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Abstract

Graphene nanoribbons are 2D hexagonal lattices with semiconducting band gaps. Below a critical electric field strength, the
charge transport in these materials is governed by the quasiparticle mechanism. The quasiparticles involved in the process,
known as polarons and bipolarons, are self-interacting states between the system charges and local lattice distortions.
To deeply understand the charge transport mechanism in graphene nanoribbons, the study of the stability conditions for
quasiparticles in these materials is crucial and may guide new investigations to improve the efficiency for a next generation
of graphene-based optoelectronic devices. Here, we use a two-dimensional version of the Su—Schrieffer—Heeger model
to investigate the stability of bipolarons in armchair graphene nanoribbons (AGNRs). Our findings show how bipolaron
stability is dependent on the strength of the electron—phonon interactions. Moreover, the results show that bipolarons are
dynamically stable in AGNRs for electric field strengths lower than 3.0 mV/A. Remarkably, the system’s binding energy for
a lattice containing a bipolaron is smaller than the formation energy of two isolated polarons, which suggests that bipolarons

can be natural quasiparticle solutions in AGNRs.
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Introduction

Graphene has attracted considerable interest in materials
science and condensed matter physics since free-standing
graphene was unexpectedly found [1, 2]. The discovery of
its rich variety of electronic properties has to lead to a
revolution in the development of new organic optoelectronic
devices [3]. Armchair graphene nanoribbons [2, 4-7], in
turn, are 2D lattices formed by laterally confined strips
of graphene sheets that have a fundamental characteristic
for these purposes, namely a finite bandgap [8—10]. In this
sense, much effort has been made to reach a good cost-
efficiency compromise in obtaining GNR-based devices.
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In organic semiconductors, the charge carriers are com-
posite structures formed by an excess of charge interacting
with local lattice deformations [11]. Polarons are the
most common charge carriers in these systems [12-19].
Recently, the stability and transport of polarons in AGNRs
were theoretically investigated in the framework of Su-
Schrieffer—-Heeger model [20]. However, studies involving
the presence of other carrier species in AGNRs need to be
addressed.

Some experimental and theoretical studies have investi-
gated the underlying properties associated with the coexis-
tence of polarons and bipolarons in organic semiconducting
materials. Silva and coworkers have numerically studied the
stability of polarons and bipolarons in conjugated polymers
and concluded that bipolarons are more stable than polarons
[21]. In such systems, the total energy is smaller with a
bipolaron than with two isolated polarons. Moreover, it was
found that critical electrical field to dissociate a bipolaron
is an order of magnitude higher than for a polaron. Wang
showed that the creation of a bipolaron could be energeti-
cally favorable in these systems, in the process of doping or
photoexcitation [22].

In another work, Onodera and Okuno obtained analytical
solutions to a cis-polyacetylene chain [16]. They showed
that the energy levels inside the band gap are closer in
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the case of bipolaron compared to the polaron. Besides,
they also showed that the bipolaron formation, as a bonded
polaron pair, is favorable because the formation energy for
a bipolaron is smaller than an isolated polaron pair. At the
same time, Bredas and Street showed the arrangement of
energy levels inside the band gap of organic semiconductors
with polaron and bipolaron [18]. They defined bipolaron as
a bound pair of quasiparticles with the same charge, associ-
ated with a substantial deformation of the lattice. The energy
gain with the lattice interaction in the bipolaron forma-
tion is more significant than Coulomb interaction between
charges confined in the same region of the chain. They also
showed that the bipolaron is more thermodynamically sta-
ble than two isolated polarons. Recently, Dhanker revealed
via charge modulation spectroscopy that bipolarons con-
centration on the interface between electrodes and organic
semiconductors is more significant than was previously
believed [23]. Meng showed that in light-emitting diodes,
the effect of promoting bipolaron recombination and the
subsequent generation of bipolaron-excitons is dominant
electroluminescence of polymers [24]. Importantly, these
studies revealed the importance of bipolarons in one-
dimensional organic materials. Therefore, from the findings
of the works presented above, it is reasonable to infer that
bipolarons can also be stable carrier structures in AGNRs.

Here, we study the stability of bipolarons in AGNRs. To
do so, we use a modified tight-binding 2D model including
lattice relaxation. Initially, we compare the charge localiza-
tion for a bipolaron in a particular AGNR for different val-
ues of the electron-phonon coupling (e-ph) constant. After
this, we evaluate the changes in the bipolaron band gap with
the increment of the coupling constant. Finally, we inves-
tigate the relation between the coupling constant and the
system’s binding energy.

