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Tuning the conductance of carbon rings with
impurities and electric fields

Carlos Rojas, (2*@ A, Leodn,® M. Pacheco, 22 Leonor Chico 2 € and P. A. Orellana (22

We explore two mechanisms to tune the electronic conductance of carbon atom rings, namely,
substitutional impurities and in-plane external electric fields. First-principles calculations and a tight-
binding approach are used to model the systems. Two bond configurations are studied, cumulenic and
polyynic, which can be relevant depending on the number of carbon atoms in the ring. We find that
both impurity substitution and electric field mechanisms allow for modifying the electronic spectrum
and transport characteristics. Interestingly, cumulenic and polyynic carbon rings present a different
response to these perturbations, which can also be a way to elucidate the bond nature of these structures.

1 Introduction

Single molecules are increasingly considered a potential
building block in electronic devices, which holds great promise
in miniaturization." Some successes have already been reported
along this line, including molecules exhibiting significant on-
off current ratios and large negative differential resistance in
two-terminal transport, carbon nanotube bridges, and molec-
ular rectifiers.> Such setups can eventually be modeled by
decomposing the system into coupled molecular subunits that
collectively give rise to conducting quantum resonances and
antiresonances. The properties of these features determine the
transport properties of the system.

By choosing organic molecules, this decomposition can
extend device density beyond the limits of conventional small-
scale silicon integrated circuits. In this context, carbon-based
molecular junctions serve to study a wide variety of charge
transport mechanisms since taking advantage of covalent C-C
bonds avoids problems such as electromigration while pre-
senting high-temperature stability.® Ring-shaped carbon allo-
tropes called cyclo[n]carbons (C,) present this type of stable
configuration of cumulenic, consecutive double bonds.** In
addition, there is a theoretical consensus that a polyynic
configuration with alternating single and triple bonds could
also represent the lowest energy geometry of these structures for
n = 18.°' However, this configuration might be different for
other numbers of carbon atoms.™ Due to their high reactivity,
cyclo[n]carbons are mostly observed in the gas phase. However,
the C;3 molecule with a polyynic structure’ was recently
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synthesized on a surface and characterized with scanning probe
microscopies, helping to clarify the controversy about the bond
configuration of cyclo[n]carbons. Such breakthrough has also
opened the possibility of studying cyclocarbons as possible
building blocks in molecular junctions to create small-scale
electronic devices. In fact, O-shaped structures as quantum
rings have been assembled on semiconductor surfaces.”® If
coherence of the wavefunction is maintained in these struc-
tures, quantum transport phenomena as for example persistent
currents**** and the Aharonov-Bohm effect'**® can be observed
in the nanoscale."

Controlling the dimensions, shape, and size of these systems
is fundamental and of great technological importance because
these parameters are strongly linked to their physical and
chemical properties. Moreover, by intentionally doping the
material we can modify its electronic, magnetic, and optical
properties. It can also be a tool to tailor these devices based on
carbon nanostructures.? In this spirit, due to the scale of these
structures, their manipulation by external means, such as
electromagnetic fields, is key for nanotechnological applica-
tions. But, at the same time, they can also modify their
properties.

A starting point to study this type of system is to connect
a conventional conductor to a molecule or some molecular
component to study their electron transport properties, as
carried out in ref. 11. In this article, we study the electronic
transport properties of a carbon atom ring coupled to
a quantum wire and two electron reservoirs, considering the two
possible bond configurations of cyclo[n]carbons. A thorough
study of the ground state configuration, as performed in ref. 21
for isolated rings, is not pursued here. Rather, we focus on the
differences produced by weak external perturbations such as
adatoms in the ring and electric fields considering both bond
configurations, cumulenic and polyynic. Previous studies of
these coupled structures show that a single-electron model can

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra03297c&domain=pdf&date_stamp=2023-07-25
http://orcid.org/0000-0002-1324-9345
http://orcid.org/0000-0002-4293-5213
http://orcid.org/0000-0002-7131-1266
http://orcid.org/0000-0001-7688-4111
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03297c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013032

Open Access Article. Published on 07 1445. Downloaded on 07/05/47 11:05:10 .

