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Interplay of boundary states of graphene nanoribbons with a Kondo impurity
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We investigate the interplay of two highly localized, nearly degenerate electronic states, namely, a zero-energy
edge mode in a graphene nanoribbon on the one hand and an Abrikosov-Suhl resonance located at a Kondo
impurity on the other. On-surface synthesis of the ribbon structures in combination with intercalation of single-
atom Kondo impurities by atomic manipulation in a scanning tunneling microscope junction offer full control of
the atomic geometry of the system. Density functional theory provides the microscopic description to scrutinize
the electronic features observed in experiment. We find the interaction of the two localized states and the resulting
signatures of Kondo physics to be very sensitive to the placing of the atom, suggesting its use as a laboratory
to study the interplay of the Kondo effect with other zero-bias anomalies as well as to tailor these states by
controlling the atomic-scale coupling.
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I. INTRODUCTION

Graphene nanoribbons (GNRs), the quasi-one-dimensional
graphene, have been proposed as building blocks for future
nanoelectronic devices owing to their versatility. While of-
fering a tunable band gap [1–3], they can be synthesized
with atomic perfection in a large variety of widths [4–9] and
shapes [9–13] and even regular chemical doping [14–17] can
be directly implemented in the synthesis process. Moreover,
the honeycomb structure of the underlying graphene lattice
allows one to further tailor the electronic properties by the
ribbon’s atomic structure [18–20]. For example, a (local)
zigzag edge termination introduces singly occupied in-gap
states [21]. These singly occupied states arising from such
edge terminations can give rise to magnetic moments that are
localized at the edges [19,22–26].

Such edge states or, more generally speaking, boundary
states, manifest as strong resonances in the local density of
states (LDOS), close to the Fermi energy EF. Quite generally,
the vicinity of strong features in LDOS(E ) near EF makes
boundaries an interesting laboratory for Kondo physics. For
example, for Kondo impurities embedded in Dirac metals,
the suppression of the LDOS near the charge neutrality point
results in a systematic decrease of Kondo temperatures TK

(Ref. [27]) or even stronger modifications including a break-
down of Kondo screening (pseudogap Kondo model [28]). In
view of this, GNRs adsorbed on a metal surface represent an
attractive test bed for Kondo phenomena [29] because they
provide an embedding that can be tuned. At the same time,
these systems allow for an atomic control of the geometry and
thus of the coupling between a Kondo impurity and localized
boundary states [30].

*tobias.frank@physik.uni-regensburg.de
†jascha.repp@physik.uni-regensburg.de

Specifically, in our experiments we consider a Co atom
as Kondo impurity. It is situated between the substrate, i.e.,
Au(111), and a seven-unit-cell-wide armchair GNR (7-aGNR)
synthesized on this surface [9]. Co shows a strong Kondo
feature on Au(111) [31]. The intercalation of Co atoms below
or away from the boundary of aGNR is achieved with atomic
precision. Since the LDOS of the aGNR, and therefore the
hybridization of the Co atom with its embedding, is very
sensitive to the placing of the atom, so will be the signatures
of Kondo physics. This general expectation is nicely met by
the experiments we report here.

To highlight our observations from another angle, we
put them into context with molecular electronics. From this
perspective, our experimental system is an organometallic
complex contacted to source (substrate) and drain (tip). A
plethora of correlation phenomena can occur in such hybrid
systems including flavors of Kondo physics that have not
occurred otherwise (see Ref. [32] for a recent overview). An
aspect of our work with respect to these developments is the
superior control and flexibility of the atomic system structure.

7-aGNRs host three zigzag cusps, predicted to be enough
to give rise to singly occupied in-gap states, at their short
edges such that two midgap states, each localized at one
of their ends, are expected. Indeed, the occurrence of such
midgap states, henceforth referred to as end states, has been
reported for 7-aGNRs on Au(111) [33,34], which decay
within a short distance of ∼1.5 nm from the zigzag ter-
mini [35]. These end states shift slightly above the Fermi
level due to hole doping of the 7-aGNR on Au(111) [36].
Apart from a signal in differential conductance spectra, the
end state exhibits a fingerlike structure in scanning tunneling
microscopy (STM) images at the zigzag termini [37]. While
within one zigzag edge magnetic moments typically favor
ferromagnetic ordering [1,38], antiferromagnetic ordering is
favorable between opposing edges [38,39], rendering A-B-
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FIG. 1. Assembly of Co-GNR complexes. (a), (b) Manipula-
tion of Co atoms across the surface and underneath the GNR.
V = 100 mV, I = 11 pA. (c) High-resolution STM image of the
Co-GNR complex. The model shows magnified sketch of the Co
intercalation position. Gray spheres depict C atoms and blue Co,
respectively. V = 2 mV, I = 48 pA.

sublattice-balanced GNR spin neutral in accordance to Lieb’s
theorem [40].