Methodology

Our two-dimensional tight-binding approach is based on a
modified version of the of the Su—Schrieffer—Heeger (SSH)
Hamiltonian [25, 26]. More details about our approach
can be found in our recent works [27, 28]. The model
Hamiltonian used here is given by H = Hp + Helecs
where the first and second terms are denoting the lattice
and electronic degrees of freedom, respectively. The lattice
Hamiltonian—that is treated classically by employing a
harmonic approximation [26]—assume the following form

1« P> 1 5
Hlm=52ﬁ+§;1<ni,,-, (1
L]

i

where P; is the momentum of the i-th site with mass M,
and K is the force constant associated with the o bond [26].
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In the equation above, indexes i and j denote two arbitrary
neighboring sites in the lattice (Fig. 1).

The electronic Hamiltonian, in turn, considers the -
electrons dynamics as described by the equation below,

Heee=— Y _ 1; {f'yA'r"'jC,-T,st,s + e'yA'”'jC;,SCi,s} :
(i,j).s

@

The summation runs over i -electrons in neighboring i and
Jj sites with spin s. C :r ; and C;  stand the creation and anni-
hilation of an electron in states denoted by their subscript
indices. y = ea/hc, where a is the lattice parameter, e
the fundamental charge, and c the speed of light. To con-
sider an external electric field (E), we use a vector potential
according to

1
EQ@) = —ZA(t).

Still in Eq. 2, #; ; is the hopping integral that couples the
m-electrons to the lattice and is described by the following

Lij=1Ito—an;;. 3)

!

Fig.1 Schematic representation of an armchair GNR. The site labeled
as i has tree neighbors: j, [/, and m
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In Eq. 3 above, « is the electron-phonon coupling constant
and n; ; is the relative displacement of the lattice sites from
their equilibrium positions.

The interdependence between charge and lattice is con-
sidered by means of the electron—phonon coupling constant
that introduces relaxation effects. The displacements of the
carbon atoms are considerably small, which leads to the
harmonic approximation for the o-bonds. This same argu-
ment can be used to justify the first-order expansion in the
hopping integral associated with m-electrons.

The initial system configuration contains a bipolaron in
its ground state configuration. To achieve such an initial
arrangement, we use the self-consistent procedure described
in reference [27] that was developed to generate polarons
in AGNRs. In the present work, the numerical protocol
consists of removing from the lattice two electrons with
antiparallel spins to create a positive bipolaron.

To solve the system dynamics, the time evolution of the
initial state for the lattice is treated within the scope of
the Euler-Lagrange equation [27]. The time evolution of
the electronic part, in turn, is solved by using the time-
dependent Schrodinger equation. In this way, the wave
function v s (f) is expanded in the basis of eigenstates of
the electronic Hamiltonian, ¢ s(¢), at a given time ¢ so that
the wave function in time ¢ 4 dt can be expressed as

Vs (it +d0) = 3 g Om, s (. e T4y G, 1),

I,m

“

where €;(¢) is the eigenenergy of ¢; (7).
The solution of the Euler-Lagrange equation leads to the
following Newtonian-type expression

. 1
Mij; j = EK {yni + i +nj.p +nq.j —4Bij}

1
+a {Bii+Bmi+Bjp+By;j—4B; j+cc.}, (5
where

Bij= 3 e ATy (i 0 (1), ©)

k,s

B; ;j couples the electronic and lattice degrees of freedom.
The primed sum means that only the occupied states are
considered. Importantly, to avoid edge effects we adopt
periodic boundary conditions in the vertical direction of
the nanoribbon, where the electric field is applied. The
approach described above has been successfully used to
study the polarons properties in AGNRs showing a good
track record [29-31].

Results

The focus of this work is to investigate the dependence
of the bipolaron stability in AGNRs as a function of the
strength of the e-ph coupling constant. An expected result
is the maintenance of the bipolaron stability for lower val-
ues of the e-ph coupling constant in according to what is
observed when a polaron is simulated in the same system.
In this sense, we considered, in our simulations, the cou-
pling constant e—according the notation in references [27,
28]—ranging from 2.0 to 6.0 eV/A, with an increment of 0.5
eV/A, as depicted in Fig. 2. In this figure, we can assess how
the charge localization pattern on the nanoribbon changes
when the e-ph coupling constant varies. In this sense, one
can note that the characteristic charge localization of a
bipolaron increases when the strength of the coupling con-
stant is increased. These results suggest a bipolaron stability
improvement with the coupling constant increment. In pre-
vious work, a similar result was obtained while investigating
the interplay between the e-ph coupling constant strength
and the charge localization of a polaron in AGNRs [32].
The gain in the stability for the bipolaron can be observed
by its integrity and localization for lower values of the cou-
pling constant, as shown in Fig. 2. Only for o = 2.0 eV/A
there is no characteristic charge localization of an quasi-
particle, i.e., the charge is delocalized by all extension of
the nanoribbon.

