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Emergent atomistic Kondo resonances in strained carbon-benzene single chains
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Using real-space generalized gradient approximation plus dynamical mean-field theory (GGA + DMFT) we
explore the effect of uniaxial strain on the correlated electronic structure reconstruction of atomistic carbon
patterned out in carbon-benzene single chains. Firstly, based on GGA we show how strain can trigger a valley
electronic structure with similarities akin to narrow-band semiconductors. The correlated electronic structure
we derive is promising in the sense that it enables the observation of emergent Kondo quasiparticle resonances
for future valleytronics based on low-dimensional organic conductors. Our proposal is a key step to iteratively
understand the intricate and interdependent changes in orbital and electronic degrees of freedom at the atomistic
level.
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I. INTRODUCTION

The application of pressure and negative pressure (strain)
are useful tools to tune structural and electronic properties of
real materials [1]. The potential to tune structural, electronic,
and magnetic properties of strained graphene, for example,
has been explored in recent years both experimentally [2]
and theoretically [3–5]. However, in spite of many efforts
in understanding graphenelike systems, studies on strain-
induced electronic structure reconstruction and the precise
nature of the emergent coherent Kondo state [6] in carbon-
based quasi-one-dimensional (quasi-1D) single chains [7] is
still missing. With this caveat in mind, here we carried out
real-space generalized gradient approximation plus dynamical
mean-field theory (GGA + DMFT) [8] calculations to unveil
atomistic electronic properties of normal and strained carbon-
benzene (CB) single chains (see Fig. 1). The reconstructed
electronic structure we derive captures Kondo features to be
seen in future scanning tunneling microscopy (STM) exper-
iments [6]. As a by-product we predict an emergent Kondo
phenomenon in atomistic carbon (atomistic C) with charac-
teristics akin to correlated multiorbital (MO) systems treated
within DMFT [9].

It should be noted that reducing bulk graphite to two-
dimensional graphene [10] has opened the possibility to ex-
plore novel low-dimensional (low-D) phenomena on organic
conductors [11]. Interesting in this context are graphene
nanoribbons [12] and carbon nanotubes [6,13]. Also relevant
is the formation of atomic carbon chains from graphene
nanoribbons [14], as well as the synthesis of linear chains
of atomistic-conjugated benzene molecules [7,15]. Moreover,
there had been a number of studies about the synthesis and
stability of pure atomic carbon [16] and π -conjugate molec-
ular chains [15,17,18], some of them which have already
been experimentally observed [7,12,19]. However, in spite
of many experimental and theoretical efforts, the important
role played of uniaxial strain in quasi-1D organic systems
remains unclear. Motivated thereby, in this work we reveal

the interplay between strain-induced orbital differentiation [3]
and MO electron-electron interactions in the electronic struc-
ture of the carbon analog of leucoemeraldine [15], showing
emergent Kondo quasiparticle resonances [20] and electron
mass enhancement within the atomistic clean limit.

The possibility of correlated electron physics in carbon-
based materials [6,21–24] remains intriguing, since the naive
expectation dictates that the itinerance (kinetic energy of
p 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 effec-
tive ratio between the on-site Coulomb repulsion and the
one-particle bandwidth (U/W ) is sizable. This controversy
makes the possible relevance of intrinsic electron-electron
interactions in organic metals and semimetals [25,26] or in
polymeric materials [7,27] as well as to fullerenes, where
U/W ∼ 1.5−2.5 [21], an issue of living interest [28]. With
this in mind, in this work we show how the interplay be-
tween broadband electronic delocalization and sizable on-
site Coulomb repulsion [23] can induce a local electronic
reconstruction with emergent Kondo quasiparticles [20,29]
in strained, single-chain organic conductors. However, before
delving into the correlated electronic state in atomistic C
of normal and strained CB single chains, it is important to
note that the bare (Ub) and screened (Us) on-site, Coulomb
interaction parameters for two-dimensional graphene (three-
dimensional graphite) are, respectively, Ub = 17.0 eV and
Us = 9.3 eV (Ub = 17.5 eV and Us = 8.3 eV) [23]. Owing
to the insulating nature of elemental C, one would expect the
local Coulomb interaction to be rather close to unscreened
Ub values of graphene and graphite. With this in mind we
numerically interpolate the Coulomb interaction parameters
above as a function of dimensionality (D) to extract a realistic
upper limit for the Coulomb interaction in each atomistic
C linked to two nearest-neighbor benzene (B) rings. Within
our fitting procedure (see Fig. 2) we predict a Us = 12.2 eV
for atomistic C in the quasi-1D limit of CB single chains.
Therefore, in our study below we chose U (≡ Us) values
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FIG. 1. Planar view showing the relaxed structure of normal and
strained carbon-benzene (CB) single chains. Carbon and hydrogen
atoms in these single chains are shown in dark and light colors,
respectively. Notice the changes in the bonding angle with increasing
uniaxial strain.

