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Transport of quasiparticles in coronene-based
graphene nanoribbons

Marcelo Lopes Pereira Júnior,a Bernhard Georg Enders Neto, b

William Ferreira Giozza, c Rafael Timóteo Sousa Júnior, c

Geraldo Magela e Silvaa and Luiz Antônio Ribeiro Júnior *ab

Inspired by accomplishments of graphene in nanoelectronics, several carbon allotropes were proposed

recently. Computational and experimental studies have been performed to describe their fundamental

features toward improvement in applications regarding energy conversion and storage. However,

investigations about crucial aspects behind the material’s performance, such as the formation and

dynamics of charge carriers, are missing for several of those allotropes so far. Here, we numerically

investigate the stability and transport properties of polarons and bipolarons in coronene-based graphene

nanoribbons (CNRs), which were recently synthesized. A 2D tight-binding Hamiltonian endowed with

lattice relaxation effects is developed to describe the formation of these quasiparticle species. A semi-

classical transport approach is used to study the stationary and dynamical properties of charge carriers

in the presence of an external electric field. Remarkably, the results reveal that polaron and bipolaron

formation takes place in both armchair and zigzag CNRs but, only in the former, these quasiparticles are

mobile. The mobility of polarons is considerably higher than that of bipolarons, once the latter have

larger effective mass. In contrast, bipolarons are more stable and support electrical field strengths of

higher intensity than polarons.

1 Introduction

Since the discovery of conducting molecular crystals in the
60s,1–3 organic compounds have been studied to propose new
routes for developing optoelectronic devices with good cost-
efficiency compromise aiming at revolutionizing green energy
solutions.4,5 Different organic materials can be used in the
manufacturing process of these devices, ranging from one-
dimensional systems with covalent bonds (polymers)6 to
three-dimensional lattices of small molecules with van der
Waals type interactions (molecular crystals),7 which have very
distinct structural and electronic properties. Among these
carbon-based materials, graphene and its allotropes attract
priority attention due to their attractive mechanical, electronic,
and optical properties.8–10 Coronene, a large polycyclic aro-
matic hydrocarbon molecule in which electrons are delocalized
among six perifused benzene rings,11 can be encapsulated in
carbon nanotubes to obtain a graphene allotrope, namely
coronene-based graphene nanoribbons (CNRs).12,13 In this

process, two types of endings can be obtained: armchair and
zigzag. Importantly, both types of cutting edges have already
been synthesized.12,13 Regardless of the purpose, charge trans-
port is a crucial aspect that should be deeply studied prior to
usage of these materials.

When it comes to organic semiconductors, the most com-
mon charge carrier is the polaron, which is a quasiparticle
formed from the interaction between excess charge (electron or
hole) and local lattice deformations.14,15 Bipolarons, in turn, can be
generated by recombination of two polarons with the same charge
and antiparallel spins.14,15 In this sense, polarons have spin �1/2
and charge�e, while bipolarons are spinless structures with charge
�2e.2 The formation of both species of quasiparticles was
experimentally16 or theoretically17–22 reported for the case of arm-
chair graphene nanoribbons. Much effort has been employed in
studying the charge transport in standard graphene nanoribbons
from the theoretical point of view.19,20,22–28 A quantum transport
algorithm, based on the nonequilibrium Green function formalism
combined with density-functional theory (NEGF-DFT), was devel-
oped to simulate conductance in devices based on graphene
nanoribbons involving a large number of atoms.24 Importantly,
these full DFT calculations cannot tackle lattice relaxation effects.
In this sense, to realize the dynamics of polarons and bipolarons in
graphene-based nanoribbons, an approach that includes lattice
relaxation dynamics should be considered.
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Recently, experimental and theoretical studies have pre-
sented the synthesis, structural, and electronic properties of
CNRs with usual armchair (ACNR) and zig-zag (ZCNR)
bordering.12,13 As mentioned above, CNRs can be synthesized
from the confinement of coronene molecules in carbon nano-
tubes. This process facilitates the alignment of end-to-end
molecules, which makes possible the dimerization and oligo-
merization of molecules in long nanoribbons. The electronic
structure of ACNRs and ZCNRs was theoretically studied using
density functional theory calculations to relate the features of a
coronene molecule and the resulting CNRs.29 The results
indicate several magnetic states for the nanoribbon case and
dependence of the electronic bandgap regarding both the
number of atoms in the structure and electronic spin configu-
ration. Although the relevant studies mentioned above have
described some essential characteristics of CNRs, the charge
transport mechanism in these materials remains not investi-
gated. In this sense, the present study fills this gap by providing
a deep understanding of the stability and dynamics of polarons
and bipolarons in CNRs.

