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We determine the magnetic properties of individual Co atoms adsorbed on graphene (G) with
x-ray absorption spectroscopy and magnetic circular dichroism. The magnetic ground state of Co
adatoms strongly depends on the choice of the metal substrate on which graphene is grown. Cobalt atoms
on G/Ru(0001) feature exceptionally large orbital and spin moments, as well as an out-of-plane easy axis
with large magnetic anisotropy. Conversely, the magnetic moments are strongly reduced for Co/G/Ir(111),
and the magnetization is of the easy-plane type. We demonstrate how the Co magnetic properties, which
ultimately depend on the degree of hybridization between the Co 3d orbitals and graphene π bands, can be
tailored through the strength of the graphene-substrate coupling.

DOI: 10.1103/PhysRevLett.113.177201 PACS numbers: 75.30.Gw, 61.48.Gh, 75.10.Dg, 78.70.Dm

Graphene (G) recently emerged as one of the most
promising materials for spintronics [1]. It was proposed
as a perfect spin filter between two ferromagnetic electrodes
[2,3], isolated adsorbed magnetic impurities were employed
to tailor its electronic [4,5] and spin transport properties [6],
and it was used as a capping layer to increase the magnetic
anisotropy of ultra thin films [7,8]. In addition, giant
magnetic anisotropies were predicted for 3d metal atoms
and dimers on graphene [9,10] or on graphene C vacancies
[11], suggesting long spin relaxation times with the potential
for quantum information processing in single adatoms.
The magnetic properties of transition metal atoms on

graphene strongly depend on the on-site Coulomb inter-
action [12–14], whose screening is determined by the
graphene local density of states around the Fermi level,
EF [15]. The latter can be adjusted by the graphene-
substrate hybridization [16] creating the possibility of
tailoring the magnetism of transition metal atoms adsorbed
onto graphene. Here, we demonstrate this concept by
controlling the magnetic properties of Co adatoms up to
the point of turning the easy magnetization direction from
in plane to out of plane.
We use x-ray absorption spectroscopy (XAS) and x-ray

magnetic circular dichroism (XMCD) to reveal the magnet-
ism of ensembles of individual Co atoms adsorbed on
graphene grown on Ru(0001) and Ir(111). While most of
the G layer hybridizes strongly with Ru [17], it interacts
essentially only by van der Waals forces with Ir [18], as
reflected in the very different binding distances of the
respective moiré minima of 2.1 versus 3.4 Å [19]. Both
metal substrates allow the growth of defect-free monolayer
graphene with a filling factor of 1 [20,21], thereby enabling
Co adatom ensemble measurements. On G/Ru(0001), we
find large Co spin and orbital moments with out-of-plane

easy axis and very high magnetic anisotropy. In contrast,
Co atoms on G/Ir(111) show much lower spin and
negligible orbital moments, and they have an out-of-plane
hard axis. These findings exemplify the decisive role
played by graphene-substrate hybridization on the mag-
netic properties of single atoms.
We performed XAS and XMCD measurements at the