up to 12.0 eV to reveal the emergence of atomistic Kondo
quasiparticle resonances in strained CB single chains at low
energies.

II. RESULTS AND DISCUSSION

In order to gain realistic insights into the electronic and me-
chanical properties in quasi-1D CB single chains, in Fig. 3 we
display orbital-resolved GGA results for the bare electronic
structure of atomistic C patterned between two B molecules
(see Fig. 1), showing how it can be partially reshaped by
moderate uniaxial strain. Optimum geometry, stability, and
one-particle electronic properties of the system were investi-
gated within density-functional theory (DFT), as implemented
in the SIESTA simulation package [30]. The unit cell of the
CB single chain is composed of 24 atoms, where 14 of them
are carbon atoms and the remaining being hydrogen atoms.
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FIG. 2. On-site Coulomb interaction parameters as a function of
dimensionality for carbon-based systems. U values for D = 0, 2, and
3 were taken from Ref. [23].
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FIG. 3. GGA orbital-resolved and total density-of-states (DOS)
of atomistic carbon (atomistic C) patterned between two benzene
rings. Notice the large bonding-antibonding gap within the py orbital
and the sharp singular peaks on all orbitals. Particular features to
note is the narrow one-dimensional-like minibands with x, z orbital
character near the Fermi level, EF = ω = 0, and the x − z orbital
differentiation with appearance of a bare one-particle band gap with
increasing uniaxial strain.

The lattice parameter of the unstrained relaxed structure found
in our GGA calculations is equal to 11.51 Å. The obtained
C-C distance is 1.43 Å and the bonding angle between the
two B molecules is equal to 134.4◦ for the normal relaxed
(not stretched) structure. As shown in Fig. 1 the CB single
chain is infinite along the x direction. To ensure that there
is no interaction between successive periodic images we use
a cell with vacuum space of 30 Å in the y, z directions.
Moreover, to investigate the effect of uniaxial strain along
the x direction the lattice parameter has been increased by
5%, 7.5%, and 10% of its unstrained value and the atomic
positions were relaxed for each strained structure. The respec-
tive Brillouin zone is sampled by a 15 × 5 × 5 Monkhorst-
Pack grid [31]. The geometries were fully optimized until
all the force components became smaller than 0.04 eV/Å.
Norm-conserving pseudopotentials of Troullier-Martins [32]
in Kleinman-Bylander nonlocal form were used to represent
the ionic core potential. We use the GGA, as parametrized
by Perdew et al. scheme [33], for the exchange-correlation
functional. The Kohn-Sham orbitals [34] 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 [35]. The precision of the real-space grid integration is
determined by a minimal energy cutoff of 200 Ry [36].
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It can be observed in Fig. 3 that the bare GGA density
of states (DOS) exhibits nondegenerate 2px,z bands crossing
the Fermi energy (EF = ω = 0), implying the absence of
true orbital Kondo effect [6,37] in this two-channel electron
gas at normal and strained conditions. Within this quasi-1D
structural configuration, the px,z orbitals are equally found at
each atomistic C along the single chain, displaying equivalent
orbital-resolved DOS as in Fig. 3. While due to loss of
translation symmetry the py orbital is insulating, the px orbital
is slightly more localized as compared to the pz channel near
EF in the unstrained regime. However, remarkable effects
on the bare electronic structure are predicted to exist when
the single-CB chain is stretched out of its relaxed atomic
structure. Firstly, while the total DOS (see inset of Fig. 3)
continuously enhances at energies up to ±1.5 eV about EF ,
strongly depleted electronic states are found in this narrow
energy window within the px orbital sector upon stretching the
single-CB chain (see upper main panel). Moreover, as shown
in Fig. 3 (lower panel), an interestingly reverse trend sets in
within the pz channel. The overall px electronic depletion
provides the electronic seeds to pz DOS enhancement due
to reduced xz rehybridization with increasing strain. Finally,
also noteworthy are the van Hove singularities akin to 1D
[29] and single-chain [38] systems close to ±1.5 eV as well
as the opening of a pseudoband gap at 5% strain, which
continuously evolves towards a true one-particle band gap
upon 10% stretching of the CB single chain as in Fig. 1. How
this surprisingly low-in-energy electronic reconstruction with
emergent quasi-1D minibands and narrow semiconducting
band gaps relevant for future valleytronics [39] are reshaped
by MO electron-electron interactions at the atomistic level is
our focus here.

