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ABSTRACT: Motivated by the success of graphene in flat optoelectronics, several carbon
allotropes have recently been proposed. One of these allotropes, graphene nanoribbons
(GNRs) with a singular “necklace-like” atomic structure, was recently synthesized through
a bottom-up chemical approach. The absorption spectrum exhibited a band gap of 1.4 eV
for this novel GNR geometry. Guided by its exciting electronic and structural properties,
investigations should be performed to outline the major features of this material focused
on expanding organic-based energy conversion and storage applications. In particular, the
formation and dynamics of charge carriers are crucial in defining the material’s
performance. Here we describe the formation and transport of charge carriers in necklace-
like graphene nanoribbons (NGNRs). A 2D tight-binding Hamiltonian endowed with
lattice relaxation effects constitutes the basis of the theoretical approach employed to

examine the carrier formation and dynamics in these lattices. Results demonstrate that polarons and effective boson species are
spontaneously generated in NGNRs by the addition of holes or electrons to the system. Both types of generated quasiparticles are
dynamically stable and can move at surprisingly low electric-field regimes. Remarkably, the formation of effective bosons is a process
triggered by a higher density of added charges. The understanding of the carriers’ formation and transport in NGNRs can pave the
way for their broad usage in producing novel optoelectronic applications, added to the possibility of Bose—Einstein condensate

phenomena.

ptoelectronic devices are those that capture, emit, and
control light." Nowadays, their organic-based alterna-
tives have been employed to develop a wide range of
technological applications, such as field-effect transistors,”
displays,” and photovoltaic cells. Because of their ease of
recycling, low production cost, and attractive optical and
electronic properties, organic materials are the most promising
candidates in replacing conventional inorganic (silicon-based)
technology, which can promote advancements in green energy
solutions.” In early 2000, graphene emerged as an excitin%
material in developing a novel class of flat optoelectronics.”
However, its null band gap represents a drawback for
applications in which semiconducting materials are desirable.
To overcome this obstacle, graphene nanoribbons (GNRs),
quasi-1D structures formed from long cuts in graphene sheets,
have emerged as interesting solutions because they present a
finite band gap, which can vary from 0.2 to 2.5 eV, and
preserve most of the interesting structural and electronic
properties concerning a graphene sheet.” '’ Conventional
GNRs have two distinct edge endings, namely, armchair
(AGNR) and zigzag (ZGNR) graphene nanoribbons, which
are directly related to the electronic properties presented by a
GNR lattice. ZGNRs have metallic band gaps, and AGNRs, in
turn, possess null (or not null) band gaps depending on their
width.® In this sense, AGNRSs are divided into n = 3p, n = 3p +
1, and n = 3p + 2 families, where n is the number of atoms
present in the width of the GNR, and p is a positive integer.’
AGNRs belonging to the 3p + 2 family have null band gaps.”®
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On the contrary, the n = 3p and n = 3p + 1 AGNR families
have a finite band gap within the previously mentioned range.

In organic materials, the addition of charge may cause the
rearrangement of atoms locally (lattice polarization), which
yields a cloud of phonons coupled to the extra charge. The
mutual electron—lattice interaction leads to the formation of a
new quasiparticle, named the polaron, that has a spin +1/2
and a charge +e."" Polarons have smaller net mobility and lager
effective mass regarding free electrons as a consequence of the
electron—phonon coupling mechanism. Two polarons of the
same charge and antiparallel spins can merge to form a
bipolaron, which is a spinless structure with a charge of +2e."”
Even though it is well accepted that these species are the main
species responsible for playing a role in the charge transport in
organic materials, the description of the formation and
transport of charge carriers in GNR-based materials is still
challenging.

Recently, Schwab and coworkers performed the synthesis of
a polycyclic aromatic hydrocarbon composed of 84 sp*-type
carbons (C84)." This compound was used in the synthesis of
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NGNRs by using a bottom-up chemical approach based on the
oxidative cyclodehydrogenation of tailor-made polyphenylene
precursors. ~ In their study, the absorption spectrum revealed a
band gap of ~1.4 for the novel NGNR structures.'> Moreover,
in the same work, density functional theory (DFT) calculations
predicted a band gap of 2.17 for this material."*> These band-
gap values are a piece of evidence that NGNRs can be of great
interest for semiconducting-like applications based on low-
dimensional systems. In this sense, the charge-transport
mechanism (i.e, the formation and dynamics of quasiparticles)
in these materials should be understood in detail to promote
its wide usage in flat optoelectronics.