In the sections below, we describe how the intercalation of
individual Co atoms (Sec. II A) under a GNR influences its
intrinsic boundary states (Sec. II B) to result in a site-specific
electronic transport as the Co atom is moved from the corner
of a ribbon (Sec. II C) along the armchair edge to the bulk
(Sec. II D). Furthermore, GNR complexes with Au atoms
intercalated below a corner site (Sec. II E) add attributing
and understanding Co unpaired electron being involved in the
process.

II. RESULTS

A. Atomic structure: Intercalation of adatoms

Experiment. To study the local interaction of the GNR
with individual Co impurity adatoms, we take advantage of
atom manipulation [41,42] and bring individual Co adatoms
in direct contact with the 7-aGNRs in a controlled manner
[see Figs. 1(a) and 1(b)], resulting in Co-GNR complexes
with Co being intercalated beneath one of the benzene rings
of the GNR. We note that after deposition we observed Co
atoms residing also on top of GNRs, with a distinctly different
appearance in STM images [43]. We therefore safely rule out
the possibilities of Co being manipulated on to the top of
GNR.

Inspection of images before and after the manipulation re-
veals that the GNR moves laterally toward the adatom during
the intercalation process, in this particular example by 0.9 nm.
Such snap-in-place motion occurred frequently during the
assembly of Co-GNR complexes and suggests an attractive
interaction between the adatom and the GNR with a preferred
intercalation position.

Theory. To highlight the details of the atomic structure, we
display in Fig. 2 the geometry as obtained from the density
functional theory (DFT). The carbon atoms away from the

FIG. 2. Au vs Co at GNR corner. DFT calculated side views of
(a) a Co(1)-GNR complex and (b) a Au(1)-GNR complex revealing
larger GNR distortion.

intercalation site exhibit an average distance of about 3.1 Å,
in broad agreement with simulations of bulk graphene on gold
with a van der Waals gap of 3.3 Å [44].1 Carbon atoms at the
intercalation position (the hexagonal carbon ring) are pushed
away residing about 3.3 Å above the substrate in the case of
Co [Fig. 2(a)]. The excess of 0.2 Å is in reasonable agreement
with the experimental value of 0.3 Å (see further below). For
an intercalating Au atom the effect is seen to be even stronger
[Fig. 2(b)], presumably reflecting its larger (calculated) size
and a different binding chemistry with substrate and GNR.
We obtain an excess of 1.0 Å. Calculations are in qualitative
agreement with experiment (cf. Fig. 9).

B. End-state appearance

Experiment. During the process of manipulation from
Fig. 1(a) to 1(b), the fingerlike structure characteristic to the
end state appeared at the pristine GNR end (see top-right
end). Similar subtle changes in the electronic structure at the
end of the GNR opposite to the intercalation were observed
occasionally during the manipulation. A modification of the
end state in GNRs can be induced by hydrogen elimina-
tion [34]. Here, however, the pristine GNR end was exposed
to very moderate bias conditions for imaging (V = 100 mV,
I = 11 pA).

We therefore attribute the reappearance of the fingerlike
structure of the end state to the change in adsorption con-
figuration resulting from the snap-in-place motion. We spec-
ulate that some adsorption configurations feature a stronger
interaction between certain gold atoms in the herringbone-
reconstructed surface which may lead to a suppression of the
end state, which will thus recover if the GNR is displaced on
the surface. This explanation is in line with the observation
made in Ref. [45] that certain nanographenelike molecules are
pinned to the elbows of the Au(111) herringbone ridges. These
observations underscore that the role of the substrate must be
considered when interpreting subtle changes in the electronic
structure of adsorbed GNRs.

Theory. Since the GNR in the absence of intercalation is
only physisorbed on the substrate, its weakly perturbed elec-
tronic structure is conveniently described and is discussed on
the tight-binding level. The model considers the atomic ge-
ometry displayed in Fig. 3(a) with nearest-neighbor hopping

1The difference between 3.1 and 3.3 Å is due to the different
exchange-correlation functional and van der Waals corrections em-
ployed, which is LDA without corrections in Ref. [75] and PBE with
empirical van der Waals corrections in this work.
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FIG. 3. Tight-binding setup. (a) Model used for the tight-binding
calculations containing 140 carbon atoms. Left GNR zigzag edge
consists of A atoms only, right edge of B atoms. (b) Energy of the
states closest to EF in units of the nearest-neighbor hopping integral
t . (c) Real-space distribution of the wave functions of HOMO and
LUMO of the GNR, where disk size indicates the modulus of the
wave function and color encodes the sign.

t ≈ 3 eV [46]; as an energy reference we consider the band
center.