X-Treme beam line of the Swiss Light Source [22]. XAS
spectra were recorded with circularly polarized light in the
total electron yield (TEY) mode at the Co L2;3 absorption
edges at T ¼ 2.5 K and in magnetic fields up to B ¼ 6.8 T
parallel to the x-ray beam. The spectra were normalized to
the intensity of the x-ray beam measured on a metallic grid
placed upstream of the sample, and in addition to their
preedge values at 768.5 eV in order to account for the
different TEY efficiencies at normal (0°) and grazing (70°)
incidence. The XMCD signal is the difference between the
XAS recorded for parallel μþ and antiparallel μ− alignment
of the photon helicity with respect to the direction of the
applied field. Each pair of μþ and μ− spectra was acquired
on a different spot of the sample to prevent beam-induced
modifications of the XAS signal [23]. Single crystals of
Ru(0001) and Ir(111) were prepared in situ by means of
Arþ sputtering and annealing (1400 K) cycles in the
preparation chamber of the X-Treme end station. A single
layer of graphene was grown by chemical vapor deposition
(100 Langmuir C2H4 at 1400 K) and the quality checked
with an Omicron VT scanning tunneling microscope (STM)
connected to the preparation chamber. Cobalt was deposited
from high purity rods (99.995%) using a commercial
e-beam evaporator onto the sample held at about 3.5 K in
the measurement position at a background pressure of
ptot ≤ 5 × 10−11 mbar. The Co coverage (Θ) was calibrated
by mapping the covered area with the STM at room
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temperature for close to half-monolayer coverage, and this
calibration was used in XAS by evaluating the integrated Co
L2;3 signal for the same sample. One monolayer (ML) is
defined as one Co atom per substrate atom. For samples
prepared under identical conditions as those measured with
XMCD, we determined the adsorption site, the fraction of
Co monomers and dimers in the ensemble, and their local
electronic properties with a home-built low temperature
(4.7 K) STM. Multiplet calculations were performed using
the CTM4XAS55 code [24]. The initial model parameters
were taken from literature [12,13] and iteratively refined to
reproduce our experimental spectra (see the Supplemental
Material [25]).
Figure 1(a) shows the XAS spectra of 0.01 ML of Co/G/

Ru(0001) for normal and grazing photon incidence. At this
low Co coverage, the L2;3 edges appear as small peaks on
top of the substrate background. A STM image of 0.008
ML of Co on G/Ru(0001) is shown in Fig. 1(b). The
(23 × 23) moiré [42,43] is imaged as four different hills per
unit cell [17,44]. Following the statistical analysis outlined
in Refs. [45,46] and in the Supplemental Material [25], we
find that the majority of the protrusions are single Co
adatoms (93.0� 0.4%), the remaining species are dimers.
In addition, we verified that hydrogen coadsorption is
negligible [46,47]. The XAS signal is also quite different
from that of an ensemble of small clusters (see the
Supplemental Material [25]). To a very good approxima-
tion, therefore, it stems from an ensemble of clean and
isolated Co monomers. Moreover, the fine multiplet struc-
ture observed in the XAS and XMCD spectra indicates
that a large part of the atoms of this ensemble have a very
similar electronic structure. Our STM measurements reveal
that the majority (81� 2%) of the Co atoms are adsorbed in
the moiré valleys that make up 2=3 of the surface structure
[48]. These atoms are featureless in scanning tunneling
spectroscopy in the range of �40 meV around EF. The
remaining 19� 2% of the Co atoms are situated close to
the moiré hills and exhibit characteristic Kondo features
in their differential conductance [25,49]. Effects of this
minority species on the measured XAS signal will be
discussed further below.

The magnetic properties and the electronic configuration
of the Co adatoms emerge from XAS spectra after sub-
tracting the substrate signal and absorption edge step
functions, see Figs. 2(a) and 2(b). A fine multipeak structure
is visible for both normal and grazing incidence. In contrast
to Co/G/SiC [50] and to Co on bare Ru(0001) (see the
Supplemental Material [25]), we find an exceptionally
strong dichroism for both incidence geometries, indicating
large magnetic moments localized on the Co adatoms.
Moreover, the remarkable difference between normal and
grazing incidence XMCD reveals a strong uniaxial magnetic
anisotropy with an out-of-plane easy axis.
Insight into the electronic structure and the crystal field

acting on the Co atoms is obtained from multiplet calcu-
lations. As evidenced in Fig. 2(a), the calculated spectra
agree very well with the experiment. They reveal a mixed
d7 þ d8 configuration with a number of d holes (nh) of
about 2.5. The calculations, further, show that the degen-
eracy of the d orbitals is lifted by an almost purely uniaxial
crystal field, producing an a1 singlet (dz2) and two doublets
e1 (dxz; dyz) and e2 (dx2−y2 ; dxy), respectively. The corre-
sponding splitting of d orbitals is shown in Fig. 2(c) and
resembles closely the prediction for a Co atom adsorbed on
the graphene top site [12]. The a1 singlet is lowest in
energy, pointing towards the formation of an out-of-plane
bond responsible for the high perpendicular anisotropy (see
the Supplemental Material [25]).
Quantitative values of the orbital (mL) and effective spin