Herein the generation and transport of charge carriers in
NGNRs lattices are investigated by employing a semiclassical
transport approach that considers an external electric field. A
2D tight-binding Hamiltonian endowed with lattice relaxation
effects constitutes the basis of our computational protocol. In
particular, the formation of novel (boson-like) species of
quasiparticles in a graphene-based structure is the main result
obtained by the present work. Notably, the results reveal that
effective boson species are spontaneously generated in NGNRs
by the addition of free electrons or holes to the system.
Importantly, the formation of effective bosons is a process
triggered by the high density of these particles.

The NGNR is a quasi-1D structure with a minimum/
maximum width of 9/15 atoms,"” as illustrated in Figure 1. It

Figure 1. Schematic representation of the atomic structure of a
necklace-like graphene nanoribbon: (a) wide view, (b) unit cell, and
(c) labeling system.

can be understood as the heterojunction of two n = 3p family
nanoribbons, which is known for presenting semiconducting
band gaps.” The NGNR moiety with the largest width has four
lines of carbon atoms, whereas the one with the smallest width
has only two atomic lines, as can be seen in Figure la.

The NGNR unit cell is presented in Figure 1b. To study the
formation and dynamics of quasiparticles in this GNR
allotrope, a semiclassical Hamiltonian (based on the Su-—
Schrieffer—Heeger model'*) is applied where the 7 electrons
are described by quantum mechanics, within the second
quantization formalism, whereas the site displacements are
classically treated. The expression of our total model
Hamiltonian is given by H = H,. + Hy,,, where the electronic
term (H,,.) assumes the following form
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Hy.=- Y (t,C1C. +1tCC.)

1,j 1,5 ,8 1,j7,8,s

(iri)ss (1)

where (i, j) stands for the indexes of neighboring sites i and j.
(See Figure 1c.) C:S (Cjs) is the annihilation (creation)
operator of a 7 electron in an i (j) site with spin s. Because the
variation of the ¢-bond lengths is very small in graphene,” the
electronic transfer integrals can be expanded in the first order.
In this way, the hopping integral is written as

—ivA-f
;= (to — an Je "™ @)

where t is the transfer integral for an undistorted system, 7;;
denotes the variation in the bond length of two neighboring
sites i and j, and « is the electron—phonon coupling parameter
that connects the electronic and lattice degrees of freedom."®
To consider the quasiparticle dynamics, an external electric
field, E(t), was included by employing a time-dependent vector
potential, A(t), using a Peierls substitution for the phase factor
of the electronic transfer integral.'> In this equation, y = ea/
(fc), where a is the lattice parameter, e is the absolute value of
the electronic charge, and ¢ represents the speed of light. The
relationship between the time-dependent electric field and the

ldl:it). Here the electric

field is turned on adiabatically, as described in ref 17.
The second part of our model Hamiltonian (H,,,) describes
the lattice backbone according to

1 , 1w P
Hy, ==Y K> + =) —
latt 2% ’7,,/ ZZM

vector potential is given by E(t) = —

3)

where the first part describes the o-bonding energies within the
harmonic approximation, where K is the elastic constant. The
last part of eq 3 takes into account the kinetic energies of
carbon atoms (lattice sites) in the system, with M being the
mass of each site and P; their momenta. The index I runs over
all lattice sites. The model parameters employed here are ¢, =
2.7eV,a=52eV/A K=21eV/A% and M = 12 u, which were
experimentally”'® or theoretically'>'® reported in the literature
and also used in other theoretical works, presenting a good
track record.'”~** By employing this set of parameters, we have
obtained a band gap of 1.62 eV through a density of states
calculation following the procedure described in ref 23, which
is closer to the experimental value than DFT calculations.

To obtain the stationary solution (P; = 0), a self-consistent
procedure is used from an initial random set of coordinates
{n;;}. Tteratively, the H,. diagonalization is performed to yield
a self-consistent ground-state geometry, which is represented
by a converged set of coordinates {7, } and a corresponding set
of electronic wave functions {y; }. ” The concomitant self-
consistent lattice solution is obtained from the Euler—Lagrange
equations

i(@] _ (M] iy

dt{ 9§ 95 (4)
where & are the coordinates of a given site. Importantly, in the
static case d(L)/0& = 0. To account the lattice effects, it is
necessary to obtain the expected value of the Lagrangian,
(PILI¥), where I¥) is the Slater determinant represented in
the second quantization formalism by ly) = a/al ...al). As
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Figure 2. Ground-state solution for a polaron in necklace-like graphene nanoribbons (NGNRs): (a) bond lengths and (b) atomic charge density
configurations. (c,d) Zoom-in of the bond lengths and charge-density signatures, respectively, for a region in the lattice that contains a polaronic

charge.