An infinitely long GNR with a width displayed in Fig. 3(a)
is expected to be a band insulator with a gap of the order
of 1 eV [47]. Due to the bipartite nature of the honeycomb
lattice, the corresponding band structure is symmetric around
zero energy (Coulson-Rushbrooke pairs) [32,48]. The appear-
ance of the end state is understood as follows: a pair of end
states is created by cutting the infinite ribbon into two semi-
infinite segments. In the process, three bonds are cut leading
to three radicals per segment. Due to the insulating nature of
the GNR’s bulk, i.e., those regions of the ribbon far away from
the short edges, these radicals are confined to the ends where
they form an edge band. Owing to the spectral symmetry, i.e.,
Coulson-Rushbrooke pairing, an edge with an odd number of
radicals will exhibit one zero-energy state, the end state. We
mention that the consequences of (broken) bipartiteness and
a sublattice mismatch in GNRs have received a significant
recent interest [49–51].

In our tight-binding calculations we consider a GNR of
finite length [Fig. 3(a)]. It features a left and right end state
that experience an exponentially small coupling via tunneling
through the GNR’s bulk. Consequently, the spectrum exhibits
two near-zero energy modes, HOMO and LUMO, that are
even and odd combinations of end states [see Fig. 3(b)]. In
the charge-neutral situation, the HOMO is doubly occupied,
forming a nonmagnetic ground state S = 0 [Fig. 3(c)]. How-
ever, due to the Coulomb repulsion between the two electrons,
this state is not stable; instead, HOMO and LUMO will re-
hybridize, so that eventually each end state carries a single
electron with well-defined spin.

C. Co at corner site

Experiment. A high-resolution STM image of the Co-GNR
complex [see Fig. 1(c)] exhibits a bright, roundish protrusion
at the GNR corner, where Co was intercalated. A more de-

FIG. 4. Co at corner site. (a) STM image of a Co(1)-GNR
complex (V = 5 mV, I = 30 pA, mild Gaussian smoothing applied)
along with a sketch of the configuration. (b) dI/dV spectra taken
at positions indicated in the sketch in (a). Red curve indicates a fit
of an asymmetric Frota line. (c) Constant height AFM image and
(d) current map of the complex shown in (a). Red crosses in (c) and
(d) mark the same positions.

tailed view of such a Co-GNR end is shown in Fig. 4(a). The
fingerlike structure typical of the end state is absent at the Co-
GNR end. Figure 4(c) shows a constant-height atomic force
microscopy (AFM) image recorded with a CO-terminated tip.
The carbon ring at the corner of the GNR is imaged more re-
pulsive as compared to the other rings, but otherwise exhibits
the intact honeycomb structure of graphene. This supports
the assumption that the Co atoms are indeed intercalated in-
between the GNR and the gold support. Further, it suggests
that the intercalation position is at the center of a corner C6

ring. In fact, this position is the energetically most favorable
adsorption position for most adatoms on graphene [52,53].
Moreover, calculations for various transition metal atoms ad-
sorbed on aGNRs of different widths indicated that binding to
the outermost carbon ring, i. e., the one at the armchair edge, is
energetically most stable [54]. The more repulsive interaction
of the corner ring in Fig. 4(c) suggests that it is lifted away
from the surface because of the intercalation of the Co adatom.
To quantify this further, we applied a technique proposed in
Ref. [55] and determined the minimum in � f as a function
of tip height z for different lateral positions. The tip height,
at which � f (z) is minimized, increases by ∼ 0.3 Å upon Co
intercalation, suggesting that the corner ring is pushed away
from the surface by this distance.

For an electronic characterization, differential conductance
(dI/dV ) spectra were acquired at the positions indicated by
color-coded arrows in Fig. 4(b). The spectrum taken at the
corner site far away from the Co (labeled n′), namely, the
pristine GNR end, exhibits the signature of the well-known
end state featuring a peak at 21 ± 3 mV with a full width at
half-maximum (FWHM) of 42 ± 15 mV [see Fig. 4(b) (blue
curve)]. We note that, for different ribbons, these end states are
found to appear at different energy positions (mostly within
the range of 10 to 40 meV) and exhibit different FWHM val-
ues scattered approximately around 40 ± 25 mV. In contrast,
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FIG. 5. Calculated magnetization density. Evolution of the magnetization density with the Co atom moving from end state into the GNR’s
bulk; positions from top to bottom (1,3,4). Red volumes denote spin-up and blue colors spin-down magnetization. (Parameters: isosurface
value of ±0.001μB/Å3; spin DFT with the PBE exchange-correlation functional [63].)

at the corner, where the Co atom is intercalated (labeled 1),
dI/dV exhibits a peak (black curve) right at EF, which is
considerably narrower (FWHM of 28 ± 14 mV), resembling
a Kondo resonance [31,56–59]. It is predominantly the shift
of the peak from above the Fermi level for pristine GNR
to right at the Fermi level for Co(1)-GNR that suggests the
interpretation as a Kondo signature for Co(1)-GNR. The other
possibility, that the end state is merely modified and shifted
down in energy to the Fermi level, seems unlikely since it
would require a considerable charge transfer of approximately
one elementary charge into the highly localized end state.