Consistent with an earlier study on C quantum dot pat-
terned in graphene nanoflakes [8], the many-body Hamil-
tonian relevant at each atomistic C is H = H0 + Hint ,
with H0 = ∑

kaσ εa(k)c†kaσ ckaσ and Hint = U
∑

ia nia↑nia↓ +∑
ia �=b U ′nianib − JH

∑
ia �=b Sia · Sib. Here, a = x, y, z label

the diagonalized p bands, and εa(k) is the one-electron band
dispersion projected on each atomistic C, which encodes
details of its actual one-electron (GGA) band structure as well
as its hybridization with the two neighboring B molecules.
U ′ ≡ U − 2JH , with U,U ′ being the intra- and interorbital
Coulomb repulsion and JH is the Hund’s rule coupling [24].
The peculiar one-particle band structure of our relaxed atom-
istic C at normal and strained conditions are read off from the
projected DOS shown in Fig. 3, which are GGA inputs for the
MO-DMFT approach that reveals the coexistence of collective
Kondo resonances [20] at low energies with high-in-energy
Hubbard bands at 10% uniaxial strain.

To make progress towards understanding correlation-
induced electronic reconstruction in atomistic C we use
real-space DMFT [40], where each lattice site of a par-
ticular system is mapped onto its own impurity model.
As in the usual DMFT treatment [29] this mapping is
done by computing the local Green’s function at each site
Gloc

a (ω) = 1
N

∑
k

1
ω−�a (ω)−εa (k) , where �a(ω) is the corre-

sponding momentum-independent self-energy, which encodes
all many-particle correlation effects. To perform the k sum
above, we shall make use of the Hilbert transform [29] and

rewrite Gloc
a (ω) at each orbital a as

Gloc
a (ω) =

∫
dε

ρGGA
a (ε)

ω − �a
([
G0

a (ω)
]) − ε

. (1)

Here, ρGGA
a (ε) are the bare DOS of atomistic C displayed

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

usually referred to as Weiss functions [29]. Based on the
fact that we use diagonalized one-particle spectral functions
for DMFT, computation of Eq. (1) can be performed for all
orbital-resolved Green’s functions as well the corresponding
bath propagators

[
G0

a (ω)
]−1 = [

Gloc
a (ω)

]−1 + �a(ω). (2)

These site-excluded Green’s functions are used to compute
self-consistently �a(ω) [41,42]. As already discussed in
Ref. [8], Eqs. (1) and (2) form a closed set of coupled, nonlin-
ear relations which are solved numerically until convergence
is achieved. Importantly, the equations above are reduced to
the usual DFT+DMFT treatment if atomistic C is replaced by
a single site in the lattice problem [43].

