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Electronic states in an atomistic carbon quantum dot patterned in graphene
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1Instituto de Fı́sica, Universidade Federal de Mato Grosso, 78060-900, Cuiabá, MT, Brazil
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We reveal the emergence of metallic Kondo clouds in an atomistic carbon quantum dot, realized as a single-atom
junction in a suitably patterned graphene nanoflake. Using density functional dynamical mean-field theory
(DFDMFT) we show how correlation effects lead to striking features in the electronic structure of our device,
and how those are enhanced by the electron-electron interactions when graphene is patterned at the atomistic
scale. Our setup provides a well-controlled environment to understand the principles behind the orbital-selective
Kondo physics and the interplay between orbital and spin degrees of freedom in carbon-based nanomaterials,
which indicate new pathways for spintronics in atomically patterned graphene.
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I. INTRODUCTION

Graphene, a two-dimensional network of carbon atoms
arranged in a hexagonal lattice [1], is attracting the attention of
the wider scientific community due to its potential application
in fields as diverse as photonics, sensor technology, and
spintronics [2]. In fact, graphene and its derivatives [3] are
expected to form the next generation of (radio frequency)
transistors [4], spin-based [5] and nanoelectronic [6] devices,
as well as electrochemical and biosensors [2]. However, the
semimetallic nature of graphene with a Dirac-like spectrum
near the Fermi energy (EF ) and finite conductivity values [7]
prevent its application as the host material for future spintronic
applications [8]. Essentially, what is needed for having
useful spintronic devices made of graphene or functionalized
graphene is to have the electronic spectra similar to those of
classical diluted magnetic semiconductors [9].

After several years of study it is now understood that the
physical properties of graphene at low energies are mostly
governed by elementary excitations created around the Fermi
surface [10]. These elementary excitations are known to be
massless Dirac fermions with a linear spectrum. On the other
hand, at graphene edges the density of states (DOS) may be
peaked due to the presence of edge-localized states [11]. At
extended zigzag edges this leads to unconventional magnetism,
which is caused by ferromagnetic intraedge and antiferromag-
netic interedge correlations [12]. Interestingly, to understand
the origin of edge magnetism, the importance of electron-
electron interactions at edges of chiral graphene nanoribbons
was addressed experimentally [13]. However, much of the
existing literature on graphene-based systems has nevertheless
focused on noninteracting electrons moving on a honeycomb
lattice. The main reason for this is that electron-electron
interactions are suppressed close to the charge neutrality
point because of the vanishing DOS near EF [14]. Hence,
electronic correlation effects were often considered to be of
minor importance in graphene.

The possibility of correlated electron physics in carbon-
based materials [15,16] or in purely p- [17] and s- [18]
band systems remains intriguing, since the naive expectation
dictates that the itinerance (kinetic energy of p,s carriers)
is appreciable compared to the electron-electron interactions,
as distinct from d-band systems, where the d electrons

reside in much narrower bands. Hence, the effective ratio
between the on-site Coulomb repulsion and the one-particle
bandwidth (U/W ) is sizable [19]. This controversy makes the
possible relevance of intrinsic electron-electron interactions
in graphene [20] or in carbon-based materials with active
p bands an issue of contemporary interest. With this in
mind, in this work we show how the interplay between finite
size localization and sizable on-site Coulomb repulsion [21]
can induce orbital-selective Kondo-like phenomenon [14]
in a carbon quantum dot made of atomistically engineered
graphene.

The Kondo effect is usually induced by the presence of
a dilute concentration of localized spins coupled to a Fermi
sea of electrons in conventional Fermi liquid metals [22].
There, dynamical many-particle interactions between the spin
of the impurity and the electron in the reservoir result in
partial screening of the localized spin, leading to a sharp
Kondo quasiparticle resonance in the one-particle spectral
function [23]. Recent advances in quantum dots [23] and
atomic physics [24] have provided new ways to probe
and understand Kondo-like phenomena in real mesoscopic
quantum systems [25,26]. Most of the early theoretical studies
on Kondo effect were carried out for conventional metals
with idealized DOS near EF [23]. However, in spite of many
studies, there has been no discussion to date on the possibility
of a multiorbital Kondo cloud in an atomistic carbon quantum
dots patterned out of graphene. Here, we shed light onto origins
and consequences of this problem of fundamental importance
by revealing channel-selective Kondo physics and incipient
local moment formation in atomistic carbon quantum dot as a
junction between two charge neutral trigonal zigzag graphene
flakes [27,28]. More precisely, the initial schematic structure
we use to investigate electronic and magnetic responses of a
single carbon quantum dot is shown in the top panel of Fig. 1
and represents a pattern [29,30] obtained by suitably cutting a
hydrogenated graphene zigzag nanoribbon.