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

explain several interesting transport properties, such as the
appearance of antiresonances in the conduction
spectrum.™**>* In addition, such simplification allows for
obtaining analytical expressions for several relevant physical
quantities, providing a better insight on the origin of the
changes induced by the perturbations.

We focus on conductance changes due to an impurity in the
ring and an external electric field, taking as a starting point the
pristine conductor-lead structure. We show that the conduc-
tance presents an oscillating behavior with resonances and
antiresonances with extra peaks due to the influence of these
external agents, revealing the energy spectrum of the system.
We employ a tight-binding (TB) model to derive our main
results, along with first-principles calculations within the
density functional theory (DFT) approximation to verify the
validity of the single-electron model.

This article is organized as follows: In Sec. 2, we describe the
system under consideration and the models used to calculate
electronic and transport properties. The discussion of these
quantities and comparisons with first-principles calculations
are carried out in Sec. 3. Our results and conclusions are
summarized in Sec. 4.

2 Geometry and models

The system is schematically depicted in Fig. 1. The central
region consists of a ring of M atomic sites and a homogeneous
wire of N atomic sites, representing an arrangement of carbon
atoms. The ring is attached to a site j in the wire. This central
region is connected to two metallic leads modeled as two
reservoirs of free states, and an external electric field is applied
perpendicular to the wire within the plane of the molecule. A
small electric field perpendicular to the plane of the structure
would produce a rigid shift of the electronic spectrum, so we
focus on a nontrivial configuration that modifies the energy
levels of the system and its conductance.

The Hamiltonian of the system within the tight-binding
approximation is

Central Region

Left Lead

Fig.1 Schematic representation of the system, where N =3 and M =
8.
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H=H,+H,+ H, + Hr (1)

where H,, is the Hamiltonian for the wire,

N N-1
= Z g,-cjc,— - tz H,c, +c! C,H) (2)
i=1 i=1
As usual, ¢f (c;) is the electron creation (annihilation) operator of
an electron at site { with energy ¢;. Customarily, we set ¢; equal to
zero in one-orbital TB calculations; however, in order to
compare TB to DFT approaches, we use this magnitude as a free
parameter to fit the results obtained with both methods. In
addition, TB results are given as a function of the hopping
parameter ¢, setting its value to 3 eV for comparison to DFT.
The Hamiltonian for the isolated ring H, reads
M M-1

H, = Z(ero + eER cos(¢,))d d, — Z v (d, d + he) (3)
=1

where v, = vy, v, if ris odd or even respectively. Here dl (d,) is the
electron creation (annihilation) operator of an electron, and v ,
are the hopping terms between the atoms in the ring; ¢, is the
contribution to the onsite energy of an atom in the ring without
electric field; this energy value is also set to zero for all our
calculations except for ¢, = s which represents the onsite
energy of the impurity at site r = 1. Besides, ¢,, was also used as
a free parameter to adjust the tight-binding results to DFT
calculations. The term next to &, is the contribution to the
onsite energy due to an in-plane electric field of magnitude E,
where R is the magnitude of the position vector for each site in
the ring with its origin at the center of the ring and ¢ is the angle
between this vector and the external electric field E. The
cumulenic geometry of the ring is modeled by setting v; = v,,
whereas for the polyynic configuration v, and v, have different
values. The term in the Hamiltonian that describes the coupling
between the wire and the ring is

er = - V(del + dTC/’)v (4)

where Vis the coupling parameter between site j in the wire and
site 1 of the ring. Finally, the coupling to the leads is given by
the term

i =~V (f e+l ) &)
kL
S (e i) ©
kr

where sz (fx,) represents the creation (annihilation) operator of
an electron in the continuum with wavevector kg; the couplings
between leads and system are given by the parameters V; 9 with
q=L,R.

We study the electronic transport properties in the frame-
work of the Landauer approximation, where the two-terminal
conductance G at zero temperature is proportional to the total
transmission at the Fermi energy Ep,

2¢2

G = = -T(E). (7)
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The total transmission is obtained from the Green's functions
of each isolated system via the Fisher-Lee relation, as detailed
in ref. 11.