If interpreted as a Kondo signature, the peak would
correspond to a Kondo temperature of TK = 259 ± 9 K ex-
tracted from a fit (red curve) of an asymmetric Frota line
shape [60,61].2 We note that the system is expected to be
unstable against diffusion at elevated temperatures, preventing
to assign the zero-bias peak to the Kondo effect from its
temperature dependence. Interestingly, the corner adjacent to
the intercalated Co atom (labeled 1′) shows an essentially
featureless spectrum, i.e., the end state vanishes at this corner.

The constant-height current map that is shown in Fig. 4(d)
was recorded simultaneously with the AFM image and reflects
the spatially resolved local density of states at EF. Consistent
with the dI/dV spectra, it reveals a very pronounced LDOS
at the site of the intercalated Co atom spreading out a few
lattice sites, but no increased LDOS at the adjacent corner at

2Different definitions of the Kondo temperature exist. For the com-
parability to the Kondo temperatures extracted from previous STM
experiments we use the definition kBTK = 2.54�, where kB is the
Boltzmann constant and the width � of the Frota line is defined in
Ref. [61]. We note that an overestimation of TK is certainly pos-
sible because we are most likely dealing with the half-width of a
temperature-broadened logarithmic singularity [76,77].

site 1′. While it is not clear, why the end state is suppressed
at the adjacent corner at site 1′, we speculate that the former
end state hybridizes with atomic Co states and therefore shifts
towards the Co atom and away from site 1′.

In total, seven individual Co(1)-GNR complexes of this
type were assembled, all showing qualitatively the same spec-
troscopic fingerprints. The average maximum position was at
0 ± 4 mV exhibiting a mean FWHM of 30 ± 10 mV (the
uncertainty margins refer to the standard deviations from the
mean value).

Theory. The DFT calculations have no direct access
to Kondo physics. Apart from artifacts of approximate
exchange-correlation functionals, there are also fundamental
reasons for this [62]. Nevertheless, studies in approximate
spin DFT are useful because they reveal a trend towards mag-
netism that in more complete theories often translates into the
Kondo effect.

Magnetism. In this spirit, we show in Fig. 5 the magnetiza-
tion density resulting from spin DFT. The carbon-based end
states exhibit the magnetic moments already expected from
the tight-binding analysis. For the Co atom at the corner site 1,
the corresponding end state couples antiferromagnetically to
the intercalating Co atom (Fig. 5, top row). The corresponding
magnetic moment of the Co atom is found to be 1.7 μB–
1.8 μB, in good agreement with Ref. [64], representing the
spin contribution to the magnetic moment. Thus, we expect
two unpaired electrons in the 3d shell and an excess charge
of one extra electron, consistent with atomic DOS analysis
in the Supplemental Material [43]. The magnetic structure of
the d shell of Co− is broadly understood from conventional
arguments of ligand-field theory. With a local neighborhood
of the carbon ring above and the three bonding partners from
the Au(111)-hollow position below, the environment of Co−

implies a predominant C3 symmetry (weakly broken at the
edge) with irreducible representations of A-z2 and E -{x2 − y2,
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xy}, E -{yz, xz}. The latter two orbitals generate the open shell
that supports the majority spin [43]. Although the breaking of
the threefold rotational symmetry at the edge and corner is
weak in our case, in other systems this reduction of symmetry
can have further consequences for the Kondo effect [65,66].

The Co-based Kondo physics usually emanates from strong
fluctuations of the magnetic moment residing in the open 3d
shell. Since here the moment couples to the end state, one
might suspect that spin fluctuations are diminished, with a
tendency for the Kondo effect to be quenched. However, our
calculations do not support a complete quench. We find that
the Co-based moment is approximately the same for all inter-
calation positions (1,3,4) shown in Fig. 5, and take this as an
indication that the magnetic structure of the Co atom is largely
resulting from its coupling to the Au substrate. We thus assign
the zero-bias anomaly (ZBA) observed in Fig. 4(b) (black
trace) to a hybrid state featuring Kondoesque fluctuations that
are disturbed due to a subdominant coupling to the end state.
The end-state based ZBA is thus qualitatively similar to the
ZBA observed for Co also in the absence of end states.

LDOS. In Fig. 6 we display the LDOS of the cobalt atom
as well as the one of the end states near and far the Co
impurity for different complexes depicted in Fig. 5. For all
sites considered, the cobalt 3d states are smeared out over an
energy range of several electron volts due to the coupling to
the gold substrate [43]. The hybridization with a quasicon-
tinuum of states is a prerequisite for the Kondo effect and is
also present for the Co/Au(111) system without GNR [31].
A direct comparison with a bare adatom is made to scrutinize
the influence of the ribbon on the hybridization of cobalt with
the substrate. While the broadening of the Co 3d states is
dominated by the coupling to the substrate, the interaction
with the ribbon gives rise to an appreciable redistribution of
the 3d-related spectral weight of the LDOS [43].