magnetic moment (given by the sum of the spin and dipolar
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FIG. 1 (color online). (a)NormalizedXASspectraofCoatomson
G/Ru(0001) taken at normal and grazing incidence (Θ ¼ 0.01 ML,
B ¼ 6.8 T, T ¼ 2.5 K). The spectra are offset for clarity. (b) STM
image of 0.008 ML Co on G/Ru(0001) (mean cluster size
1.07� 0.04 atoms, Vt ¼ −50 mV, It ¼ 100 pA, T ¼ 4.7 K).
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FIG. 2 (color online). (a) and (b) Background subtracted XAS
and XMCD of Co/G/Ru(0001), together with normal incidence
spectra from the multiplet calculations [Θ ¼ 0.01 ML,
B ¼ 6.8 T, T ¼ 2.5 K, average over 10 (a), respectively, 5 (b)
spectra]. (c) Splitting of d orbitals induced by the uniaxial crystal
field according to multiplet calculations.
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terms, mSþD) projected onto the x-ray incidence direction
can be obtained from the integrated XAS and XMCD by
application of the sum rules [51,52]. As described in
Ref. [53], one needs to account for the strong angular
variation of the XAS intensity (see the Supplemental
Material [25]). For the individual moments, we used nh ¼
2.5 from the multiplet calculations. The ratio mL=mSþD is
obtained without assumptions on nh and from XMCD
alone, which makes it very robust with respect to back-
ground subtraction. The resulting magnetic moments, as
well as their ratios, are given in Table I. For comparison, we
also show normal incidence values obtained from multiplet
calculations. The out-of-planemL value is one of the largest
so far reported for magnetic adatoms [54–56]. Also, the
anisotropy of mL is exceptionally high, as emphasized by
the strong angular variation of the ratio mL=mSþD [57].
Multiplet calculations show excellent agreement with the
value of mL=mSþD at normal incidence obtained from the
sum rules, but overestimate mSþD and mL by 25%–30%.
We attribute this to the fraction of Co atoms whose
magnetic moments are Kondo screened, thus, giving little
or no dichroic contribution [58]. Assuming full screening
of the magnetic moment, we corrected for the Kondo
species and obtained the mSþD and mL values of the
majority population, which agrees very well with those
deduced from the multiplet calculations, see Table I.
The magnetic anisotropy K per atom has been quantified

by fitting the normal and grazing incidence magnetization
curves shown in Fig. 3. In the paramagnetic limit, the
expectation value of the Co magnetization can be modeled
as [55]

M ¼ Msat

R
2π
0 dϕ

R
π
0 sin θ cos θeE=kBTdθ

R
2π
0 dϕ

R
π
0 sin θeE=kBTdθ

; ð1Þ

where Msat is the saturation magnetization, ϕ and θ are the
polar and azimuthal angles of the total magnetic momentm
with respect to the surface normal, the energy E is the sum
of the Zeeman term mB cos θ and the magnetic anisotropy
term −Kðsinθ0 sinθcosϕþcosθ0cosθÞ2 at a photon inci-
dence angle θ0. From the fit, we obtain m¼5.2�1.0 μB
and K ¼ 8.4� 2.9 meV. We note that a quantum

mechanical model based on an effective spin
Hamiltonian yields m and K values that agree within the
error bars (see the Supplemental Material [25]).
For 3d transition metals with nh < 5, spin and orbital

moments have parallel alignment; therefore, the total atomic
moment is m ¼ md

S þms
S þmL, where md

S and ms
S denote

the spin moments due to d and s orbitals, respectively. In
order to circumvent the XMCD sensitivity issues for s
orbitals [59], we use the value of 0.5 μB for ms