II. RESULTS AND DISCUSSION

It is noteworthy that in engineered nanostructures the hop-
ping elements are renormalized in rather nontrivial ways [31].
On the other hand, due to its atomistic nature the on-site
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FIG. 1. Top views of an atomistic carbon quantum dot at a
junction patterned between two graphene nanoflakes. The initial
schematic (upper panel) and the optimized geometrical structure
(lower panel) are shown in the same figure for comparison. Carbon
and hydrogen atoms are shown in dark and light colors, respectively.
Notice that in the optimized geometry a small in-plane deformation
is found, which is manifested in the bending of the central atom to its
nearest carbon atoms.

Coulomb U interaction is expected to be less affected by
edge shapes and nanoscale. With this in mind, we examine
the effect of electron-electron interactions on the electronic
structure of our atomistic carbon quantum dot, showing how
it can be reshaped by realistic multiorbital interaction effects.
Here, optimum geometry, stability and one-particle electronic
properties of the system were investigated within density func-
tional theory (DFT) as implemented in the SIESTA simulation
package [32]. To ensure that there is no interaction between
successive periodic images, we use a cell with vacuum space
in all directions. The respective Brillouin zone is sampled
by a 10 × 10 × 2 Monkhorst-Pack grid [33]. The geometry
was fully optimized until all the force components became
smaller than 0.05 eV/Å. Norm-conserving pseudopotentials
of Troullier-Martins [34] in Kleinman-Bylander nonlocal form
were used to represent the ionic core potential. We use the
generalized gradient approximation (GGA) scheme, as param-
eterized by Perdew et al. [35], for the exchange-correlation
functional. The Kohn-Sham orbitals [36] are expanded in a
linear combination of atomic orbitals of finite range, which
is determined by a common confinement energy shift of 0.01
Ry [37]. The precision of the real-space grid integration is
determined by a minimal energy cutoff of 200 Ry [38].

FIG. 2. The spin density isosurfaces (3 × 10−3 e/Å3) in the most
stable structural and spin configuration of an atomistic carbon
quantum dot at a junction patterned out between two graphene
nanoflakes. The spin density isosurfaces show that the net spin density
is mostly located at a particular site of the optimized geometrical
structure.

A. GGA results

We now present our GGA results. To begin with, we show in
Fig. 1 (lower panel) the optimized geometrical structure of our
carbon nanosystem. Consistent with previous studies [29,39]
on triangular carbon nanoflakes, our optimized geometry
shows a small in-plane deformation configuration [39] which
is manisfested in the bending angle of the central atom and its
nearest C atoms. Indeed, our optimized geometrical structure
reveals that the calculated angle between our linking carbon
quantum dot and its nearest two C atoms changes from
180◦ to 163.73◦ (see Fig. 1). This result is consistent with
geometric optimizations carried out by Li et al. [29] for a
low-dimensional structure with similar carbon building blocks.
Also, in good agreement with previous studies [29,30] are the
spin density isosurfaces (see Fig. 2), showing that the net spin
density is mostly located at A sites [29] of the hexagonal (A-B)
structure, where the spin densities on B sites are rather small.

To highlight the spin-polarized electronic nature [29,39]
of our optimized geometrical structure, in Fig. 3 we show
the spin- and orbital-resolved GGA spectral functions of the
central carbon quantum dot. It is known that in graphene,
the sp2 hybridization of atomic s-px,y orbitals of carbon
atoms creates lateral σ bonds, and the remaining 2pz orbital
perpendicular to the plain form the nonhybridized π bands.
This well-established scenario for graphene and graphite [40]
dramatically changes in our mesoscopic quantum system.
As seen in Fig. 3, while the planar px DOS shows large
bonding-antibonding splitting, the semiconductinglike band
gap within the py orbitals is considerably reduced and
localized electronic states are formed near EF due to finite
overlap with the pz channel. Moreover, the atomically resolved
DOS of the pz orbital does not vanish linearly near the Fermi
energy (ω = EF = 0), exhibiting instead a small gap at low
energies. Also interesting are the localized states (almost flat
bands) in the spin-resolved py,z spectral functions near EF ,
which as shown below are the one-particle seeds towards
the formation of an orbital-selective Kondo state at finite
values of the on-site Coulomb repulsion U . Noteworthy,
our spin-resolved electronic structure in Fig. 3 is consistent
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FIG. 3. GGA orbital- and spin-resolved density of states (DOS)
of our carbon quantum dot (i.e., the central atom in Fig. 1). Notice
the spin polarization caused by zero-energy edge states and the large
bonding-antibonding band gap within the px orbital. A particular
feature to note is the small band gap in the py,z channels and the
narrow bands near the Fermi level, which are the one-particle seeds
towards the formation of channel-selective Kondo clouds.