Let us now discuss our GGA + DMFT results. To pinpoint
the relevance of MO electron-electron interactions for the
electronic reconstruction of normal and strained CB single
chains at atomistic level, we compare in Fig. 4 the total GGA
DOS with the GGA + DMFT results for two U values and
fixed JH = 0.5 eV (this choice for JH is in accordance with
values estimated for a local moment problem in graphene)
[44] as well as fixed total electron occupancy n = 3.0. To trace
the effect of dynamical MO interactions, e.g., the appearance
of electronic structure reconstruction akin to MO Hubbard
models treated within DMFT [9], in the upper panels of Fig. 4
we display the evolution of the total DOS for unstrained and
5%-strained CB single chains. One immediately notices in
the upper panels of Fig. 4 that MO electron-electron inter-
actions modify the bare GGA spectral functions of both at
normal [45] and strained conditions: the latter being stronger
due to enhanced U/W ratio triggered by strain-induced one-
particle band narrowing. As common to correlated electron
systems [9], MO dynamical correlations arising from U and
U ′ lead to spectral weight redistribution from low to high
energies, smearing out the sharp Van Hove singularities at
the border of the minibands close to ±1.5 eV. Moreover,
while the semiconducting py orbital is not affected by MO
electronic interactions (not shown), remarkable fingerprints of
dynamical spectral weight transfer (SWT) are visible within
the px,z orbitals at energies close to ±1.8 eV where the bare
band gap is filled up with increasing U both at normal [45]
and strained conditions. Particularly interesting is the salient
narrowing of the emergent Kondo resonance [9,20,29] at low
energies for U = 12.0 eV upon increasing strain. As visible,
above 7.5% strain (see lower panel inset) the overall spectral
line shape clearly deviates from that found in GGA near EF .
Remarkable as well is the band gap shrinkage at U = 12.0 eV
for 10.0% strain and the appearance of a V-shaped metallic
electronic state near EF as well as the peak-deep-hump line
shape [46] with clear shoulders in the quasiparticle peaks
[9] at energies near to 1.1 eV above and below EF , both
arising from dynamical SWT. Thus, based on our results in
Fig. 4, Kondo quasiparticle peaks are predicted to be seen
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FIG. 4. Comparison between total GGA and GGA + DMFT re-
sults for electronic structure reconstruction of atomistic C, showing
the interplay between uniaxial strain and on-site Coulomb repulsion
effects. Notice the evolution of the total DOS with increasing strain
and the emergence of narrow Kondo quasiparticles at low ener-
gies. Compared to the GGA results, large spectral weight transfer
is visible in the reshaped GGA + DMFT spectral functions upon
increasing U .

in atomistic C with increasing strain at low temperatures,
and future STM studies [6] are called for to corroborate this
prediction.

In Fig. 5 we display the precise nature of strain-induced
orbital differentiation [3] in atomistic C. For the sake of
clarity let us concentrate first on our GGA results. As seen
in the upper panel of Fig. 5, albeit the pz DOS is higher,
the two-metallic p-band channels of atomistic C have ap-
preciable weight near EF within the unstrained regime. As
already pointed out in our discussion of Fig. 4 above, we
find an interesting orbital differentiation where the px spectral
function near EF vanishes while the pz DOS is enhanced near
EF with increasing strain. This electronic reconstruction we
derive is consistent with earlier first-principles calculations
of 30% strained graphene, showing that when uniaxial strain
increases along a particular direction, the Fermi velocity (vF )
parallel to it decreases quickly, whereas perpendicular to it vF

increases by as much as 25% [3]. Thus, it follows that only
residual electronic states are found along the chain direction
(see the lower inset of Fig. 5), implying almost vanishing dy-
namical electron-electron interactions in the px orbital sector
at 10% strain. The reverse trend is observed for the pz orbital,
where intraorbital electron interactions are promoted due to
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FIG. 5. Comparison between GGA and GGA + DMFT orbital-
resolved spectral functions for the atomistic C. Notice the orbital
differentiation induced by uniaxial strain and the emergence of
the Kondo quasiparticle resonances at low energies with increas-
ing the Coulomb interaction U . Noteworthy is the peak-deep-
hump line shape with clear shoulders in the pz quasiparticle peak
at 10% strain.

enhanced bare miniband DOS near EF . Hence, as visible
in the lower main panel of Fig. 5, appreciable dynamical
SWT from low to high energies sets in with increasing U .
Noteworthy are the incoherent Hubbard bands near to ±5 eV
and the shoulders above the quasiparticle peak [9] at energies
close to ±1.1 eV in the correlated pz spectral function for
U = 12.0 eV. The origin of these resonance shoulders is
linked to the inverted slope and the kink [9] in the real part
of pz self-energy (see Fig. 6). The latter is also seen in the
self-energy imaginary part [Im�z(ω)], since both are known
to be related by Kramers-Kronig transform. Thus, given the
reduced electron correlation effects in the px as compared to
the pz orbital, the nature of the narrow Kondo resonance at
U = 12.0 eV is mainly due to intraorbital SU(2) spin-Kondo
effect [9], which is slightly enhanced via residual U ′-induced
MO correlation effects [37] at low temperatures.