Herein, we investigate the charge transport mechanism in
CNRs by employing a 2D tight-binding model Hamiltonian that
takes into account lattice relaxation effects. In particular, the
stationary and dynamical properties of polarons and bipolar-
ons in CNRs are the specific issues tackled by the present work.
Our computational protocol is based on a semi-empirical set of
parameters obtained to describe the transport of these quasi-
particles in CNRs. Notably, the results suggest that both polar-
ons and bipolarons assist the charge transport mechanism in
armchair CNRs. On the other hand, in zig-zag CNRs, these
quasiparticles are formed, but no charge transport takes place.

2 Methodology

The formation and transport mechanisms of polarons and
bipolarons in ACNR and ZCNR lattices (see Fig. 1) are studied
here by using a 2D tight-binding model Hamiltonian developed
to account the electronic (quantum) and lattice (classical) contribu-
tions simultaneously. Importantly, CNRs have fixed widths limited
by the coronene molecule width that is used to form them. In this
sense, our approach consists of a modified version of the Su–
Schrieffer–Heeger Hamiltonian30,31 that has the following form:

H ¼�
X
hi; ji;s

ti; jCi;s
yCj;s þ tj;i

�Cj;i
yCi;s

� �
þ 1

2
K
X
hi; ji

Zi; j
2

þ 1

2M

X
i

pi
2:

(1)

since the position of atoms in CNRs is not substantially altered, the
Hückel approximation ensures that electronic transfer integrals for
p-electrons between nearest-neighboring sites (ti, j) can be expanded
to the first order. In this sense,

ti, j = t0 � aZi, j (2)

where t0 is the transfer integral for a lattice with equally spaced
atoms, a represents the electron–phonon coupling constant

that couples the two distinct degrees of freedom, and Zi, j are
the variations of the bond-lengths of two neighboring sites i and j.

In the first part of eqn (1) (electronic term), hi, ji represents
the indexes of neighboring sites (see Fig. 1(e)), Ci,s is the
annihilation operator of a p-electron of an i site and with spin
s, and Cj,s

† represents the corresponding creation operator of a j
site. The second term is the effective potential associated with
s-bonds between carbon atoms, considered from a harmonic
approximation, with K being the elastic constant associated
with this approximation. The last term describes the kinetic
energy of the sites in terms of their momenta pi, where M is the
mass of the site.

Starting from an initial random set of coordinates {Zi, j}, the
stationary solution of the system, with pi = 0 (static), can be
found as follows. A self-consistent ground state is obtained
from the diagonalization of the electronic Hamiltonian, accord-
ing to the expression

H ¼ �
X
k

Ek;sak;s
yak;s; (3)

where Ek are the energy eigenvalues of the electronic system. To
do this procedure, it is necessary to obtain the operator ak,
which enables a diagonal Hamiltonian. These operators are
obtained from a LCAO to determine the creation and annihila-
tion operators:

ak;s ¼
X
i

ck;i;sCi;s: (4)

From these considerations, the electronic Hamiltonian becomes

H ¼ �
X

hi; ji;s;k;k0
ti; jck;i;sck0 ; j;s

� þ ti; j
�ck; j;sck0 ;i;s

�
� �

ak;s
yak0;s; (5)

Fig. 1 Schematic representation of (a) coronene structure; (b) armchair
coronene nanoribbon (ACNR); (c) zigzag coronene nanoribbon (ZCNR); (d)
unit cells of ACNR; (e) unit cells of ZCNR; and (f) indices in CNRs.
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which is diagonalized as long as the condition