Lastly, the density of states (DOS) of the ring is also calcu-
lated to grasp a better understanding of the transport properties
of the system, which is formulated in terms of Green's
functions.

M

1 ~
=—I Gmm
p=——Im

(®)

m=1

First-principles calculations were also performed using
DFT theory employing the GGA-PBE functional as well as
transport calculations as implemented in OpenMX.**?® We
consider this approach to describe correctly the transport
properties of our system; indeed, when considering the elec-
tron density gradient it takes into account in a precise way the
effects of the non-local electron density of the system, which is
very important when studying the formation of orbitals in the
presence of 7 bonds. In fact, a previous study shows that this
functional has excellent results when describing the transport
properties of other carbon-based structures such as carbon
nanoribbons, provided that they are not charged, as in this
work.”” Notwithstanding, in order to find the ground state
properties of the isolated rings, more sophisticated
approaches have been recently used,* studying in detail the
relative energy between the cumulenic and polyynic forms of
Car+o With k = 4-7 rings found with different calculations
methods. We choose not to delve in the precise determination
of the stability issues of our more complex leads-ring struc-
ture, and focus instead on the differences that both configu-
rations may show in the conductance properties. We have
used pseudoatomic orbitals (PAOs) as basis functions to
extend the Kohn-Sham wavefunction of a particle. The Kohn-
Sham equation is solved in order to obtain the electron density
using the fictitious charge density formalism. The minimum
energy configuration is found taking energy reorganization
into account, by including structural relaxation and polariza-
tion effects in the calculation. We have treated the core
Coulomb potential with the scheme of pseudopotentials
proposed by Morrison, Bylander, and Kleinman.?® The cutoff
energy in all our calculations is 150 Ry with a convergence
criterion of 102 hartree. Furthermore, in all calculations of
electrical transport, the method of non-equilibrium Green's
function (NEGF) was used.>®

3 Results and discussion

First of all, for simplicity, we have limited the number of atoms
in the chain that connects the ring to the leads, setting N = 3.
More sites in the chain generate a conduction spectrum with
a greater number of resonances, as indicated in,"* which could
hinder the analysis of the effects caused by the ring.

Once we obtain the Green's functions, we calculate the
conductance as a function of the energy levels of the wire and
the carbon ring. Our previous work' showed that the
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conductance presents an oscillating pattern of resonances and
antiresonances; their positions correspond precisely to the
energy spectrum of the wire and ring, respectively. Therefore,
we can focus on smaller systems (both, coupling chain and
carbon ring) in order to study the modifications produced by
the external perturbations. We consider different ring sizes,
ranging from M = 4 to M = 16. As commented above, larger
rings introduce more features in the spectrum, but the
conclusions regarding its origin and modification by external
agents remain the same. Likewise, the connection of the ring on
the wire has been set to j = 2, being a symmetrical point
between the contacts. We have verified that in pristine rings
changes in the position of the contact merely produce a shift in
the energy of the conductance features, leaving our conclusions
regarding the transport properties unaltered.

3.1 Impurity effects: cumulenic geometry

The cumulenic structure is modeled by setting all the hopping
parameters of the ring equal to ¢; the impurity is treated as an
atom with different onsite energy at an arbitrary position in the
ring. We choose a small parameter with respect to the pristine
system so perturbation theory is valid. Such weak modification
may be due to an adatom on top of the carbon atom of the ring.
We have verified that the results do not depend on the partic-
ular position of the impurity in the ring. We focus on the study
of even rings since C,, molecules with n = 4k + 2 (k integer) are
predicted to have higher stability.>*-**

Fig. 2(a) presents the results for the conductance of the
system connected to the central atom of the conducting wire for
different number atomic sites of the ring M. The system exhibits
a series of resonances and antiresonances. The antiresonances
that appear at the Fermi level for rings with size M = 4m (with m
integer) are related to the spectra of the carbon rings."
Furthermore, a resonant peak appears at the Fermi level for M =
4m and additional peaks at some energies where the conduc-
tance without the impurity is zero. To analyze the conductance,
the energy spectra of the rings derived from the tight-binding
model are presented in Fig. 2(b).