with previous calculations on graphene nanoflakes [41],
supporting the existence of spontaneous magnetic ordering in
triangular graphene nanoflakes linked by different atoms [29]
or by carbon chains containing an odd (even) number of C
atoms [30]. In fact, after several years of study it is now
recognized that magnetism in pure carbon materials is closely
related to localized edge states which creates almost flat bands
near EF [42], favoring spin polarization. Of particular interest
here is the case where two graphene nanoflakes are linked by
a single carbon atom [29,30], showing large total magnetic
moment and spontaneous ferromagnetic coupling between the
nanoflakes. In good agreement with previous studies [29,30],
our GGA results confirm that when two hydrogenated tri-
angular nanoflakes [39] are linked by a single carbon atom,
the ferromagnetic ground state (with large total magnetic
moment) [29] is favored compared to the antiferromagnetically
ordered state, in accordance with Lieb’s theorem [43]. Taken
together, this gives us confidence to use the GGA DOS of
Fig. 3 as an input to multiorbital GGA+DMFT calculations
for a carbon quantum dot patterned in graphene.

B. GGA+DMFT: Theory and results

Electron-electron interactions and multiorbital correlations
are intricately tied to lattice, charge, and spin degrees of
freedom in correlated electron systems [19]. Theoretically,
we are still away from being able to treat these coupled

correlations in a fully realistic manner, particularly for mul-
tiorbital quantum dots where the hidden many-body problem
remains an interesting and open issue, both theoretically and
experimentally [25]. Precisely how this might come about is
an open and challenging problem also for wide band systems.
Here, we study correlation-induced electronic reconstruction
using combined DFT and DMFT methods applied to a real
carbon quantum dots. A similar scheme for lattice systems was
used to revisit the longstanding issues of transport anisotropy
and incoherence-coherence crossovers in graphite [40], as well
as in the context of Kondo physics in strained graphene [14].
This justifies the use of density functional dynamical mean-
field theory (DFDMFT) to study the electronic properties of a
real carbon quantum dot coupled to electronic reservoirs.

The bare and partially screened Coulomb interaction
parameters for pure graphene are, respectively, U = 17.0 eV
and U = 9.3 eV [21]. Owing to the insulating nature of our
system at the one-particle level (see Fig. 3), one can naively
expect the Hubbard U (or the on-site Coulomb interaction)
of the carbon quantum dot to be rather poorly screened as
compared to good metals. In our study we choose renormalized
U values to reveal an interaction-induced Kondo phenomena,
which are characterized by the appearance of orbital-selective
Kondo resonances near EF at finite U values. The many-body
Hamiltonian considered here is H = H0 + Hint, with

H0 =
∑
kaσ

εa(k)c†kaσ ckaσ (1)

and

Hint = U
∑

a

na↑na↓ +
∑
a �=b

U ′nanb − JH

∑
a �=b

Sa · Sb, (2)

where a = x,y,z label the diagonalized p bands. εa(k) is the
one-electron band dispersion projected on the central atom,
which encodes details of its actual one-electron (GGA) band
structure as well as its hybridization with the two neighboring
trigonal graphene nanoflakes. U ′ ≡ U − 2JH , with U,U ′
being the atomic [44] intra- and interorbital Coulomb repulsion
and JH is the Hund’s rule coupling [14,40]. Here, the peculiar
one-particle nature of the multichannel electronic states in our
carbon quantum dot are read off from the projected DOS shown
in Fig. 3, which are DFT inputs for the multiorbital DMFT
approach that reveals a selective Kondo state at low energies.

