15 ML Co film. LEED (c) and STM (d) from the
same sample after graphene formation.

sibly of amorphous carbon on top of the flat W(110) surface
carbide.

The assumption that areas between three-dimensional Co
islands are Co-free sites of W(110) is further confirmed by
photoemission measurements of the chemically sensitive
W 4f core level. Figure 4(a) presents the W 4f spectrum of
W(110) covered by a continuous 3-ML-thick Co film. The
W 4f;, peak at 31.4 eV binding energy is clearly accompa-
nied by an additional peak at 32.1 eV, which can be ascribed
to the W-Co interface. In contrast, the W 4f peak from an
overannealed 15-ML-thick Co film does not indicate any in-
terface component after graphene deposition but shows just a
shoulder at 31.6 eV, which can be ascribed to the initial stage
of formation of a defect-rich tungsten surface carbide.?® The
absence of the interface component from the spectrum
shown in Fig. 4(b) unambiguously confirms that open areas
between Co islands are W(110) and do not bear any continu-
ous Co film on top. The strong dispersion of W bands is used
as a reference for the determination of angular and momen-
tum coordinates of electrons photoemitted from the sample,
in particular, for identifying normal emission.

C. Magnetization dependence

The spectra in Figs. 4(c) and 4(d) emphasize the differ-
ence between valence-band photoemission from graphitized
uncollapsed [Fig. 4(c)] and collapsed [Fig. 4(d)] Co films on
W(110). The presented spectra were measured angle resolved
and off normal for an emission angle of 6=-8.5°
(ky=—0.54 A~'). While for the continuous Co layer [Fig.
4(c)] only characteristic 7 states of graphene (9.5 eV) along
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FIG. 4. (Color online) [(a)-(d)] Comparison of photoemission
from the sample with continuous and broken-up Co layer. For the
continuous Co film, the (a) 4f core-level spectrum of the W sub-
strate reveals an intense interface component, and the (c) valence
band shows graphene and Co states only. (b) When Co is overan-
nealed and collapses into three-dimensional islands, the interface
component of W 4f is not observed any longer and (d) in the va-
lence band, W-derived peaks appear. For this broken and graphene-
covered Co film, [(e)—(h)] spin-resolved spectra of the energy range
of Co 3d states measured for opposite magnetization directions con-
firm reversal of the remanent magnetization.

with 3d states of Co (0-3 eV) are seen, for the Co layer
collapsed into islands, additional peaks originating from W
appear at binding energies between 3 and 7 eV. The super-
imposed band structures of such a graphene-covered sample
with a collapsed Co film on top are shown in more detail in
Figs. 5(a) and 5(b). Figure 5(a) demonstrates the emission-
angle dependence of the spectra. The intensity from W bulk
sp bands is rather weak due to the coverage of the W(110)
surface with carbide. In order to emphasize these weak
peaks, Fig. 5(b) presents the first derivative of the measured
photoemission intensity.

To show that our identification of the features at 3-7 eV
binding energy as W bands is correct, we display in Fig. 5(c)
the band structure of clean W(110) mapped for the same
experimental geometry as in Figs. 5(a) and 5(b). Although
the valence-band spectra are dominated by photoemission
peaks from surface resonances (denoted as W-SR),%*3! the
dispersion of the bulk sp band of W is clearly seen between
3 and 7 eV and is fully consistent with the dispersion ob-
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FIG. 5. (Color) Photoemission verification of the k; shift of the
graphene 7 band upon magnetization reversal. (a) Raw data and (b)
first derivative of valence-band photoemission intensity measured
from 15 ML Co/W(110) graphitized and collapsed into three-
dimensional islands. Dispersing bands of bulk Co and bulk W are
clearly visible and are used as reference for angular and momentum
distribution of photoelectrons from graphene. (¢) The measured
band structure of clean W(110) confirms the correct identification of
W sp states in (a) and (b). (d) E(k;) diagram containing fitted posi-
tions of photoemission peaks of graphene, Co, and W measured for
opposite directions of Co magnetization. No kj-shift effect is
detected.

served in Fig. 5(b). A weakly dispersing peak at ~3.4 eV
can be attributed to the formation of tungsten surface car-
bide.