M 22 1 —iv A +
L= DX = KX ns+ X (= an )" (CIG + .G
! (ij) (s

(%)
then
W) = 2R E = KX 12+ 3 (tg— an ) 0(B,, + B
=3 i 2 M 0~ an;)e i i
i (i) (i) (6)
with
B, = Z/ V/:S(ix t)ll’kls(j; t)
k,s (7)

where the sum is realized only for the occupied states. The last
equation is responsible for the connection between the
electronic and lattice degrees of freedom. It is important to
emphasize that our self-consistent approach can accurately
reproduce alternating variations of long and short bonds for
the ground-state structure of GNRs.

Starting from the results obtained in the stationary solution,
the temporal evolution of the system is governed by the time-
dependent Schrodinger’s equation (for the electronic degree of
freedom) and the Euler—Lagrange equations (when it comes
to the lattice degree of freedom), eq 4, that can be rewritten as

N 1
M”]i’j = EK(’/L,[ + ”m,i + rl]',p + 77(”) - ZK’/II,}

1
+ Ea(Bi,l +B,,+B,+ B — 4B + cc)

Finally, the time evolution of the wave functions {y; } is stated
as follows

Iy (¢ + d6))y = ) exp(—iey, dt/R)lgp, (6)) g, (Ol (1))
]

(8)
where {¢;} and {lg)} are the eigenvalues and eigenkets of
H,,. at a given time t, respectively.

To characterize the formation of charge carriers in NGNRs,
we have adopted the system with width periodically changing
between 9 and 15 atoms, according to Figure 1. As previously
mentioned, both GNR moieties belong to the n = 3p family,
which presents a semiconducting band gap.® Here we assume
periodic boundary conditions along the ribbon’s length (150
A) to account for edge effects. The direction of the external
electric follows the ribbon’s length. A doping process is
simulated by removing an electron (or by adding a hole) in an
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originally neutral NGNR lattice. As a consequence, the lattice
is distorted (polarized) and the extra charge is localized in the
deformed region, yielding a polaron, as shown in Figure 2. In
this figure, panels a and b illustrate the ground-state solution
for the bond lengths and the charge density, respectively, for an
NGNR lattice in the presence of a polaron. The bond lengths
in the central region of the lattice are different from the ones in
the edge due to the local deformations imposed by the
presence of an extra hole, as illustrated in Figure 2a.
Accordingly, the atomic charge is localized in the center of
the lattice, being distributed over three rows of carbon rings.
The charge concentration diminishes from the center toward
the edges and along the ribbon’s length. In Figure 2b, it can be
observed that the extra charge is distributed along ~60 A. In
this sense, the probability of finding an electron at the ribbon’s
outermost part (beyond the minimal width of nine sites) is
very small because the lattice is rigid in the edges. These
features are in good agreement with experimental observations
that have revealed the absence of charge concentration in GNR
edges.”* The combined signatures for bond lengths and atomic
charge density, as previously pointed out, characterize the
formation of a stable polaron in NGNRs. For the sake of
clarity, Figure 2¢,d zooms in on the charge-density and bond-
length signatures, respectively, for a region in the lattice that
contains a part of the polaronic charge.

Figure 3 illustrates the polaron dynamics for different
external electric-field regimes, starting from the ground-state
solution presented in Figure 2. The electric-field strengths
investigated here are 0.2, 0.4, and 0.6 mV/A. After a transient
time necessary for the electric field to reach its full strength (40
fs), one can see that the polaron moves linearly as a response
to the applied electric field in all of the cases. The saturation
velocities range from 0.380 to 0.750 A/fs. A straightforward
calculation, according to ref 25, points to a sound velocity of
~0.30 A/fs in NGNRs. In this way, polarons move within the
optical regime in NGNRs, even considering low electric-field
strengths. Importantly, our results show that polaron velocities
in NGNRs are higher than those for narrower GNR lattices
(with widths of four, six, and nine carbon atoms'®*?). This
means that the higher degree of charge delocalization in
NGNRs, when compared with conventional GNRs (see refs 18
and 21), is responsible for promoting higher velocities.