To reveal correlation-induced electronic reconstruction in
our nanoembedded carbon atom, we extend ideas based on
real-space DMFT [45]. In real-space DMFT each lattice site
of a nanosystem is mapped onto its own impurity model.
However, as in the usual DMFT treatment [46] this mapping is
done by computing the local Green’s function at each site via

Gloc
σ (ω) = 1

N

∑
k

1

ω − �σ (ω) − εk
, (3)

where εk is the one-electron band dispersion of a chosen lattice
and �σ (ω) is the corresponding momentum-independent self-
energy, which encodes all many-particle correlation effects.
To perform the k sum above, we make use of the Hilbert trans-
form [46] and rewrite Eq. (3) at each orbital and spin channel as

Gloc
σ,a(ω) =

∫
dε

ρ(0)
σ,a(ε)

ω − �σ,a

([
G0

σ,a(ω)
]) − ε

. (4)
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Here, ρ(0)
σ,a are the bare DOS of the carbon quantum dot

displayed in Fig. 3 and G0
a,σ (ω) are the site-excluded Green’s

functions, usually referred to as Weiss functions [46]. Given
the fact that we use diagonalized one-particle spectral
functions for DMFT, computation of Eq. (4) can be performed
for all local spin- and orbital-resolved Green’s functions as
well as for the corresponding bath propagators

[
G0

σ,a(ω)
]−1 = 1

Gloc
σ,a(ω)

+ �σ,a(ω). (5)

These site-excluded Green’s functions are used to compute
self-consistently the multiorbital self-energies within our
perturbative many-body scheme [47]. Equations (4) and (5)
form a closed set of coupled, nonlinear relations which are
solved numerically until convergence is achieved. Noteworthy,
the equations above are reduced to the usual DFT+DMFT
treatment, if the central atom is replaced by a single site in the
lattice problem [48]. To obtain the self-energy of the carbon
quantum dot we use multiorbital iterated perturbation theory
(MO-IPT) as the impurity solver. The detailed formulation
of MO-IPT for correlated electron systems has already been
developed [47] and used in the context of carbon-based
materials, [14,40], so we do not repeat the equations here.

In what follows, we discuss our GGA+DMFT results.
To pinpoint the relevance of MO electronic interactions in
atomistic carbon quantum dots, we present in Fig. 4 the
results for three different values of U and fixed JH = 0.4 eV.
(This choice for JH is in accordance with values estimated in
Ref. [49] for a different local moment problem in graphene.)
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FIG. 4. GGA+DMFT results for electronic states of our carbon
quantum dot, as a function of the on-site Coulomb repulsion U , for
fixed JH = 0.4 eV. Notice the evolution of the orbital-resolved DOS
with increasing U and the formation of pronounced Kondo clouds
near EF in the pz orbital.

To trace the effect of electron-electron interactions, e.g.,
the appearance of channel-selective Kondo clouds at low
energies, in Fig. 4 we show the evolution of the spin–orbitally
resolved and total DOS with increasing U . One immediately
notices that multiorbital electron-electron interactions modify
the bare GGA spectral functions. As common to correlated
electron systems, multiorbital dynamical correlations arising
from U,U ′ and JH lead to spectral weight redistribution
over large energy scales and an orbital-selective suppression
of the one-particle band gap at low energies. While the
semiconducting px orbital is weakly affected by multiorbital
electronic interactions, remarkable differences in the spectral
weight transfer are found within the pz and py channels. For
the pz orbital, pronounced Kondo quasiparticles are visible at
low energies and they are reshaped with increasing U . In this
metallic channel two prominent shoulder features are resolved
at ω � −1.8 eV (spin-↑ DOS) and ω � 2.0 eV (spin-↓ DOS),
suggesting the formation of small Hubbard bands in this
orbital. Spectral weight transfer is also found within the
planar py orbital; see Fig. 5 for details. Interestingly, while
the spin-↑ DOS shows insulating behavior, the conduction
band in GGA of the spin-↓ channel is transferred to low
energies and reaches the Fermi energy for all values of U ,
as shown in Figs. 4 and 5. Apart from the visible spectral
weight transfer at high energies, the overall spectral line
shape in this orbital sector remains close to one found in
GGA. However, the presence of spin-↓ electronic states at EF

