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The dynamical properties of polarons in armchair graphene nanoribbons (GNR) is numerically
investigated in the framework of a two-dimensional tight-binding model that considers spin-orbit (SO)
coupling and electron-lattice (e-l) interactions. Within this physical picture, novel polaron properties
with no counterparts to results obtained from conventional tight-binding models are obtained.

Our findings show that, depending on the system’s width, the presence of SO coupling changes

the polaron’s charge localization giving rise to different degrees of stability for the charge carrier.

For instance, the joint action of SO coupling and e-l interactions could promote a slight increase on

the charge concentration in the center of the lattice deformation associated to the polaron. As a
straightforward consequence, this process of increasing stability would lead to a depreciation in the
polaron’s motion by decreasing its saturation velocity. Our finds are in good agreement with recent
experimental investigations for the charge localization in GNR, mostly when it comes to the influence
of SO coupling. Moreover, the contributions reported here provide a reliable method for future works to
evaluate spin-orbit influence on the performance of graphene nanoribbons.

Graphene-based optoelectronic devices have emerged, in the past decade, as promising solutions in develop-
ing novel technologies for green energy applications of considerably low environmental impact'~*. Most of the
interesting properties of a graphene sheet come from its flexible two-dimensional structure (a hexagonal lattice),
which leads this material to present singular features such as excellent heat and electrical conductivity>®, high
mechanical strength’, and remarkable optical properties, including good transparency for visible light®. Graphene
Nanoribbons (GNR), in turn, are derived from specific cuts of the graphene sheet®. Interestingly - depending on
the way of cutting — they may preserve some properties of the original system and present a finite band gap'®'".
In a GNR, the most important trait in developing new optoelectronic applications is its semiconducting-like elec-
tronic structure'>', It is well known that in organic semiconducting materials the charge transport mechanism is
mediated by polarons!>!®. Therefore, a detailed knowledge about the dynamical properties of these charge carriers
in GNR may open new channels for improving the performance of devices in which graphene-based materials
play an important role.

Recently, some relevant experimental results have investigated the electronic structure of graphene edges!”
and nanoribbons'® with particular interest at describing the charge localization signatures. Yang and coworkers
have studied the quantum interferences at different edge structures - irregular armchair, mixed armchair and
zigzag, and regular armchair - of a graphene sheet by using atomic-scale scanning tunneling microscopy (STM)
topographies!”. They have observed that quantum interferences form high electronic density of states patterns
along the carbon-carbon bonds, whose shapes depend strictly on the edge structure and not on the electron
energy. Also by means of STM measurements, Huang and colleagues have investigated the electronic structure of
armchair GNR (AGNR) upon deposition on silver substrates'®. Their results revealed one-dimensional delocal-
ized striped patterns for the electronic density of states in such a way that the electronic charge is distributed along
the nanoribbon length. The above-mentioned studies provide a very nice physical picture about the overall trend
of charge localization in GNR. Nevertheless, the dynamical properties of charge carriers (polarons), mostly when
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it comes to the role played by the presence of a spin-orbit coupling (SOC) term, is not completely understood and
requires a more detailed investigation.

In this work, a systematic numerical study is employed to investigate the influence of SOC interactions on the
dynamical properties of polarons in AGNR using a two-dimensional tight-binding approach that includes lattice
relaxation effects. The usefulness of our model is highlighted by studying the polaron’s properties of different
AGNR families. The present study is aimed to provide a deep physical understanding about the configuration of
charge carriers in GNR and, consequently, the impact of these properties on the charge transport mechanism in
these systems.