The main effect of the impurity is that it breaks the degen-
eracy of the ring states, justifying the appearance of new reso-
nant peaks in the conductance not only at the Fermi level but at
other energies for which degeneracies exist. For instance, there
is only one extra peak at the Fermi energy for the ring with M =
4, whereas for M = 8 there are extra peaks near ¢ = —1.5¢ and ¢ =
1.5t. Obviously, the larger the ring, the more extra peaks may
appear, as can be seen in Fig. 2(a).

Fig. 3(a) displays the conductance zoomed near the Fermi
energy for the rings with M = 4, 8, 12 and 16 sites with a small
impurity. We can see that there are two antiresonances, one
exactly at zero and another one shifted to positive energies an
amount that depends on the size of the ring M. The pristine ring
had two degenerate states at the Fermi level, i.e., at zero energy;
the introduction of the impurity breaks this degeneracy. These
two states result in two antiresonances in the conductance
spectrum at their exact energies. We can predict the energy
difference between these two states via degenerate perturbation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Conductance vs. energy for several rings in the cumulenic

configuration with an impurity of onsite energy s = 0.1t (blue) and
without impurity (red). (b) Energy spectra of the isolated rings from M =
4 to M = 20 with an impurity of onsite energy s = 0.1t for the cumu-
lenic configuration in the tight-binding model.

theory. The diagonalization of the perturbation matrix related
to the perturbative Hamiltonian A, = s|1)(1] is given by

N W N
Pum — En Hy, ., 0
2 I

—_ e
P3mm P3m,3m &n

where the matrix elements Hpq,g = (¢ |Hp|dy,) being |¢, ) =
M exp(i2mn/M) the different eigenstates that correspond to
the same energy ¢, with «, 8 = m, 3m. The energy corrections for
the eigenstates near the Fermi level are e,V =0and &,V = s/2m.
Notice that these energy corrections not only depend on the
number of atomic sites but also on the impurity onsite energy s.
Obviously, increasing s will also increase the energy splitting of
the two states near the Fermi energy, as it is shown in Fig. 3(b).
Likewise, weaker impurities produce smaller changes; the
differences for couplings smaller than s = 0.1¢t, such as s = 0.01¢
and s = 0.001¢, only lie in the fact that the effects are more
noticeable for larger values of the site energy s.
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Fig. 3
and M =16 in the cumulenic configuration near the Fermi level with an
impurity (blue) of onsite energy s = 0.1t and no impurity (red). (b)
Conductance vs. energy for different values of the onsite impurity
energy s on a ring of M = 8 atomic sites.

(a) Conductance vs. energy for rings withM =4, M =8 M =12

3.2 Impurity effects: polyynic geometry

The polyynic geometry, with an alternating bond configuration,
is modeled by the parameters v, = vy, v,, where v; = t and v, =
0.75 ¢t. Results for the conductance of the system are shown in
Fig. 4(a).

In the cumulenic configuration, we observed that the intro-
duction of an impurity removed the degeneracy of the ring
states, leading to new resonant peaks in the conductance. We
expect the same in the polyynic case, but now the antiresonance
at the Fermi level for M = 4m disappears.'* For this configura-
tion with the impurity, we notice additional resonant peaks in
the conductance except for the ring with M = 4 sites, which has
almost the same spectrum. It can be explained by examining the
energy spectra of the isolated rings with the impurity, displayed
in 4(b). All the pristine rings have degenerate states, which
produce additional conductance resonances if an impurity
breaks the degeneracies, except for the M = 4 ring. Its energy
spectrum does not present degenerate states, leaving its
conductance without additional peaks. Closely inspecting the
pristine and impurity M = 4 ring conductances shows slight
differences. Most importantly, it can be noticed a slight

RSC Adv, 2023, 13, 22358-22366 | 22361
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Fig. 4 (a) Conductance vs. energy for several rings in the polyynic
configuration with an impurity of energy s = 0.1t (blue) and no impurity
(red). (b) Energy spectra of the isolated rings from M = 4 to M = 20 with
an impurity of energy s = 0.1t for the polyynic configuration in the
tight-binding model.

asymmetry in the conductance near the Fermi energy for the
system with the impurity, related to the small changes in the
energy spectrum.

