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ABSTRACT: The Kondo eﬀect, a widely studied phenomenon in which the scattering
of conduction electrons by magnetic impurities increases as the temperature T is
lowered, depends strongly on the density of states at the Fermi energy. It has been
predicted by theory that magnetic impurities on free-standing monolayer graphene
exhibit the Kondo eﬀect and that control of the density of states at the Fermi level by
external means can be used to switch the eﬀect on and oﬀ. However, though transport
data for Co adatoms on graphene monolayers on several substrates have been reported,
there exists no evidence for a Kondo eﬀect. Here we probe the role of the substrate on
the Kondo eﬀect of Co on graphene by combining low-temperature scanning tunneling
microscopy and spectroscopy measurements with density functional theory calculations.
We use a Ru(0001) substrate that is known to cause graphene to ripple, yielding a moiré
superlattice. The experimental data show a sharp Kondo resonance peak near the Fermi energy from only Co adatoms at the
edge of atop regions of the moiré pattern. The theoretical results show that the variation of the distance from the graphene to the
Ru substrate, which controls the spin polarization and local density of states at the Fermi energy, is the key factor for the
appearance of the Kondo resonance. The results suggest that rippling of graphene by suitable substrates is an additional lever for
tuning and selectively switching the appearance of the Kondo eﬀect.
KEYWORDS: Kondo eﬀect, scanning tunneling microscopy, graphene, magnetic impurity, surface adsorption
energy at the point of a “Dirac cone”, which allows one to make
large changes in ρF by shifting the Fermi energy easily by
external means.15−17 In particular, one can move the Fermi
energy signiﬁcantly in either direction by applying a gate bias.
Theoretical calculations found that the Kondo eﬀect arising
from magnetic impurities, for example, Co, on graphene can be
turned on and oﬀ by such changes of the Fermi energy.18−22
Experimentally, the magnetic and transport properties of
various magnetic-impurity-on-graphene systems, for example,
Co/G/SiC(0001),23 Co/G/SiO2/Si,24,25 and Co/G/Pt(111),26
have been studied. The published data, however, do not contain
any evidence for a Kondo eﬀect.
In this paper, we report the ﬁrst observation of the Kondo
eﬀect caused by Co adatoms on the graphene/Ru(0001)
system. The choice of the substrate was motivated by the fact
that the distance between graphene and Ru substrate is strongly
modulated by the moiré pattern, which yields a variety of local

T

he Kondo eﬀect arises from the coupling of a localized
spin with the surrounding conduction electrons in dilute
magnetic alloys or on magnetic adatoms at surfaces.1,2 The
eﬀect leads to a rise in resistivity as the temperature is lowered
and produces a narrow electronic resonance at the Fermi level
below the Kondo temperature (TK). This resonance is a
manifestation of strong electron correlations, whereby the
Kondo eﬀect has drawn signiﬁcant attention in the past 50
years. Since the invention of scanning tunneling microscopy
and spectroscopy (STM/STS), the Kondo eﬀect has been
intensively investigated by this technique, ranging from
observing to manipulating single magnetic atoms or molecules
on diﬀerent substrates. 3−14 Eﬀects of adsorption and
supporting substrates are well established.7−10
The Kondo temperature TK, which reﬂects the strength of
the coupling between itinerant electrons and the localized spin
of a magnetic impurity, is proportional to exp(−1/JρF). ρF is
the product of the density of states at the Fermi energy and J is
the magnetic coupling. The latter depends on the spin
polarization (magnetic moment) of the magnetic impurity.
Graphene has a unique energy-band structure with the Fermi
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electronic structures in the G/Ru(0001) system. By measuring
dI/dV STS spectra from individual Co atoms, we ﬁnd that only
Co atoms on the two nonequivalent edges of so-called atop
regions of the moiré pattern, which are an intermediate distance
from the Ru substrate, give rise to a narrow resonance around
the Fermi energy (EF). Zeeman splittings were measured using
magnetic-ﬁeld-dependent STS spectra to verify that the
observed resonance is indeed produced by the Kondo eﬀect.
Temperature-dependent spectra were measured and Kondo
temperatures equal to 12.10 ± 0.10 and 5.39 ± 0.06 K were
extracted for two types of adsorption sites. Theoretical results
obtained by density functional calculations show that the
distance of the graphene in the region of each Co adatom to the
Ru substrate controls the spin polarization of the Co adatoms
and the local density of states at the Fermi energy of the host
material. The results correlate well with the experimental data.
As a ﬁnal test, silicon atoms were intercalated between the
graphene and the Ru substrate, which ﬂattens the graphene at a
larger distance. As in the case of ﬂat graphene on other
substrates, no Kondo eﬀect is observed (ρF is essentially zero as
in free-standing graphene).
Experiments were performed using an ultrahigh vacuum
(UHV) LT-STM system (Unisoku) with a base pressure better
than 2 × 10−10 mbar. The Ru(0001) crystal was prepared by
repeated cycles of Ar+ sputtering and annealing up to 1500 K.
Graphene was fabricated by thermal decomposition of ethylene
on the Ru(0001) surface. Co was deposited from a cobalt rod
(purity of 99.99%) onto the G/Ru(0001) system at the
substrate temperature of ∼20 K using a commercial electron
beam evaporator. The sample was then transferred into the
STM head which can operate at 0.5 or 4.2 K. STM images were
acquired in the constant-current mode. The bias voltage was
applied to the sample with respect to the tip. Spectroscopic
measurements were recorded by using a lock-in technique with
a modulation voltage of 0.03 mV rms sinusoidal at a frequency
of 973 Hz. All tip states were calibrated on bare graphene
before and after measurements to ensure that there are no tiprelated features on the recorded dI/dV spectra. A magnetic ﬁeld
up to B = 8.6 T was applied perpendicularly to the sample
surface.
Density functional theory (DFT)-based ﬁrst-principles
calculations were performed using the Vienna ab initio
simulation package (VASP).27 Projector augmented wave
(PAW) potentials were used to describe the core electrons,28
and the local density approximation (LDA) was used for
exchange and correlation.29 The periodic slab models include
two layers of 11 × 11 ruthenium, one layer of 12 × 12
graphene, and a vacuum layer of 18 Å. The energy cutoﬀ of the
plane-wave basis sets was 450 eV, and the Brillion zone was
sampled at the Γ point. All atoms were fully relaxed except for
the bottom ruthenium atoms until the net force on every atom
was less than 0.01 eV/Å.
After deposited on graphene/Ru(0001), Co adatoms
adsorbed at several distinct sites. The highly ordered moiré
structure of epitaxial monolayer graphene that forms on the
Ru(0001) surface is usually divided into three distinct regions
in terms of the local distance to Ru substrate,30,31 that is, fcc,
hcp, and atop regions, as shown in Figure 1a. Among these
three regions, there is an apparent height diﬀerence of ∼0.10
nm as measured using STM. When the Co atoms are deposited
onto G/Ru(0001) at low temperature (∼20 K), three Co
adsorption species were distinguished by their location with
respect to the site of the graphene moiré pattern on Ru(0001):