Methodology

The two-dimensional tight-binding model considered here consists of a modified version of the
Su-Schrieffer-Heeger Hamiltonian!*?°. In this way, the overall Hamiltonian (H) has the form:
H=H,, + H,,;+ H,,, where H,,, Hy,;» and H,, address the electronic part, the lattice backbone, and the spin-orbit
coupling term, respectively. The electronic contribution to the total Hamiltonian can be placed as

Helec = - Z
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In the expression above, i and jlabel two arbitrary neighboring sites in the lattice and y;; denotes the variation
in the bond length for two such sites. C;fs (C;,) creates (annihilates) a 7 electron with spin s in thei — th (j — th)
site. t, is the transfer integral in a pristine lattice in which the atoms are equally spaced and « is the electron-lattice
coupling constant that takes into account the interplay between the two distinct degrees of freedom defined by the
electronic and lattice contributions. v = ea/(hc) where e is the electric charge, a the lattice constant, and c the
speed of light. The external electric field is included by using the time-dependent vector potential A(t), and is
derived as E(t) = —(1/c)A(t)*.

The lattice backbone dynamics, in its turn, is addressed in a harmonic approximation — which accounts the
effective potential associated with the o bonds - in the following form
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In this expression, K is the force constant, P; is the conjugated momentum of the i — th site, and M the site
mass. The last term in the total Hamiltonian considers the contribution of the SO interactions and can be written

as
H:o =i Z tson,ZC;,sSZCl,s’
(jul),s,s (3)
where the index I goes through all the six next-nearest-neighbors of the atom j. The parameter ¢, , = 1(—1) for

anti-clockwise (clockwise) spin-orbit interaction if j is in sublattice A, and vice versa if j is in sublattice B2, s, is the
Pauli matrix and t,, is the spin-orbit hopping term. In our simulations, £, is settled to be a tenth of £,*%.

The initial arrangement of the system contains a positive polaron in its ground state configuration. Such sit-
uation is achieved by using the self-consistent procedure described in ref.?*. The time evolution of the system is
governed by an Ehrenfest Molecular Dynamics approach, according to ref.?>. The parameters adopted here for the
model Hamiltonian were successfully employed in other works presenting a good track-record®2%: {,=2.7eV, M
is the carbon core’s mass, K=21eV/A% a=4.1eV/A, and a=1.44A.

Results

We begin our discussion by presenting the impact of SO interactions on the ground state properties of polarons,
with particular interest on its charge localization pattern. In this way, Fig. 1 presents the comparison between the
charge distribution of AGNR with 3 atoms width without (a) and with (b) SO coupling. This is carried out by plot-
ting the order parameter for the charge distribution (as described in?*) when the extraction of a single electron
was carried out, using the same adiabatic procedure in both cases. The SO parameter was set to be a tenth of the
transfer integral parameter t,, as previously reported in the literature?’. Because the nanoribbon from this figure
is a representative of the 3p family, which is known to be of semiconducting nature'®!}, in both cases we observe
a localization of the charge carrier. This localization is associated with a quasi-particle mediated mechanism for
this kind of chain. The most striking feature that can be observed from this comparison is the higher localization
of the charge in the SO endowed model. This property follows from the larger coupling between the system’s
components that the SO parameter introduces to the system.

One could be interested to investigate the role played by this parameter in armchair nanoribbons of the 3p +2
family, which is known to present zero gap. Figure 2 presents, for these metallic nanoribbons, a comparison
similar to the one carried out in Fig. 2. One can see that, although the delocalization of the charge is similar, the
charge in AGNR-5 is completely delocalized through the lattice. Besides the difference in the charge localization,
one can also note that, in this case, charge is symmetrically displaced throughout all the ribbon’s length regardless
of considering SO coupling or not. As expected, this behavior is the one observed both by experimental meas-
urements of scanning tunneling microscopy!” (Fig. 2(c) and bottom image of Fig. 2(d)) and ab-initio theoretical
calculations in the framework of Density Functional Theory'® (top image of Fig. 2(d)). As our goal is to investigate
charge carrier mediated mechanism, we will focus in nanoribbons of the semiconducting families only, i.e., 3p
and 3p+ 1.
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Figure 1. Comparison between the charge distribution of AGNR with 3 atoms width (a) without and (b) with
SO coupling.
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Figure 2. Comparison between the charge distribution of AGNR with 5 atoms width (a) without and (b) with
SO coupling. The panels (c) and (d) were reproduced from the references!” and'?, respectively.
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Figure 3. Comparison between the charge distribution of AGNR with 7 atoms width (a) without and (b) with
SO coupling.