3.3 Electric field effects: cumulenic geometry

It is straightforward to show that for the cumulenic configura-
tion, the onsite energy dependence on the electric field E can be

expressed as
vE*M 2w
& = —5——cos (M(r - 1)>, 9

where r =1, ..., M and E* = eEa/v is the dimensionless electric
field strength, as shown previously for a quantum ring.**
Fig. 5(a) compares the conductance for the system in this
configuration for several rings with and without the external
electric field. The main effect of the electric field is the
appearance of new peaks due to the splitting of the energy levels
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Fig. 5 (a) Conductance vs. energy for several rings in the cumulenic
configuration with £* = 0.2 (blue) and no electric field (red). (b) Energy
spectra of the isolated rings from M = 4 to M = 20 for the cumulenic
configuration in the tight-binding model with £* = 0.2 (circle) and no
electric field (X). (c) Variation in the energy spectra of the ring with M =
8 sites in the cumulenic configuration for several values of E*.
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of the rings. The removal of the degeneracies is related to the
symmetry breaking produced by the electric field, similar to
what we observed with the impurity introduction. The largest
difference to the impurity case described in Section 3.1 is that
with the application of an electric field, there is not a resonant
peak at the Fermi level for all the M = 4m rings; this renders all
the conductances around the Fermi energy similar to that of the
M = 4 ring.

In order to explain the electric field results, Fig. 5(b)
compares the energy spectra of the isolated rings with and
without an electric field. It is clear that the states near the Fermi
energy remain unchanged while the degeneracy of the states far
from zero energy is broken. On the other hand, for rings with M
= 4m with m integer, under an external electric field, a pertur-
bative calculation confirms the invariance of the energy levels at
the Fermi level. Following the procedure discussed in Subsec-
tion 3.1, it can be easily verified that the energy corrections are
all equal to zero, taking into account that in this case, the per-

turbative Hamiltonian is given by

. M 2vE*m 0

Hp=3" cos <% (r— 1)) |7)(r|. Another relevant feature
r=1

of the electric field on the ring is that the absolute value of the
energies increases with the number M of atoms in the ring for
those states far from the Fermi energy. Besides, the energy
difference between the split states also increases with M. These
trends, ie., larger absolute values of the energies and larger
splittings for degenerate levels, also hold for stronger electric
fields, as shown in Fig. 5(c) for a M = 8 ring.

3.4 Electric field effects: polyynic geometry

For this case, the dependence of the site energy on the field goes

as follows.
v+ wE*M 47
ey = ype cos| - (-1, (10)
(v w)E*M 4t (I(v+w) —w
éls = 41 O\ M v+ w ’ (11)

Here the index [ stands for the unitary cell containing two atoms
A and B, v is the inner hopping of each cell, while the hopping
between cells is w, and the dimensionless electric field strength
is defined by E* = eE(a + b)/(v + w). Fig. 6(a) shows the
comparison of the conductance for the system in the polyynic
configuration for several rings with and without the external
electric field. As in the cumulenic case, a splitting occurs in the
degenerate energy levels of the rings. Note that the conductance
for the ring with M = 4 sites remains the same as in the
cumulenic case since this ring has no degenerate states.
Fig. 6(b) compares the energy spectra of the isolated polyynic
rings with and without an electric field.

The increase in the absolute value of the energies is not so
strong as for the cumulenic case, but the splitting in the
degenerate states of this configuration is stronger than for the
cumulenic case. Additionally, the energy difference between the
states closest to the Fermi level for rings with a number of
atoms M multiple of 4 diminishes as the size of the ring

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Conductance vs. energy for several rings in the polyynic

configuration with £* = 0.2 (blue) and no electric field (red). (b) Energy
spectra of the isolated rings from M = 4 to M = 20 for the polyynic
configuration in the tight-binding model with £* = 0.2 (circle) and no
electric field (X). (c) Variation in the energy spectra of the isolated ring
with M = 8 sites in the polyynic configuration for several values of E*.
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increases. The gap also widens when the magnitude of the
external electric field increases, as shown in Fig. 6(c).