Figure 1. (a) STM topography presenting two Co atoms adsorbed on
G/Ru(0001) system with diﬀerent locations with respect to the moiré
pattern sketched in green dash lines. (b) Spectroscopic measurements
(T = 0.5 K with the tunneling parameters: I = −0.2 nA; Vb = −0.04 V;
modulation, 0.03 mV/973 Hz) taken on Co adatoms shown in (a).
The dash lines are the experiment data while the solid lines are the
corresponding Fano ﬁt results. The STS curve observed on Co@edgeatop/fcc shows a Kondo resonance with a narrower width than that on
Co@edge-atop/hcp. STS on Co@fcc shows no Kondo resonance. (c)
A schematic to illustrate the adsorption site of Co@edge-atop/fcc and
Co@edge-atop/hcp.

Co@hcp for Co atoms adsorbed on hcp regions, Co@fcc for
Co atoms adsorbed on fcc regions, and Co@edge-atop for Co
atoms adsorbed on the edge of the atop regions. By performing
a statistical analysis of several hundred Co adsorption sites
obtained from STM images, we found that more than half of
Co adatoms are adsorbed at the edge of atop regions (56.3%),
33% of the Co adatoms are adsorbed at the fcc regions, and
10.4% are adsorbed at hcp regions. Furthermore, for Co@edgeatop, the Co adatoms can be divided into two diﬀerent species:
facing to the fcc side (labeled as Co@edge-atop/fcc) or to the
hcp side (labeled as Co@edge-atop/hcp). A schematic of the
adsorption sites is shown in Figure 1c.
The dI/dV curves were taken on the Co adatoms at diﬀerent
adsorption sites (shown in Figure 1b). For Co@fcc or Co@hcp
adatom, a smooth and featureless curve is obtained around EF.
In contrast, a sharp peak at EF is present in the spectra obtained
from Co@edge-atop. The sharp peak at EF can be attributed to
the Kondo eﬀect based on its magnetic ﬁeld-dependent (Figure
2) and temperature-dependent (Supporting Information Figure
S2) measurements. The Kondo peak is narrower for Co@edgeatop/fcc than that of the Co@edge-atop/hcp. By using the
4012
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Figure 3. Lateral dependence of Kondo resonance line shape taken
from the center of single Co atom on G/Ru(0001) surface. (a)
Topography of single Co adatom sited on the edge of atop region of
G/Ru(0001). (b) Spectra measurements taken away from the center
of Co adatom (see (a)). (Each curve has been shifted vertically for
viewing, T = 4.2 K, tunneling parameters: I = −0.1 nA, Vb = −0.08 V).