�ti; jck; j;s � ti; j0ck; j0 ;s � ti; j00ck; j00;s ¼ Ekck;i;s (6)

holds for neighboring sites i, j, l, and m (see Fig. 1(e)).
The lattice solution is classically obtained from the solution

of the Euler–Lagrange equations:

d

dt

@hLi
@ _xi

� �
� @hLi

@xi
¼ 0: (7)

Therefore, to take into account the lattice effects, it is necessary
to obtain the expectation value of the Lagrangean, hc|L|ci, where
|ci is the Slater wave function represented in the second quanti-
zation formalism by |ci = |a1

†a2
†. . .an

†i. The Lagrangean is,

L ¼ M

2

X
i

_xi
2 � 1

2
K
X
hi; ji

Zi; j
2

þ
X
hi; ji;s

t0 � aZi; j
� �

Ci;s
yCj;s þ Cj;s

yCi;s

� � (8)

thus,

hLi ¼M

2

X
i

_xi
2 � 1

2
K
X
hi; ji

Zi; j
2 þ

X
hi; ji;s

t0 � aZi; j
� �

Bi; j ; (9)

where

Bi; j �
X
k;s

0
ck;s

�ði; tÞck;sð j; tÞ; (10)

and xi are the coordinates for a given site. The sum is realized only
for the occupied states. It is noted also that the last equation is
responsible for the connection between the electronic and lattice
parts of the system.

An initial set of lattice coordinates ({Zi, j}) is used to perform
a self-consistent calculation for obtaining a corresponding set
{ck,i}, which when solved returns a new set of coordinates {Zi, j}
until achieving a given convergence criterion. From the sta-
tionary solution {Zi, j} and {ck,i}, the time evolution of the
system is performed by solving the time-dependent Schrödinger
equation for electron dynamics along with the Euler–Lagrange
equation for the movement of the atoms in the lattice. Thus, the
electronic part of the system is described by

i�h
@jckðtÞi
@t

¼ HjckðtÞi; (11)

with the evolution over time being given by

jckðtþ dtÞi ¼ e�
i
�hHðtÞdtjckðtÞi: (12)

Now, expanding the wave function |ck(t)i in a basis of eigen-
states of the electronic Hamiltonian at time t, we obtain

jcki ¼
X
l

Dk;l jflðtÞi: (13)

Finally, we obtain the temporal evolution of the electronic part
of the system, according to the final expression

jckðtþ dtÞi ¼
X
l

hflðtÞjckðtÞie�
i
�heldtjflðtÞi; (14)

where |fli and {el} are the eigenkets and the eigenvalues of the
electronic Hamiltonian at time t, respectively.

For the classical treatment governing the lattice part of the
system, the solution of the coupled electronic part and the
complete Euler–Lagrange equations are required as well. Its
solution can be written as a Newtonian equation able to describe
the movement of the sites in the system and is given by Fi, j(t) =
M€Zi, j, where

M€Zi; j ¼
1

2
K Zi; j0 þ Zj00 ;i þ Zj;i0 þ Zi00; j
� �

� 2KZi; j (15)

þ 1

2
a Bi; j0 þ Bj00;i þ Bj;i0 þ Bi00; j � 4Bi; j þ C:C:
� �

: (16)

To simulate the quasiparticle dynamics in the system, an
external electric field, E(t), was included in our model by means
of a time-dependent vector potential, A(t), using a Peierls sub-
stitution for the phase factor of the electronic transfer integral

ti, j = exp(�igA) � (t0 � aZi, j) (17)

where g � ea/(h�c), with a being the lattice parameter, e being
the absolute value of the electronic charge, and c representing
the speed of light. The relationship between the time-
dependent electric field and the potential vector is given by

EðtÞ ¼ �ð1=cÞdAðtÞ
dt

. In our model, the electric field is triggered

adiabatically, according to the following expressions

AðtÞ ¼

0 if to 0;

�1
2
E t� t

p
sin

pt
t

� �� �
if 0 � to t;

�E t� t
2

� �
if t � t:

8>>>>><
>>>>>:

(18)

Here, E is the intensity of the electric field, and t is the instant
in which the electric field reaches its maximum intensity. The
electric field is adiabatically activated to avoid numerical oscilla-
tions inserted in the lattice that appears when the electric field is
turned on abruptly. In our simulations, the set of parameters
used is based on other theoretical and experimental studies with
the following values: t0 = 2.7 eV, K = 21 eV Å�1, a = 1.42 Å, and
M = 12 u.23,26,27,32,33 The electron–phonon coupling (a) varies
between 2.0 and 6.0 eV Å�1, while the external electric field
intensity E0 varies from 0.2 to 1.0 mV Å�1.