We note that the effects related to Kondo physics involve
unpaired electron spins and, thus, are sensitive to the LDOS
around EF within the range of Coulomb charging energy U .
In this respect, for intercalation at the corner site 1, where the
influence of ribbon end state is likely to be the strongest, the
Co 3d states indeed change considerably close to the Fermi
level, as seen in Fig. 6 (top). In particular, at �0.3 eV below
EF a peak emerges that is absent otherwise. Moreover, this
peak coincides with the left end state as can be seen in the
DOS for positions 1 and 1′ and their overall shape resemble
each other. The DOS for carbon ring (1) is reduced with
respect to 1′ and n′, signaling a shift of electronic density
towards the cobalt atom. All these features hint for orbital
hybridization between cobalt and the left ribbon end state. The
shift of the DOS peaks (1) and (1′) towards lower energies by
about 0.15 eV compared to the DOS peak (n′) reinforces this
interpretation. The increased presence of cobalt states at the
Fermi level distinguishes this case from the other intercalation
cases (see below).

D. Moving from edge to bulk

Theory. Combining the analysis of end-state magnetism
with the insights from the tight-binding electronic structure,
we formulate an expectation (independent of DFT results)
about the evolution of the ZBA upon shifting the Co atom

FIG. 6. Calculated LDOS. Electronic structure of cobalt inter-
calated at sites 1, 3, and 4 from top to bottom. Local density of
states with Gaussian smearing of 40 meV. Negative values represent
minority-spin states, positive values majority-spin states. Labels cor-
respond to the carbon-ring sites as defined above.

gradually from the corner, site 1, into the bulk, site 4. Along
this path the driving agent reshaping the ZBA is the deple-
tion of the LDOS near the Fermi energy. By moving the
Co atom away from the end, its coupling to the end-based
spin is decreased and the consequence is a resurgence of the
full 3d-spin fluctuations and the associated Kondo resonance.
Therefore, one expects a certain evolution of the ZBA from an
end-state modified hybrid form towards the traditional Kondo
shape.

The expectations here formulated are fully consistent with
results from a spin-DFT investigation. As expected, the LDOS
on the carbon sites in the bulk, positions (3,3′,4), is de-
pleted near the Fermi energy exhibiting the bulk gap of about
1.5 eV (Fig. 6 center and bottom). Consequently, at these
sites the Co-based LDOS around the Fermi energy is less
effected by the ribbon and the hybridization of 3d states
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FIG. 7. Co at site 4. (a) dI/dV spectra of a Co(4)-GNR complex.
The inset sketches the intercalation sites of Au and Co atom and
indicates the positions the spectra were taken at. (b) STM image
(V = 4 mV, I = 50 pA), (c) AFM image, and (d) current map of the
complex. Red crosses in (c) and (d) mark the same positions.

mainly reflects the coupling of Co to the Au substrate [43],
which also enables the Kondo effect for the case without
ribbon [31]. The effect of the end state on the Co atom is
only present for intercalation at the corner site and manifests
strongest as a resonance enhancement at �0.3 eV below EF,
as discussed above. This peak is absent for intercalation at
sites 3 and 4. Instead, for intercalation at these sites the Co
LDOS displays a peak at �0.7 eV above EF that is absent
for intercalation at site 1 (see Fig. 6). This demonstrates that
the ribbon-induced redistribution of the 3d-related spectral
weight of the LDOS [43] is indeed specific to the intercalation
site.

Experiment. To scrutinize the Co-GNR interaction and the
role of the end state further, we placed adatoms at the GNR
armchair edges. Intercalating Co atoms at various positions
along the armchair edge, it turned out that up to site 4 [see
inset in Fig. 7(a) for labeling] the spectra change significantly
with respect to each other, but from there onwards no further
modifications are appreciable. We note that position 4 corre-
sponds to a distance of 1.4 nm from the zigzag edge, matching
the decay length of the end state reported in Ref. [35]. Hence,
as an example for Co at the armchair edge, the data of a
Co(4)-GNR complex are presented in Fig. 7. The Co atom
intercalated at site 4 at the lower armchair edge appears as
bright, round protrusion in the STM topography. Here, in
addition to the Co atom, a Au atom was intercalated at site 1′,
the effect of which will be discussed further below. The AFM
image shown in Fig. 7(c) along with the corresponding STM
image [Fig. 7(b)] clearly confirms the intercalation geometry.
The more repulsive features of the graphene lattice around
the intercalation positions reflect lifting of the ribbon slightly
away from the surface.