A surprising result arises when the concentration of
additional holes increases in NGNR lattices. Each panel in

https://dx.doi.org/10.1021/acs.jpclett.0c01489
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Figure 3. Time evolution of the mean charge-density profile for a
necklace-like graphene nanoribbon (NGNR) containing a polaron.
The electric-field strengths (E,) are (a) 0.2, (b) 0.4, and (c) 0.6 mV/
A

Figure 4 illustrates the ground-state configuration for the
charge-density profile considering a different number of holes
added to the NGNR lattice, which varies from 1 to 10 extra
particles. In Figure 4a—d, one can note that the charge localizes
at different places along the lattice, defining the total number
of polarons that are formed upon the presence of additional
holes. In Figure 4e, we cannot realize a charge-density
signature (i.e., multiple charge localization signatures that lie
separately from each other) that characterizes the formation of
stable polarons. After this critical concentration of free holes,
the trend in forming quasiparticles changes abruptly. Figure 4
shows that after the critical number of additional particles (in
this case, seven holes), a novel bosonic quasiparticle is
generated. The charge-density signature that represents the
formation of an effective boson is presented in Figure 4f. One

can note a strong light-yellow region in the center of the lattice,
representing a higher degree of charge accumulation when
contrasted with rest of the system. As previously mentioned, a
large concentration of polarons can yield a new carrier that is
composed of particles.'”*° Therefore, among all additional
holes, just two of them merge to compose this new species.
Consequently, the formed boson is a spinless structure with a
charge of 2e. It worthwhile to stress that the holes were added
by alternating their spin between up and down. In this sense,
for an even number of holes, the lattice has the same quantity
of particles with up and down spins, whereas for an odd
number of holes, the lattice has one additional spin-up particle.
Interestingly, when the concentration of particles is increased
from eight to nine holes, two bosons are formed (Figure 4g). A
similar trend occurs when the number of holes increases to 10,
as depicted in Figure 4h. Figure 2¢,d zooms in on the bond-
length and charge-density signatures, respectively, for a region
in the lattice that contains a part of the bosonic charge for the
case depicted in Figure 4f. In these figures, one can note that
the bond lengths in the center of the lattice present a smaller
degree of distortion when contrasted with the polaron case.
(See Figure 2.) This result suggests that the novel bosonic
species is weakly coupled to the lattice and can move along it
as a free carrier. This is actually true, as shown as follows.
Concerning the transport mechanism, the effective bosons
present a crucial difference when contrasted with polarons.
The charge of this new carrier is coupled to very shallow lattice
distortions. In this way, even for considerably small field
strengths, the bosonic charge decouples from its local lattice
deformations and moves in the NGNR lattice like a free
carrier. This behavior differs from the polaron transport
mechanism, in which the charge and lattice deformations move
as a single composite state. Figure S shows the dynamics of an
effective boson for the same electric-field strengths considered
to analyze the polaron dynamics (Figure 4). The simulations
illustrated in Figure S consider as a starting point the ground-
state configuration for the case presented in Figure 4f. From
Figure S, one can derive the saturation velocities for bosonic
quasiparticles in NGNRs, which range from 0.25 to 0.50 A/fs.
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Figure 4. Ground-state solutions for different hole concentrations: (a) 1, (b) 2, (c) 4, (d) 6, (e) 7, (f) 8, (g) 9, and (h) 10. (i,j) Zoom-in of the
charge-density and bond-length signatures, respectively, for a region in the lattice that contains part of the bosonic charge.
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Figure S. Time evolution of the mean charge-density profile for a
necklace-like graphene nanoribbon (NGNR) containing a boson.
Three electric-field strengths (E,) are considered to be: (a) 0.2, (b)
0.4, and (c) 0.6 mV/A.

It suggests that bosons can move in this material in both
acoustic and optical regimes of terminal velocities. Because the
bosons formed here are composed of two holes, their effective
masses are greater than those of polarons. As a consequence,
bosons present lower terminal velocities when compared with
polarons for a given electric-field strength, which can be noted
by contrasting the time evolution of the atomic charge
densities, as presented in Figures 4 (polaron case) and $
(boson case). Because of the higher effective mass, the boson
dynamics in Figure S presents a linear motion, as a response to
the applied electric field, only after 80 fs.