3 Results and discussion

We begin our discussions by showing the numerical protocol
used to determine the electron–phonon coupling strength of
CNRs. This parameter is fundamental to study the formation
and dynamics of quasiparticles in these materials. Fig. 2 shows
the ACNR (blue curve) and ZNRS (red curve) bandgaps for a
strengths varying from 2–6 eV Å�1, considering neutral lattices.
For the sake of comparison, this figure also depicts the band-
gaps for the standard armchair graphene nanoribbon with
seven atoms width (black curve in Fig. 2). This particular
nanoribbon has a similar width when compared with an ACNR
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lattice, which also possesses seven atoms of ending. These
bandgaps are inferred from the density of states (DOS) plots, as

illustrates by the inset panel of Fig. 2 for the a = 5.2 eV Å�1 case.
In carbon-based materials, the degree of lattice distortion can
be correlated with the bandgap opening in the sense that the
narrower this opening is, the stiffer the lattice. Consequently,
the weaker the coupling between the charge and lattice. It also
means that in narrower bandgap organic systems, polarons/
bipolarons tend to be unstable structures until they reach a
critical limit in which the optoelectronic processes are mediated
only by free electrons or holes. In light of these arguments, we
can conclude that ZCNRs are less stiff lattices and present higher
possibility of forming stable quasiparticles since they have
higher bandgap values, as illustrated in Fig. 2. We can also infer
that ACNRs are the lattices with a lower degree of distortion.
Even so, stable polarons and bipolarons can be formed in these
lattices, as shown later. Interestingly, the 7AGNR case defines a
critical bandgap that marks the transition from ACNR towards
ZCNR symmetry for a particular a strength. a = 6.0 eV Å�1

represents a threshold where, above it, the model lattices present
the same degree of stiffness and favorable energetic framework
to form stable polarons and bipolarons. It is worthwhile to
mention that a CNR lattice with a = 5.2 eV Å�1 reproduces the
bandgap values found in the literature.12,13 For that reason, we
have fixed this coupling strength for all the dynamics calcula-
tions performed here.

Once all the necessary parameters are settled, we now
discuss the formation of charge carriers in CNRs. Fig. 3 shows

Fig. 2 Bandgap as a function of the electron–phonon coupling (a) for the
model nanoribbons studied here. In this figure, just the neutral cases are
shown. The inset depicts the density of states (DOS) for ACNR (blue), ZCNR
(red), and 7AGNR (black) systems with a = 5.2 eV Å�1.

Fig. 3 Stationary solutions for charge density (CD) and bond-length (BL) configurations of CNR lattices containing a polaron and a bipolaron. Panels
(a and b), (c and d), (e and f), and (g and h) present, respectively, the CD and BL signatures for a polaron in ACNR, a bipolaron in ACNR, a polaron in ZCNR,
and a bipolaron in ZCNR.
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the stationary solutions for the bond-length (Fig. 3(a) and (c))
and mean charge density (Fig. 3(b) and (d)) profiles considering
an ACNR lattice that contains a polaron (top panels) or a
bipolaron (bottom panels). The whole model CNR molecules
simulated here have a length of 250 Å. To better visualize the
results, the panels in Fig. 3 present a portion of the lattice near
the region where the charge carrier is localized. For the rest of
the lattice, the bond-length and charge density profiles are
similar to the regions without charge. The polaron is formed
by adding/removing an electron to/from the lattice, whereas the
same process involving two electrons yields a bipolaron. As a
consequence, the lattice is locally polarized in the region where
the extra charge is located, yielding local deformations. In this
sense, polarons and bipolarons are composite quasiparticles in
which the extra charge is spatially localized and surrounded by
phonons. This concept manifests itself in the results presented
in Fig. 3. For both polaron and bipolaron cases, one can note
that extra charge is symmetrically distributed along the nanor-
ibbon length. The additional electron that forms the polaron is
almost totally localized in three coronene-cells (red, green, and
yellow spots), having one of these cells as a central unit, as
shown in Fig. 3(a). The lattice containing a bipolaron presents a
similar trend for the charge localization pattern. However, since
two electrons form the bipolaron, the red regions are much more
pronounced than in the polaron case. These charge localization
signatures affect the lattice by causing changes in the bond-
lengths locally, diminishing their distortions, as depicted in
Fig. 3(b) and (d). Such a change in bond-length can be noticed
by the weakening of colors, towards green, in the center of the
cells that contain an extra charge. The bond-lengths suffer