We now discuss the bond-length pattern presented by the
lattice when a bipolaron is formed. To do so, Fig. 3 illus-
trates bond-length pattern for the cases depicted in Fig. 2. It
is evident in this figure that the bond-lengths suffer higher
deviations in the regions of the lattice containing a charge.
When the charge localization increases, the bond-length dis-
tortion also increases. This mechanism is governed by the
strength of the e-ph coupling parameter.
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Fig.2 Schematic representation of the charge localization of a 4x200
AGNR with a bipolaron
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Fig.3 Schematic representation of the bond lengths of a 4x200 AGNR
with a bipolaron

Other evidence that bipolarons are quasiparticle species
more stable than polarons is the localization signature
presented by the energy levels inside the band gap. For
the bipolaron case, the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) levels are closer to each other and, consequently,
they are more deepened inside the band gap. The behavior
of the HOMO-LUMO gap as a function of the e-ph
coupling strength, as shown in Fig. 4, suggests that the
bipolaron stability enhances when the strength of the
coupling constant increases. This result is evidenced by the
decrease of the HOMO-LUMO difference with the increase
of the coupling constant. Moreover, the trend presented in
the interplay between HOMO-LUMO and e-ph coupling
constant corroborates with the behavior exhibited by the
charge localization pattern in the sense that higher charge
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Fig. 4 Interplay between the HOMO-LUMO gap and the electron—
phonon coupling strength
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localization directly implies in a gain of stability for the
charge carrier.

We characterize the bipolaron stability by calculating the
system’s binding energy (B E). This measurement denotes
the energy required to couple the charge and lattice, i.e.,
the amount of energy that is necessary to form stable quasi-
particles. The BE can be defined as BE = epp — 2¢p,
where epp and €p are the bipolaron and polaron formation
energies, respectively. The formation energy of a quasi-
particle represents the difference between the energies
for systems in the neutral ground state and a relaxed
configuration in the presence of charge [33]. In this sense,
BE < 0 denotes a parameter space in which the amount of
energy necessary to form a stable bipolaron is smaller than
the energy required to two polarons. In this case, bipolarons
are possible solutions. On the other hand, BE > 0 denotes
that the energetic solution is in the form of two isolated
polarons. Based on this interpretation, Fig. 5 shows the cal-
culated BE as a function of the e-ph coupling strength. The
inset panel illustrates the polaron and bipolaron formations
energies for the cases presented in Fig. 2. In Fig. 5, one
can note that BE is smaller than O for all points, excluding
the case for « = 2.0 eV/A, where BE is zero. Therefore,
o = 2.5 eV/Ais close to the threshold to form stable bipo-
larons. In other cases, self-consistent calculations always
yield stable bipolarons as the solutions. In these cases,
the local lattice deformations impose an energy barrier to
the extra holes that are much higher than the electronic
repulsion. As a consequence, the holes remain locally
trapped and coupled to each other yielding a bipolaron.

Finally, we present the bipolaron dynamics in the
presence of an external electric field. Figure 6 illustrates the
time evolution for the bipolaron’s mean charge density in
an AGNR—4 with 200 Aof length with periodic boundary
conditions for an electric field strength of 1.5 mV/A, that
is applied in the direction of the armchair length, and
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Fig. 5 System’s binding energy as a function of the electron—phonon
interactions
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Fig.6 Time evolution for the
bipolaron’s mean charge density
in an AGNR—4 for an electric
field strength of 1.5 mV/A

Lenght [A]

e-ph coupling strength of 4.1 eV/A. Each strip in this
figure represents a different time step. In this sense, we
note that the net charge presents a collective movement
toward the direction of the applied field. Since the field
strength is smoothly turned on up to the full value
to avoid the bipolaron destabilization—according to the
procedure presented in reference [34]—there is a delay in
the bipolaron response to the applied electric field. After
this transient time, the bipolaron reaches a steady-state
moving linearly through the lattice. This trend of motion
is evidenced by the changes in the vertical position of
the net charge localization from left to right in the figure.
The electric field also induces the charge localization that
stabilizes the bipolaron during its motion. Importantly, the
charge transport mechanism illustrated in Fig. 6 is evidence
that the bipolarons are dynamically stable quasiparticles
and may contribute with the charge transport mechanism in
armchair graphene nanoribbons (AGNRs).

Conclusions

In summary, a two-dimensional tight-binding approach
was employed to numerically study the impact of the
electron—phonon interactions on the bipolaron properties
in armchair graphene nanoribbons. Our findings showed
that the bipolaron localization increases when the strength
of e-ph coupling is increased. Moreover, it was obtained
that the HOMO-LUMO difference decreases as the strength
of the e-ph coupling constant increases. The system’s
binding energy calculated here suggests that bipolarons are
quasiparticle present in AGNRs.
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