The dI/dV spectrum acquired at the position of the in-
tercalated Co atom exhibits a pronounced zero-bias peak
[Fig. 7(a), blue curve] at 0 ± 3 mV having a FWHM of
9 ± 7 mV. This is even narrower than the peak observed at
Co atoms intercalated at the corner of aGNR. For comparison,
a spectrum acquired at the nonintercalated corner is shown
as black curve. We further note that a GNR-armchair edge
exhibits spectra that are basically featureless around EF.

The appearance of a zero-bias peak upon intercalation of
Co therefore suggests its interpretation as a Kondo resonance
with TK = 88 ± 5 K. The observation of Kondo signatures

for similar systems [64,67] further supports this interpreta-
tion. The Au atom intercalated at site 1′ seems not to have a
significant effect on site 4 where the influence of the end state
effectively dies out. It is independently verified with a clean
Co(4)-GNR complex (no Au atom intercalated). We, indeed,
observed a very similar spectral feature at EF, exhibiting a
Kondo temperature comparable to that of the Co(4)-Au(1′)-
GNR [43].

As the armchair edge of GNRs does not host electronic
states around EF, the Kondo effect is assumed to be due to
the interaction of the Co atom with the Au(111) substrate.
The shape of the Kondo feature in this Co-GNR complex,
however, is distinctly different from the one of an isolated
Co atom on the Au(111) surface [68]. The latter exhibits a
dip in differential conductance at zero bias as opposed to
the peak observed for the Co-GNR complex. The different
appearance of a Kondo feature as a peak or dip shape is a
consequence of the quantum interference between different
tunneling pathways [31,68] and their different magnitudes,
where the presence of the GNR apparently changes the ratio
of different tunneling pathways in favor of direct tunneling
into the impurity state. A current map acquired at constant
height and a bias voltage of |V | ∼ 1 mV is shown in Fig. 7(d)
and provides insight into the spatial distribution of the Kondo
feature. The current at low bias is enhanced at Co-intercalation
position and at the GNR zigzag ends, while the left GNR
zigzag edge appears particularly intense because of the inter-
calated Au atom at position 1′. The enhanced current close to
the position of Co intercalation, reflecting the spatial distribu-
tion of the corresponding zero-bias feature, is quite localized
around the intercalation position, extends slightly towards the
GNR center, but appears well separated from the features at
the GNR ends. This is consistent with the aforementioned
assumption that a Co atom intercalated at site 4 is sufficiently
far away from the zigzag edge to avoid coupling to the lat-
ter. Interestingly, the feature around the intercalation position
exhibits a pronounced nodal plane structure. Note that, when
interpreting the nodal plane structure, the enhanced p-wave
tunneling of the CO-functionalized tip has to be taken into
consideration [69].

In total, eight different Co-GNR complexes with a Co
atom buried at the middle of the armchair edge were created
and characterized, yielding consistent results with a relatively
narrow, Kondo-type resonance at 3 ± 3 mV and a FWHM
of 20 ± 8 mV. The uncertainty margins refer to the standard
deviation.

Co between end and bulk. As an intermediate case between
intercalation at the corner position and at the armchair edge,
a Co atom was manipulated underneath the third hexagon
counted from the zigzag end, creating a Co(3)-GNR complex
(see Fig. 8). The STM image shown in Fig. 8(a) exhibits the
characteristic fingerlike structure of the end state and a slight
protrusion at the intercalation position. Due to their close
vicinity, these two features blend into each other.

The corresponding AFM image [Fig. 8(c)] confirms the
intercalation position and exhibits a similar increase in repul-
sion of the GNR, interpreted as a local upward bending of the
GNR as discussed above. (The fourfold feature in the image
below the GNR presumably relates to a hydrogen atom that
got trapped there.)
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FIG. 8. Co at site 3. (a) Upper panel: STM image (V = 5 mV,
I = 30 pA, mild Gaussian smoothing applied). Lower panel: sketch
of Co intercalation position. (b) dI/dV spectra taken at positions
indicated in (a). (c) Constant height AFM image of the Co(3)-GNR
complex shown in (a). The protrusions below the GNR are presum-
ably artifacts from a H atom, trapped below the tip and dragged along
while scanning. (d) Current map of the area shown in (c). The red
crosses in (c) and (d) mark the same positions.

Figure 8(b) shows dI/dV spectra acquired at different po-
sitions. The two spectra acquired at the corners 1 and 1′ as
well as the one acquired at the intercalation position are very
similar and exhibit the typical shape as observed for clean
zigzag edges, namely, a peak considerably away from zero
bias at 30 ± 3 mV, with a strongly asymmetric shape and
a FWHM of 52 ± 35 mV. Conversely, a spectrum acquired
at position 3′, that is, at the clean armchair edge at the same
distance from the zigzag edge as the intercalated Co atom, is
featureless.