S predicted by
density functional theory (DFT) calculations [12]. Taking the
corrected values of md

S ≈ mSþD [57] and mL from Table I,
we obtain 5.4� 0.3 μB, in excellent agreement with the
value obtained from the magnetization curves.
The remarkably large anisotropy K approaches the

largest values measured for transition metal adatoms on
metal and on graphene [47,55], once more illustrating the
great potential of graphene to induce large uniaxial mag-
netic anisotropy. The observation of an out-of-plane easy
axis in Co/G/Ru(0001) as opposed to Co/G/Pt(111) [47],
both with high anisotropy, is the first evidence of control of
the magnetic properties by substrate hybridization.
To further illustrate this concept, we now turn to our

second system Co/G/Ir(111), displaying very different
magnetic properties and electronic configuration of the
adatoms. Figure 4 shows the absence of a fine multipeak
structure in XAS that is indicative of a stronger hybridi-
zation between Co and graphene orbitals. The L3 and L2

peaks have opposite signs in the XMCD spectrum resulting
from a strongly reduced orbital moment compared to the
preceding system. The XMCD signal is largest at grazing

TABLE I. Effective spin and orbital magnetic moments (in μB),
as well as their sum and ratio, of Co/G/Ru(0001) for normal (0°)
and grazing (70°) incidence obtained from experiment (Exp.)
using the sum rules with nh ¼ 2.5. For normal incidence, values
corrected (Corr.) for the Kondo screened species and results from
multiplet calculations (Mult.) are reported for comparison.

Exp. (0°) Corr. (0°) Mult. (0°) Exp. (70°)

mSþD 2.26� 0.22 2.79 2.95 1.25� 0.13
mL 1.71� 0.16 2.11 2.15 0.54� 0.06
mSþD þmL 3.97� 0.27 4.90 5.10 1.79� 0.14
mL=mSþD 0.76� 0.14 0.76 0.73 0.43� 0.09 -8 -6 -4 -2 0 2 4 6 8
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FIG. 3 (color online). Magnetization curve of Co/G/Ru(0001)
(Θ ¼ 0.01 ML, T ¼ 2.5 K). The points correspond to the maxi-
mum of the XMCD obtained from a single pair of μþ and μ−
spectra. Since each of them is measured on a different surface
spot, we accounted for intensity variations by dividing by the
maximum of the background subtracted XAS at the Co L3 edge.
The XMCD maxima are proportional to the total moments of a
Co atom, but are less accurate than the full sum rule analysis
taking into account integrals over both L2;3 edges. Therefore, we
scaled the normal and grazing curves such that their ratio at 6.8 T
is equal to the ratio of the corresponding total moments from sum
rules, see Table I. The solid lines show the fits with Eq. (1).
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incidence, revealing an out-of-plane hard axis. Multiplet
calculations show an almost pure d8 configuration with
nh ≈ 1.85, i.e., S ≈ 1 (see the Supplemental Material [25]).
As expected for an S ¼ 1 system with an out-of-plane hard
axis, neither the in-plane nor the out-of-plane magnetiza-
tion curves (not shown) saturate at B ¼ 6.8 T and T ¼
2.5 K [60]. Therefore, the atomic magnetic moments
obtained from the sum rules given in Table II represent
lower bounds to the real values. The atomically resolved
STM image shown in Fig. 4(c) reveals that Co adsorbs on
the sixfold graphene hollow site. The level splitting of the d
orbitals shown in Fig. 4(d) agrees very well with the one
predicted by DFT for this adsorption site [12].
Putting the present results into relation with the magnetic