3.5 Comparison with DFT calculations

DFT calculations were performed to compare with the tight-
binding model; we expect the comparison between the two
approaches to be valid near the Fermi energy. Fig. 7 shows the
conductance for both configurations, cumulenic (a) and poly-
ynic (b), obtained with the two methods. This comparison
correctly describes the antiresonance in the Fermi level for
cumulenic rings and the new resonant peaks due to the splitting
of the degenerate states near 3 eV for the ring with M = 12 sites
for both ring configurations. The fit is very accurate for positive
values of energy.

Fig. 8 compares the energy spectra between TB and DFT for
both ring configurations with M = 8, all for several values of the
electric field strength. Again we find a good agreement near the
Fermi energy since there are no changes in the states with zero
energy in the cumulenic ring. In addition, notice that the energy
difference between the states closest to the Fermi energy
decreases as the electric field strength grows stronger for the

04 -2 0 2 4
Energy(eV)
b)
1 .". M=4
0.5 ":
~ 'i
NE 1_ M=8
SErAV
2 e ETRT
0.5% & !
07 'l\ Li | — l |’\"___
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Energy(eV)

Fig. 7 (a) Comparison of the conductance spectra for rings with M =
4m in the cumulenic configuration between DFT (red) and TB (blue)
models. (b) Comparison of the conductance spectra for rings with M =
4m in the polyynic configuration between DFT (red) and TB (blue)
models.
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Fig. 8 Comparison of the energy spectra near the Fermi energy for
a ring with M = 12 sites in both cumulenic (blue) and polyynic (red)
configurations obtained with DFT calculations (diamond) and TB
model (+).

polyynic configuration in the DFT calculation; both trends are
also described correctly within the TB approach.

Lastly, Fig. 9 displays the orbitals for the HOMO and LUMO
states for both ring configurations in order to compare with
previous work," noting that there is a slight deformation of the
orbitals in terms of symmetry when applying the electric field. It
is also very remarkable that despite the fact that the energy
spectrum of the states with zero energy is not perturbed, there is
a change in the wavefunctions, which does reflect the presence
of the electric field as an asymmetry in their shape, most clearly
seen in Fig. 9(c) and (d). Obviously, one can obtain the

Fig. 9 (a) HOMO and (b) LUMO states for a ring in the cumulenic
configuration. (c) HOMO and (d) LUMO states for a ring in the polyynic
configuration. Both rings with M = 12 atomic sites with an electric field
E=3eVnm™

© 2023 The Author(s). Published by the Royal Society of Chemistry
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eigenstates that match the shape of the orbitals via the diago-
nalization of the TB Hamiltonian with the presence of the
electric field. Also, for weak electric fields, they can be written as
a linear combination of the two degenerate states correspond-
ing to the case without an electric field, as it can be graphically
inferred by the appearance of the HOMO-LUMO states in Fig. 9.

4 Summary and conclusions

We have explored two ways of tuning the conductance and local
density of states of a carbon ring connected to a carbon wire: by
introducing an impurity or an external in-plane electric field
perpendicular to the wire. We consider two bond configura-
tions, cumulenic and polyynic. We found that the system
exhibits an oscillating pattern of resonances and anti-
resonances related to the discrete spectra of the ring, modified
by these external perturbations.

Introducing an impurity atom in the carbon ring breaks the
degeneracy of the states, producing new peaks in the conduc-
tance spectra for both the cumulenic and polyynic configura-
tions. In the cumulenic case, an additional antiresonance arises
near the Fermi energy due to the energy splitting of the
degenerate states of the pristine carbon ring. This energy
splitting shows a dependence on the onsite energy of the
impurity s and the number of atomic sites of the ring M.

Concerning the application of an external electric field, the
degeneracy of the states also breaks, although the behavior near
the Fermi level remains unaltered in the cumulenic configura-
tion. The energy difference of the states close to the Fermi level
in the polyynic configuration decreases as the number of atomic
sites in the ring M increases.

The effect is the electric field is more noticeable far from the
Fermi energy, especially for larger M.

In summary, we have studied different mechanisms to
modify the electronic and transport properties of systems
composed of carbon atom rings with different sizes and bond
configurations. The difference in their response to external
perturbation can be a way to elucidate the nature of the bond in
these intriguing systems.
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