Hence, the Co(3)-GNR configuration does not exhibit a
Kondo-type resonance. Instead, the zigzag end state seems to
be extended to the Co intercalation position. The latter obser-
vation is supported by the current map presented in Fig. 8(d),
showing that also for low bias the features around the Co
atom position and the GNR end blend into each other. Also,
a pronounced nodal-pane structure is evident in the current
image.

Co(3)-GNR complexes were assembled three times, all
showing an apparent extension of the end state up to the
position of the intercalated Co atom and no zero-bias peak.

Discussion. A comparison of DFT calculations with ex-
perimental findings starts with the observation that the key
qualitative expectation is being met: While a sharp Kondo
resonance is measured near the Co atom at a bulk position
(Fig. 7), a significantly broader zero-bias anomaly is found
for a Co atom at the edge (Fig. 4), indicating the strong
interaction between the Kondo resonance and the edge state.
Beyond this, many interesting details are discovered in the
experiment, which escape a straightforward DFT-based inter-
pretation. The most striking example is the drastic change
of the spectra when moving the Co atom between the two
neighboring positions 4 and 3 (see Figs. 7 and 8). Based
on the experimental observations one might assume that the

1 nm z (
nm

)

0.27

0

FIG. 9. Au and Co at one GNR. STM image of a GNR with an
intercalated Co (bottom left corner) and Au (top right corner) atom.
2 mV, I = 48 pA.

Co spin in position 3 is quenched, but the DFT calcula-
tion in Fig. 5 yields a nonvanishing spin in this geometry.
So, either there is a physical effect at play that lies out-
side of the standard exchange-correlation description of DFT
or the assumptions concerning the atomic structure under-
lying the DFT simulation do not fully reflect experimental
conditions.

To rationalize the experimental finding in the passage to-
wards bulk from the ribbon corner, one might speculate on
the following scenario. At sites far away from the corner, the
electronic states associated to Co atom close to the Fermi en-
ergy hybridize mainly with that of the gold substrate, and not
(or very weakly) with the GNR as it exhibits an energy gap,
making the situation similar to an isolated Co on Au(111).
However, closer to the corner, the Co-based Kondo ZBA
starts to interfere with the GNR end state. In this situation,
one certainly expects a ZBA to survive, but any details are
difficult to predict, partly because the result will depend on
the mutual interference of dominant tunneling paths. When
moved to the corner, the orbitals start to hybridize with the
GNR end state and the weak-coupling picture no longer
applies, with a general expectation that the Kondo physics
survives.

E. Au atom at corner position for comparison

To investigate the role of the species of the intercalated
atom, for comparison, a Au atom was intercalated at the
corner of a GNR. Single Au atoms were brought onto the
Au(111) surface by gentle tip indentations into the Au sur-
face. As opposed to Co adatoms, isolated Au adatoms on
the Au(111) surface show no Kondo features. The Au-GNR
complexes were created in the same way as the Co-GNR
complexes by atomic manipulation.

Figure 9 shows an STM image of a GNR with a Co
atom intercalated at one corner and a Au atom at the cor-
ner of the opposite end of the same GNR. As we assume
that they do not interact, both sites can be labeled as site
1. The two corners appear qualitatively different. Whereas
the Co corner appears more roundish, the Au corner re-
tains the fingerlike structure typical of the end state. The
Au-intercalated corner appears considerably brighter in the
STM image, possibly because of a stronger upward bend-
ing of the GNR upon intercalation. Figure 10(a) shows an
STM image of a Au(1)-GNR complex (left) next to a pristine
GNR end (right). The colored circles indicate the locations
of the dI/dV spectra displayed in Fig. 10(b). The spectrum
taken at a corner of the pristine GNR (red curve) exhibits
the typical end-state peak. The peak maximum lies at 6 ±
3 mV and the FWHM of 16 ± 8 mV is relatively narrow in
this case.
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FIG. 10. Au at corner position. (a) STM image of a Au(1)-
GNR complex (left) next to a pristine GNR end (right). V = 2 mV,
I = 48 pA. (b) dI/dV spectra taken at the positions indicated by
colored circles in (a).

At the Au-intercalated corner (black line), however, a clear
peak is missing in the spectrum. The same holds true for
the corner 1′ next to the intercalated Au atom (blue curve).
Instead, one can see a slight increase in dI/dV from negative
voltages of −30 mV towards 0 (like an onset), after which the
signal remains roughly constant.

The spatial fingerlike feature seen in the images, however,
clearly indicates that the GNR end state is still present and
also localized at the Au-intercalation position. Taking together
both observations suggests that the presence of the Au atom
smears out the end state in energy, such that it is barely visible
in dI/dV spectra, while its presence is evident from its spatial
signature.

The strong geometric upward bending of the GNR zigzag
end by the Au atom is seen in the AFM image in Fig. 7(c),
in which besides the Co atom at the armchair edge a Au atom
was intercalated at one of the corner sites.