It is noteworthy that close to half-filling the spectrum the
Hubbard model as well as the Anderson impurity model (with
noninteracting conduction bands) can be separated into two
distinct features: the high-energy features are given by the
incoherent (upper and lower) Hubbard bands which are well
separated from the narrow Kondo resonance at the Fermi level
[29], whose spectral weight tends to zero with increasing
the U/W ratio. As seen in Figs. 4 and 5 this dynamical
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FIG. 6. Effect of electron-electron interaction within the pz-
orbital self-energy imaginary (main panels) and real (insets) parts,
showing characteristics akin to good Landau Fermi-liquid metals
[29] at low energies. Notice the inverted slope [9] near ±1.1 eV in
Re�z(ω) triggered by U = 12.0 eV at 10% strain.

transfer of spectral weight from low to high energies is
well reproduced within the real-space GDA+DMFT scheme.
However, to show the ability of real-space GGA + DMFT
to capture Kondo-like physics, which builds up the Landau
Fermi-liquid quasiparticles [29] at low energies, in Fig. 7
we display both the strain (main panel) and the U (inset)
dependence of the half-width [47] (HW) of the quasiparti-
cle resonances which can be interpreted as the low-energy
coherence scale, usually referred to as Kondo temperature
[29], below which the Landau Fermi-liquid description of the
low-energy properties is obtained. Interestingly, both curves
follow the same scaling behavior, implying a constant value
for 	 ≡ 
U [48] (with 
 being the coupling strength be-
tween atomistic C and the surrounding CB chains; leads in
the context of Anderson impurity model) [48,49] and, thus,
the emergence of a universal scaling function [48] upon
increasing strain or on-site Coulomb correlations effects in
atomistic C.

Finally, to more deeply understand the implications of
strain-induced atomistic orbital differentiation, we recall that
in DMFT the quasiparticle residue Za, which defines the
renormalized Fermi energy of an orbital a, directly yields
the effective mass of quasiparticles [29], m∗

a
me

= 1
Za

= (1 −
∂Re�a (ω)

∂ω
)ω=0, where me is the free-electron mass. Thus, from

the slope of the self-energy real parts at EF we obtain an
orbital-dependent effective mass ratio m∗

z

me
for the three differ-
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FIG. 7. Half-width (HW) of the pz quasiparticle peak as a fun-
tion of strain (main panel) and on-site Coulomb interaction (inset),
showing a universal scaling behavior [48].

ent U values used in Fig. 6. At 0% strain we obtain m�
z

me
=

(1.02, 1.12, 1.29) for U = (4.0, 8.0, 12.0) eV. These values
increase monotonically with uniaxial strain, such that the
overall electron mass enhancement at 10% strain is found
to be m�

z

me
= (1.1, 1.61, 2.64). Interestingly, the effective band

mass renormalization we derive is in qualitative good ac-
cord with experimental determined values m∗

me
≈ 1.25(±0.03)

for Na metal [50] as well to metallic black phosphorus,
where m∗

me
= 1.38 [51]. Additionally, for U = 10.0 eV and

10% strain we obtain m∗
z

me
= 2.04, a value which is close to

that found for (BEDT-TTF)3Br(pBIB) (effective mass m∗
me

=
1.9) [26], implying similar electron correlation effects in
these low-D organic metals in spite of different material-
specific properties and negative pressure conditions. Thus,
taken together with earlier studies [26,50,51], our results
in Figs. 5 and 6 certify the importance of treating dy-
namical, frequency-dependent correlation effects for under-
standing intrinsic low-energy electronic structure reconstruc-
tion and orbital differentiation of real broadband conducting
systems [52].

III. CONCLUSION

In summary, based on GGA and real-space GGA + DMFT
calculations we have studied the electronic structure recon-
struction and strain-induced orbital differentiation [3] of in-
teracting local carbon atoms arranged on a quasi-1D carbon-
benzene chain. We illustrate that even in a relatively simple
geometry a variety of intricate many-particle effects, includ-
ing the coherent state responsible for the emergence of Kondo
quasiparticle resonances [9,20], is realized in broadband sys-
tems. Our study provides a useful guide for future experi-
ments on quasi-1D polymeric single chains [7], and more
generally, highlights the utility of real-space DFT+DMFT
[8] as a fertile platform to explore novel physical phenom-
ena in real materials at the atomistic level. A key advan-
tage of real-space DFT+DMFT is its ability to iteratively
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uncover many-body physics with highly tunable kinetic en-
ergy and local interaction strength from low to high ener-
gies at the atomistic level, revealing relevant physics at each
energy scale.
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