Another reference available for the analysis of
magnetization-dependent k; shifts of the graphene 7 band is
the dispersion of the Co 3d band, which is clearly observed
at binding energies between 1 and 3 eV [Figs. 2(c), 5(a), and
5(b)]. To distinguish these peaks from possible graphene-Co
interface  states, as have been predicted for
graphene/Ni(111),>” we studied their photon-energy depen-
dence. The peaks in question are identified as Co bulk states
because they exhibit a k, dispersion with photon energy and
because they also appear for nongraphitized Co(0001).

Measuring graphitized overannealed Co films on W(110)
and taking advantage of the dispersion of W sp and Co 3d
bands for calibration of the angular scale of photoemitted
electrons, we tested precisely how the E(k;) dispersion of the
graphene 7 band behaves upon magnetization reversal of the
broken Co(0001). Reversal of the remanent magnetization,
which is essential for our conclusions, was conducted by
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FIG. 6. (Color online) Spin-resolved photoemission of second-
ary electrons of graphene/Co(0001) as a continuous film. High spin-
polarization values of up to ~25% are observed near the cutoff and
are due to the Co underneath the graphene.

applying a magnetic pulse and verified by means of spin-
resolved photoemission. Figures 4(e)-4(h) show spin- and
angle-resolved spectra of the broken and graphene-covered
Co film as well as the spin polarization in the energy range of
Co 34 states for both magnetization directions M* and M™.
The spectra were measured off normal at an emission angle
of 6=-8.5° with an angular-analyzer acceptance of 3° to
accelerate data aquisition for our purpose. The spectra corre-
spond to the spin-averaged spectrum shown in Fig. 4(d). The
reversal of spin polarization of exchange-split Co 3d bands
and hence the reversal of the substrate magnetization is
clearly demonstrated.

The diagram in Fig. 5(d) contains fitted positions of
valence-band peaks dispersing along the I'K direction of the
graphene Brillouin zone measured for opposite Co magneti-
zations. The result for the graphene/Co(0001) system is that
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we do not observe any k; shift of the graphene 7 band nei-
ther relative to W sp bands nor relative to Co 3d bands. The
error margin of this result is determined by the accuracy of
peak fitting and allows for a maximally possible shift of
Ak;=0.008 A~! which is ten times smaller than the effect
reported in Ref. 18 for graphene/Ni(111).

Graphene/Ni(111) was recently suggested by Dedkov et
al.’? as inert source of spin-polarized electrons due to its
stability against high doses of oxygen. A spin polarization of
the secondary electrons of up to ~12% was measured and
assigned to the Ni spin polarization slightly reduced at the
interface with graphene.*? This result is principally con-
firmed by our data from graphene/Co(0001) films in Fig. 6.
The spin polarization of secondary electrons excited by pho-
tons of 56 eV rises, as usual, for kinetic energies in the range
of the d-band width. Spin-polarization values of up to ~25%
are obtained due to the larger magnetic moment of Co.

IV. SUMMARY

We developed a technique for synthesis of graphene on a
Co(0001) substrate. Our extensive characterization of this
system by spectroscopic and microscopic techniques reveals
that it is nearly identical to graphene on Ni(111), both struc-
turally and electronically and that, in addition, graphene-
covered Co(0001) islands can be grown on W(110) separated
by substrate areas free of Co and graphene. For these
samples, we examined the magnetic effect on the band dis-
persion recently reported'® for graphene on Ni(111) and
found that such effect does not exist for graphene on
Co(0001). We confirmed that graphene does not strongly di-
minish the spin polarization from secondary electrons from
the underlying ferromagnet with values of up to ~25% mea-
sured for graphene/Co(0001).
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