The Au intercalation shows that the presence of an interca-
lated atom alone is not enough to convert the end state into
a zero-bias resonance. Instead, the appearance of the latter
is apparently related to the magnetic properties of the Co
adatoms.

III. SUMMARY AND CONCLUSION

7-aGNRs were synthesized under UHV conditions on a
Au(111) surface. Subsequently added Co atoms were interca-
lated by means of atomic manipulation underneath different
sites in a well-controlled fashion. Whereas Co atoms on
Au(111) show a Kondo dip in differential conductance spec-
tra, the Co-GNR complexes exhibit a peak. Our main finding
is that the shape of the peak depends on the intercalation
position along the GNR armchair edge: a Co atom interca-
lated at the GNR corner yields a zero-bias resonance, with
its maximum at 0 ± 4 mV and a FWHM of 30 ± 10 mV.
Co atoms buried at the armchair edge away from the GNR
corner display an even narrower zero-bias resonance centered
at 3 ± 3 mV having a FWHM of 20 ± 8 mV, well separated
from the GNR end state. Surprisingly, a Co atom placed at an
intermediate distance from the corner leads to the end-state
peak extending towards the Co atom, with no signs of a zero-
bias resonance.

The key experimental result, i.e., the narrowing of the
Kondo resonance when moving the Co atom from edge to
bulk, has been corroborated by extensive density functional
theory (DFT) calculations. In particular, DFT gives strong and

transparent indication of the presence of magnetic moments. It
does not hint at why the Kondo signal gets lost intermittently
along the passage of the Co atom from edge to bulk, as is seen
in the measurement.

In conclusion, our study clearly demonstrates the potential
that graphene nanoribbons exhibit as a laboratory to study
the interplay of the Kondo effect with other zero-bias anoma-
lies. Regimes of strong coupling and weak coupling can be
addressed with an intermediate range that exhibits intriguing
phenomena that remain to be understood.

IV. METHODS

Experiment. Experiments were performed with a custom-
built combined scanning tunneling and frequency-modulation
atomic force microscope (STM/AFM) operating in ultrahigh
vacuum (base pressure p < 5 × 10−11 mbar) and at a base
temperature of about 9 K. The combined STM/AFM sys-
tem is equipped with a qPlus [70] sensor that allows one
to measure the tunneling current I and frequency shift (� f )
simultaneously. Bias voltages V refer to the sample bias with
respect to the tip. Au(111) single-crystal surface was cleaned
by repeated Ne+ sputtering and annealing cycles. 7-aGNRs
were grown from 10,10′-dibromo-9,9′-bianthracene precur-
sors following the recipe introduced by Cai et al. [9]. Co
atoms were deposited onto the cold sample surface located
inside the STM/AFM. AFM images were taken with a CO-
functionalized tip [71]. To this end, in the corresponding
experiments, NaCl in very small amounts was codeposited
after the synthesis of the 7-aGNRs at room temperature, while
CO molecules were coadsorbed onto the cold sample surface
located inside the STM/AFM. This enabled a controlled CO
termination of the scanning probe tip with picking up of an
individual CO molecule from NaCl island. For STM images
and spectroscopy, metallic tip apexes were used, unless stated
explicitly otherwise.

Ab initio calculation. We perform density functional theory
(DFT) calculations using QUANTUM ESPRESSO[72]. Graphene
ribbons on a gold surface are modeled by placing a 7-aGNR
(comprising 8 anthracene units), saturated with hydrogen
atoms, on top of a three-layer Au(111) slab. This is a com-
putational compromise as we already deal with a relatively
large system with 403 atoms. Cobalt atoms are intercalated
such that the position of the sites, the center of the hexagonal
carbon rings, coincides with an hcp position of the Au(111)
surface.

We employ norm-conserving pseudopotentials for carbon,
hydrogen, cobalt, and gold atoms. We use the Perdew-Burke-
Ernzerhoff (PBE) exchange-correlation potential [63]. In our
calculations a plane-wave energy cutoff of 70 Ry and a 280-
Ry cutoff for the density and potential representation are
chosen to ensure converged calculations. We account for the
dispersion of the gold surface by a Brillouin zone sampling of
2 × 2, effectively corresponding to a sampling of 20 × 8 for
the fcc geometry. A vacuum of 10 Å is introduced between
the gold layers to reduce interactions among the slabs, which
is a tradeoff between accuracy and reduced computational
complexity. We correct for van der Waals interactions by
adding semiempirical interaction potentials for the different
atom pairs [73].
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Onsite Coulomb interactions in the cobalt 3d orbitals are
known to be poorly described by standard DFT, which is why
we apply a Hubbard U of 5 eV [74]. We determined the
Hubbard U by occupation interpolation via linear response
theory [74] at different sites, a value which is in accordance
with similar studies [64].
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