We finish our discussions by presenting in Figure 6 the time
evolution profile of the intragap energy levels of the
simulations shown in Figures 3c (polaron case) and Sc
(effective boson case). In Figure 6a, one can note the presence
of typical polaron steady states within the band gap. These
levels remain inside the band gap until the end of the
simulation, characterizing that polarons are dynamically stable
in NGNR lattices. In contrast, the intragap energy levels

related to the effective boson are very close to the conduction
and valence bands at the beginning of the simulation, and
during the dynamics, they oscillate and return to those bands,
as shown in Figure 6b. This signature for the bosonic energy
levels is a consequence of the weak coupling between its charge
and related lattice distortions. Moreover, their proximity to the
conduction and valence bands combined with the small
oscillations presented by them denotes the presence of a
charge-density wave in the lattice instead of the dynamics of a
composite state between an additional charge and the local
lattice deformation.

In summary, we have developed a 2D tight-binding
Hamiltonian endowed with lattice relaxation effects to study
the formation and dynamics of quasiparticles in NGNRs. Here
we point to the formation of a novel quasiparticle species (an
effective boson) that was not observed in any other graphene
allotrope so far. This striking result opens a new channel to
understand the charge-transport mechanism in graphene-based
systems. Moreover, this new quasiparticle is fully characterized
here in terms of its electronic and structural properties. Results
have revealed that polarons and effective bosons species are
spontaneously generated in NGNRs by adding free holes to
the system. Both types of quasiparticles are dynamically stable
and can move at surprisingly low electric-field regimes. It is
worth mentioning that similar results can be obtained by
instead adding electrons. The saturation polaron velocities can
range from 0.380 to 0.750 A/fs, suggesting that polarons in
NGNRs move within the optical regime, even at low electric
field strengths. Notably, the formation of effective bosons is a
process triggered by considering a higher density of holes.
After a critical concentration of 0.53%, effective bosonic
quasiparticles are generated. It was concluded that the
saturation velocities for bosons in NGNRs range from 0.25
to 0.50 A/fs. In this way, bosons can move in this material in
both the acoustic and optical regimes of terminal velocities.

Polarons are formed in both AGNRs and NGNRs.
Importantly, bipolarons are not formed in NGNRs. Concern-
ing the transport mechanism, the effective bosons present a
crucial difference when contrasted with polarons and
bipolarons. The charge of these novel quasiparticles is coupled
to very shallow lattice distortions; that is, the bosonic species is
weakly coupled to the lattice. In the very first stage of its
dynamics, its charge decouples from related distortions moving

Energy [eV]

Time |[fs]

Energy [eV]

0.0 + Effective Boson g

Time |[fs]

Figure 6. Time evolution of the energy levels for (a) the polaron and (b) an effective boson dynamics considering the electric-field strength of 0.6
mV/A. The red lines denote the quasiparticles’ intragap levels. The cases presented in panels a and b refer to the simulations shown in Figures 3c

(polaron case) and Sc (effective boson case), respectively.
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along the lattice like a free carrier, forming a charge-density
wave. This behavior is attributed to the distinct (and very
particular) nature of the lattice arrangement presented by
NGNRs. When it comes to the dynamics of charge carriers, the
terminal velocities of polarons and bipolarons in standard
AGNRs can range within the intervals 0.3 to 5.1 A/fs*® and
0.05 to 1.30 A/fs,*® respectively, depending on the ribbon’s
width and the strength of the applied electric field. Here, for an
electric-field strength of 0.6 mV/A, we have obtained a
terminal polaron velocity of ~0.6 A/fs, which is equivalent to
the one reported for a standard armchair nanoribbon
considering the same electric-field strength.”® For the novel
bosonic species, we have obtained here a terminal velocity of
0.10 A/fs employing 0.6 mV/. A, which is similar to the terminal
velocity for a bipolaron in standard armchair nanoribbons for
the same electric-field strength.”” Such similarities in saturation
velocities between these two types of nanoribbons come from
the equivalences of the charge localization profiles presented
by them. The presence of bosons also leads to the tantalizing
possibility of Bose—Einstein condensates (BECs) in this
material. Possible BEC applications in graphene-based
materials may involve, for example, quantum information
processing (quantum computation), precision measurement by
fabricating the most sensitive detectors using BECs, and the
development of novel optical lattices that could be modified by
varying the interplanar spacing.
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