To further investigate the two kinds of Kondo resonance for
Co atoms at diﬀerent edge sites, magnetic-ﬁeld-dependent
measurements were performed. Figure 2a,b shows the
evolution of the spectra taken at 0.5 K with an applied
magnetic ﬁeld perpendicular to the sample surface. A splitting
of the Kondo resonance peaks for Co@edge-atop/hcp and
Co@edge-atop/fcc is observed under an external magnetic
ﬁeld. For these cases, Zeeman splitting with a dip-shaped
feature in dI/dV spectra appears in the center of the Kondo
resonance peaks close to the Fermi level. These results further
conﬁrm that the peaks are Kondo resonances. The Zeeman
splitting energy varies linearly with the magnetic ﬁeld. We get
values of g factor of about 2.12 ± 0.02 for Co@edge-atop/fcc
and 1.85 ± 0.03 for Co@edge-atop/hcp by ﬁtting to the
formula Δ = gμBB (where μB is the Bohr magneton) (see Figure
2c).
The site-speciﬁc magnetic properties of Co adatoms on G/
Ru(0001) system can be understood by the results of DFT
calculations. In Table 1, we show the distance of the Co adatom
Figure 2. Magnetic-ﬁeld dependent on the Kondo resonance for (a)
Co@edge-atop/hcp and (b) Co@edge-atop/fcc, the Kondo peaks are
split in magnetic ﬁeld. (c) Magnetic ﬁeld dependent on the Zeeman
energy with diﬀerent g factor for Co adatom facing to diﬀerent site.
The red curve is for Co@edge-atop/hcp, and the black curve is for
Co@edge-atop/fcc. All dI/dV spectra were performed at T = 0.5 K
with the tunneling parameters: I = −0.2 nA, Vb = −0.04 V;
modulation, 0.03 mV/973 Hz.

Table 1. Theoretical Calculation Results of Co Adsorption
on Diﬀerent Sites of G/Ru(0001) Surfacea
edges-atop
d/nm
Eb/eV
μ/μB
LDOS/au
TK/K

Fano-Lorentz function, the Kondo temperatures at these two
adsorption sites are ﬁtted as 5.39 ± 0.06 and 12.10 ± 0.10 K,
respectively. Although the Fano-Lorentz ﬁts may overestimate
the Kondo temperature compared with the Frota function ﬁts
according to ref 32, it is more popularly used for magnetic
adatom/molecule on the surfaces6−9,33 while the latter is often
used for the magnetic impurity alloy system.34,35 With both
these ﬁtting methods, the comparative analysis of the Kondo
temperatures of Co adatoms on these two adsorption sites can
be clearly established. Spatially dependent measurements show
the spatial dependence of the Kondo resonance of Co adatom
on graphene (Figure 3). The intensity of the Kondo peak
decreases monotonically when the dI/dV measurement is
performed at the position away from the center of Co adatom.
This behavior is similar to the observed Co atoms on the metal
surfaces.4,7 The peak eventually disappears over a lateral
distance of about 1 nm, which indicates the upper limit of the
inﬂuence radius of the magnetic impurity on the LDOS of
graphene at this experimental condition.

atop

/hcp

/fcc

fcc

hcp

0.51
4.20
1.0
0.1

0.46
4.30
1.0
0.8
12.10 ± 0.10

0.47
4.28
1.0
0.7
5.39 ± 0.06

0.40
4.28
0.6
1.8

0.37
3.91
0.0
1.2

a

d is the vertical distance between Co adatom from the Ru substrate.
Eb is the binding energy. μ is the magnetic moments. LDOS is the
summation of locally density of states of the six carbon atoms under
the Co adatom. TK is the Kondo temperature derived from
experiments.

from the substrate, the binding energies, and magnetic
moments of Co adatoms at the four diﬀerent sites and the
local electron density of the nearest six carbon atoms at the
Fermi energy at each site. It is clear that the results correlate
well with the experimental data. Both the two edge-atop sites
have a large magnetic moment, which suggests large coupling to
the itinerant electron spins, and have a substantial local density
of states at the Fermi energy. These are the sites that exhibit a
Kondo resonance. The hcp site has zero magnetic moment and
thus has no Kondo eﬀect, as observed. The fcc site has
intermediate values of magnetic moment and large ρF, which do
4013

dx.doi.org/10.1021/nl501425n | Nano Lett. 2014, 14, 4011−4015

Nano Letters

Letter

silicon intercalation experiments. We ﬁnd that the intercalation
of silicon atoms weakens the interaction between graphene and
substrate and makes the DOS at the Fermi energy vanish as in
freestanding graphene, quenching the Kondo eﬀect.

not give a deﬁnitive indication of the Kondo status. The above
results make it clear that at the larger graphene−substrate
distances, the Kondo eﬀect is quenched by the near-zero ρF, as
in free-standing graphene. At the smaller distances, ρF is large
but the magnetic moment is quenched by the chemical bonding
and rehybridization of the Co orbitals.
According to Table 1, the two sites that exhibit the Kondo
eﬀect have slightly diﬀerent ρF and slightly diﬀerent Kondo
temperatures. As expected, the lower Kondo temperature
corresponds to the smaller ρF, which implies smaller magnetic
coupling between the Co electrons and the itinerant electrons.
As a another check of the results described so far, we
intercalated a single layer of silicon atoms between graphene
and the Ru substrate to demonstrate the importance of distance
from graphene to substrate. A single layer of silicon atoms was
ﬁrst intercalated between G/Ru(0001) interface36 and then Co
adatoms were deposited on the top graphene layer under the
same experimental conditions. Figure 4a shows the topography
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