properties found for Co/G/Pt(111) [47], we derive a clear
correlation between the number of holes in the Co 3d
orbitals and the strength of the graphene-substrate inter-
action which is stronger for 4d and weaker for 5d metals
[61]. The number of holes increases from 1.85 for
G/Ir(111) via 2.0 for G/Pt(111) to 2.5 for G/Ru(0001),
accompanied, as expected, by increasing spin moments.
The orbital moments also follow this trend. Similarly, the
preferred magnetization direction depends on graphene-
substrate hybridization; it lies in plane for Co on G/Ir(111)

and on G/Pt(111) [47], whereas it is out-of-plane for Co on
G/Ru(0001).
These findings can be interpreted in the light of the

competing hybridization of the graphene π bands with both
the substrate d bands and Co 3d orbitals. The degree of
hybridization of the first is tailored by choosing a specific
metal substrate. For G/Ru(0001), the strong hybridization
with the substrate d bands opens a gap of about 2 eV in the
graphene π bands just below EF [62,63]. This gap limits
the hybridization between Co and graphene orbitals and
preserves a largely unscreened Coulomb interaction. On the
other hand, for G/Pt(111) and G/Ir(111), the interaction
between the substrate and graphene is weak and leaves the
graphene π bands almost unperturbed [64–66], allowing for
a stronger hybridization between Co and graphene and an
effective screening of the Coulomb interaction.
Finally, we can correlate the values of the orbital

magnetic moment and the change of the easy magnetization
direction with the occupation and splitting of the 3d orbitals
obtained from multiplet calculations. For Co/G/Ru(0001),
the diagonal e1 and the planar e2 orbitals are highest in
energy and almost degenerate; therefore, most of the 2.5
holes are shared between these two doublets. In particular,
the hole localized in the e2 orbitals preserves a large orbital
magnetic moment and favors a perpendicular anisotropy
[67]. This behavior is similar to individual Co atoms on
MgO/Ag(100), where a large unscreened Coulomb inter-
action, due to the wide MgO band gap centered at Fermi
level, favors fully unquenched orbital moments and maxi-
mum magnetic anisotropy [68]. The orbital splitting found
for Co/G/Ir(111) is, instead, quite similar to the one
calculated for Co/G/Pt(111) [47]. In this case, the two
holes are localized in the uppermost e1 orbitals. This
configuration leads to the quenching of the orbital moment
and favors an out-of-plane hard axis.
In conclusion, we have demonstrated how the magnetic

properties of Co atoms adsorbed on graphene can be
tailored by choosing the appropriate metal substrate. In
particular, the complex interplay between the Co 3d
orbitals and the graphene π bands, modified by the under-
lying substrate, can generate large magnetic moments and
perpendicular magnetic anisotropy in Co atoms, two
fundamental requirements for information storage devices
and manipulation of single magnetic atoms.
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FIG. 4 (color online). (a) and (b) Background subtracted XAS
and XMCD of Co/G/Ir(111), together with normal incidence
spectra simulated with multiplet calculations (Θ ¼ 0.01 ML,
B ¼ 6.8 T, T ¼ 2.5 K, (a) and (b) average over six spectra).
(c) Adsorption site deduced from STM image of a Co atom on
G/Ir(111) with atomically resolved graphene. Black lines mark
the sixfold graphene hollow sites imaged as protrusions
(3.2 × 3.2 nm2, Vt ¼ −50 mV, It ¼ 200 pA, T ¼ 4.7 K).
(d) Splitting of d orbitals induced by the uniaxial crystal field
according to multiplet calculations.

TABLE II. Effective spin and orbital magnetic moments of
Co/G/Ir(111), as well as their sum and ratio, estimated from the
sum rules using nh ¼ 1.85.

Normal (0°) Grazing (70°)

mSþD (μB) 0.45� 0.04 0.57� 0.04
mL (μB) 0.09� 0.02 0.04� 0.02
mSþD þmL (μB) 0.54� 0.05 0.61� 0.05
mL=mSþD 0.19� 0.06 0.07� 0.04
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