higher deviations for the bipolaron case when compared to the
polaron one, due to the additional electron. Similar results are
obtained for the polaron and bipolaron formation in ZCNRs, as
shown in Fig. 3(e)–(h). Due to the way of cutting, these charge
carriers are more localized in ZCNRs than ACNRs. In the former,
the net charge is symmetrically distributed in two coronene-cells
showing only red spots due to a higher confinement degree of
the charge carrier. Note that in standard zigzag graphene
nanoribbons, the net charge is spread over the ribbon borders
giving rise only to edge states with free-like electrons.34 Remark-
ably, ZCNRs can represent an advance for applications in which
the generation of polarons and bipolarons plays an important
role. Importantly, both quasiparticles are dynamically stable in
the presence of an external electric field in ACNRs. Despite
polarons and bipolarons being formed in ZCNRs, it is well
known that they are not mobile in zig-zag graphene nanoribbons
and their derivatives.34 In this sense, the dynamical behavior of
these charge carriers is discussed below only for ACNR lattices.

The polaron and bipolaron dynamics in the presence of an
external electric field for ACNR lattices is illustrated in Fig. 4.
This figure shows the temporal evolution of the mean charge
density of a polaron (Fig. 4(a)) and a bipolaron (Fig. 4(b)) for a
field strength of 0.8 mV Å�1, during 215 fs. In these figures,
each frame corresponds to a distinct period. After a transient
time of acceleration, both carriers present linear displacement
reaching saturation velocities of 0.38 Å fs�1 and 0.19 Å fs�1 for
the polaron and bipolaron cases, respectively. Since the bipo-
laron’s effective mass is higher than the polaron one, it tends to
present smaller final velocities for a given field strength. It is
worthwhile to stress that these velocities are substantially

Fig. 4 Time evolution of atomic charge density for a polaron (left) and a bipolaron (right) in an ACNR lattice for an electric field strength of E0 = 0.8 mV Å�1.
Each frame in these panels denotes a different period, which is highlighted within it.
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smaller than the ones reported for the polaron and bipolaron
dynamics in standard armchair graphene nanoribbons, which can
range within the intervals 2.2–5.1 Å fs�1 28 and 0.15–1.3 Å fs�1,20

respectively, depending on the ribbon’s width. Such differences
in saturation velocities among these two types of nanoribbons
come from the particular transport mechanism present by
CNRs. After the movement starts, the carriers perform cell-to-
cell hoppings so that the charge density decreases in one cell
and increases on the next one subsequently, always involving
three coronene cells in the transport mechanism. This process
tends to occur slowly once the quasiparticle needs to gain a

substantial amount of energy to overcome the potential barrier
imposed by the interface between two consecutive coronene
cells. In the polaron case, as it gains energy, its speed also
increases and its delocalization, which could make it less stable
and easy to dissociate in the presence of impurities and lattice
defects. In contrast, the bipolaron moves at a slower rate by
conserving its localization, being more stable than the polaron
over the simulation time. It is worthwhile to mention that
in GNRs the charge density is transferred atom-to-atom since
these lattices present a constant width along their length. On the
other hand, in CNRs, the width changes periodically along the

Fig. 5 Time evolution of the charge center (XQP) for (a) a polaron and (b) a bipolaron in ACNR lattices subjected to different electric field strengths.