suggests half-metallicity, which could be relevant for future
spintronic devices. Our results for the py orbital are consistent
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FIG. 5. Comparison between GGA and GGA+DMFT results for
the electronic states of our carbon quantum dot. Notice that large-scale
spectral weight transfer of the spin-resolved py,pz GGA+DMFT
spectral functions and total DOS is obtained using realistic values [21]
for the on-site Coulomb interaction U .
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with a recent inhomogeneous cluster-DMFT study on the
graphene-lattice Hubbard model showing the coexistence
of pseudogapped (spin-↑) and Kondo quasiparticle (spin-↓)
electronic states near EF [50]. Taken together, at finite but
not extreme U , our carbon quantum dot is on the Kondo side
of the correlated phase diagram of nanoengineered graphene.
Future spin-resolved scanning tunneling microscopy (STM)
and spectroscopy (STS) experiments [13,51] are called for to
corroborate this prediction.

III. CONCLUSION

In conclusion, we propose to use an atomistically en-
gineered nanostructure made of functionalized graphene
nanoflakes to reveal metallic Kondo clouds in a carbon
quantum dot. The geometry we propose is important for
understanding the basic principles of edge and tunable mag-
netism in nanostructures made of monolayer graphene. To
shed light onto this problem, we first performed first-principles
GGA calculations to confirm the localized and magnetically
ordered phase of functionalized graphene nanoflakes. We

further employed GGA+DMFT for a multiband Hubbard
model to explore the intrinsic correlated nature of the channel-
selective metallic phase of a carbon quantum dot. Our results
suggest close underlying similarities (in spite of the different
chemistry) between the Kondo regime emerging here and the
Kondo resonance peaks induced by transition-metal adatoms
in graphene [51]. Our theory is of fundamental importance
to low-dimensional systems where multiorbital dynamical
correlations induce the coexistence of semiconducting and
(semi)-metallic regimes in spintronic materials.

ACKNOWLEDGMENTS

L.C.’s work is supported by CNPq (Proc. No. 307487/2014-
8). Acknowledgment (L.C.) is also made to G. Seifert for
discussions and the Department of Theoretical Chemistry
at Technical University Dresden for hospitality. T.A.S.P.
thanks PRONEX/CNPq/FAPEMAT 850109/2009 for finan-
cial support. M.V.M. acknowledges support from Research
Foundation-Flanders (FWO), TOPBOF, and the CAPES-PVE
program.

[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang,
S. V. Dubonos, I. V. Grigorieva1, and A. A. Firsov, Science 306,
666 (2004).

[2] See, D. R. Cooper, B. D’Anjou, N. Ghattamaneni, B. Harack, M.
Hilke, A. Horth, N. Majlis, M. Massicotte, L. Vandsburger, E.
Whiteway, and V. Yu, arXiv:1110.6557, and references therein.

[3] J. Hong, E. Bekyarova, P. Liang, W. A. de Heer, R. C. Haddon,
and S. Khizroev, Sci. Rep. 2, 624 (2012).

[4] Y. Wu, Y.-M. Lin, A. A. Bol, K. A. Jenkins, F. Xia, D. B. Farmer,
Y. Zhu, and P. Avouris, Nature (London) 472, 74 (2011); see also,
Y.-M. Lin, C. Dimitrakopoulos, K. A. Jenkins, D. B. Farmer,
H.-Y. Chiu, A. Grill, and Ph. Avouris, Science 327, 662 (2010).

[5] Y. W. Son, M. L. Cohen, and S. G. Louie, Nature (London) 444,
347 (2006).

[6] J. Nilsson, A. H. Castro Neto, F. Guinea, and N. M. R. Peres,
Phys. Rev. B 76, 165416 (2007).

[7] A. A. Balandin, Nat. Mater. 10, 569 (2011); C. Berger, Z. Song,
X. Li, X. Wu, N. Brown, C. Naud, D. Mayou, T. Li, J. Hass,
A. N. Marchenkov, E. H. Conrad, P. N. First, and W. A. de Heer,
Science 312, 1191 (2006); K. S. Novoselov, D. Jiang, T. Booth,
V. V. Khotkevich, S. M. Morozov, and A. K. Geim, PNAS 102,
10451 (2005).

[8] D. Pesin and A. H. MacDonald, Nat. Mater. 11, 409 (2012).
[9] T. Jungwirth, J. Sinova, J. Mašek, J. Kučera, and A. H.
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