Fig. 6 Saturation velocity as a function of the electron–phonon coupling for (a) a polaron and (b) a bipolaron in ACNR lattices subjected to different
electric field strengths.
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ribbon’s length. In this way, the carriers face discontinuities
along the CNR length and they are forced to perform, as
mentioned above, cell-to-cell hoppings.

Finally, we complement the discussions about the transport
mechanism in CNRs by presenting the dynamics of the charge
center XQP for different electric field strengths (Fig. 5) and the
interplay between the polaron/bipolaron saturation velocity
and electron–phonon coupling strength for some representa-
tive electric field regimes (Fig. 6). Fig. 5(a and b) show XQP as a
function of time for the polaron and bipolaron cases, respectively.
In theses figures one can observe that both the polaron and
bipolaron respond to small field strengths (about 0.2 mV Å�1)
showing a linear motion. On the other hand, for a high field value
(about 1.0 mV Å�1) the charge center moves by showing expo-
nential and quadratic signatures when it comes to polaron and
bipolaron cases, respectively. Fig. 6(a and b) show the terminal
velocity as a function of electron–phonon coupling strength for
the polaron and bipolaron cases, respectively. In both figures, one
can note that the terminal velocity decreases when the strength of
the electron–phonon coupling increases. After 5.2 eV Å�1, the
charge carriers start to present null velocities for the smaller
electric field strength considered here. For 6.0 (5.8) eV Å�1, the
polaron (bipolaron) presents null velocities regardless of the
electric field strength. In these cases, the atomic charge tends to
be highly concentrated in a very small part of the lattice. Such a
trend for the charge localization increases substantially the local
lattice deformations. Since charge and lattice deformations are
strongly coupled for electron–phonon coupling regimes above the
critical one (5.2 eV Å�1), the effective mass of the quasiparticles
increases in a prohibitive fashion to realize their transport.

4 Conclusions

In summary, we have employed a 2D tight-binding Hamilto-
nian model, which includes lattice relaxation effects, to study
the transport of polarons and bipolarons in coronene-like
graphene nanoribbons. Based on our approach, the impact of
electron–phonon coupling strength on the formation of polar-
ons and bipolarons in nanoribbons with an armchair or zigzag
edge was discussed. Our findings have revealed that stable
charge carriers can be formed in CNRs with both types of edges.
Importantly, zigzag CNRs can represent an advancement for
applications in which the generation of polarons and bipolar-
ons plays an important role since these quasiparticles are not
formed in standard zigzag graphene nanoribbons. The numer-
ical protocol employed here can accurately determine the
bandgap for CNRs according to experimental observations.
The bandgap is inferred from the density of states plots and
the electron–phonon coupling strength of 5.2 eV Å�1 was found
as a precise value to reproduce the experimental bandgap. The
electron–phonon coupling calculations have also reveled that
armchair CNRs are lattices with a lower degree of distortion.
Even so, stable polarons and bipolarons can be formed in these
lattices. During the transport, it was obtained here that polar-
ons and bipolarons move in the direction of the electric field

reaching saturation velocities of 0.38 Å fs�1 and 0.19 Å fs�1,
respectively. It is important to note that, these velocities are
substantially smaller than the ones reported for the polaron
dynamics in standard armchair graphene nanoribbons, which
can range from 2.2 up to 5.1 Å fs�1 depending on the ribbon’s
width.28 Such differences in saturation velocities among these
two types of nanoribbons come from the particular transport
mechanism presented by CNRs, as discussed in the section
above. These charge carriers can move only in armchair-like
lattices. A polaron is considerably more mobile than a bipo-
laron, but the former is a less stable quasiparticle. We have
obtained that both the polaron and bipolaron respond to small
field strengths (about 0.2 mV Å�1) showing a linear motion. For
a high field value (about 1.0 mV Å�1) these charge carriers move
by showing exponential-like and quadratic signatures, when it
comes to polaron and bipolaron cases, respectively. From this
perspective, CNRs can serve as an alternative to replace the
standard graphene nanoribbons when charge transport appli-
cations are considered, and bipolarons will indeed mediate the
transport.
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