By further increasing the width size of the investigated semiconducting nanoribbon from 3 to 7 we reach
a representative of a 3p 4- 1 family in which an interesting effect of SO coupling can be observed. From Fig. 3,
one can see that the very nature of the distribution is strongly affected by the inclusion of the SO parameter.
In Fig. 3(a), when no SO coupling is present, one can see that the distribution follows the same trend of Fig. 1.
Actually, the differences observed are due to the fact that the nanoribbon is broader so the charge is more distrib-
uted along its width. One can note three centers of charges (one above each carbon backbone) and also a smooth
decrease of charge concentration from the central position. Figure 3(b), on the other hand, presents a rather dif-
ferent behavior: the charge is symmetrically displaced in quasi-localized centers of charge. Three such centers can
be clearly distinguished in the figure. Each one of these centers presents its charge relatively more concentrated
than the mean concentration of charge in the absence of SO coupling. This, again, is closely related to the fact that
SO coupling tends to introduce an increase of charge localization. This aspect has important consequences and
will be further explored later.

Now, we turn our attention to the comparison between the dynamics of the charge carriers with and without
SO coupling for the AGNR with 3 and 7 atoms width. Note that, in order to restrict edge effects, periodic bound-
ary conditions were considered in the nanoribbon’s length, just as in ref.”. The electric field strength is settled to
be 1.5mV/A for all cases and is oriented along the nanoribbon’s length. The former is discussed in Fig. 4. The
electric field value was chosen according to what was previously reported in the literature?. The general behavior
of the charge carrier transport is very similar in Fig. 4(a), in which no SO parameter was considered, and 4(b),
where we present the results of such effect. In both figures, the charge carrier discussed in Fig. 1 responds to the
applied electric field. These results were obtained by the same procedure explained in ref.?%. Note that the response
time, which is roughly the same in both cases, is due to the fact that the field was adiabatically introduced in the
system. After a simulated time of approximately 30 fs, the carrier follows the direction of the applied field and its
dynamics is consistent to what was previously reported in the literature?**. The importance of the SO considera-
tion can be better appreciated by the comparison between the two situations, rather than in the description of the
process itself. The first interesting feature that can be noted is that the higher localization degree implemented by
the inclusion of SO effects — which has been already pointed out in Fig. 1 - remains consistent through all the
simulation. In other words, the electric field and the dynamic process itself do not destabilize the carrier. We
conclude that such concentration effect is a manifestation of a different nature in the transporting polaron. In
other words, SO effect gives rise to a polaron of a different nature when compared to simulations with uncoupled
degrees of freedom. As a straightforward consequence, one can see that the more concentrated polaron presents
a smaller average speed. By taking the periodic boundary condition as reference, it is easy to note that, whereas
the spin-orbit coupled polaron takes around 260 fs to span the 225 A of the chain, the one with no SO parameter
takes approximately 220 fs. This is a direct result of the localization degree: the more delocalized the charge car-
rier, the higher its mobility, a fact that has been extensively explored in the literature?*->2.

An interesting issue arises on whether the higher localization — and thus the smaller mobility - is an inexora-
ble consequence of the inclusion of SO coupling. In order to verify this possibility, we investigate the dynamics of
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Figure 4. Comparison between the dynamics of the charge carriers at AGNR with 3 atoms width (a) without
and (b) with SO coupling.

charge carriers on an AGNR-7 chain, for which we have seen that the initial static solution is highly dependent
on considering or not such coupling. We have seen that the SO effect plays the role of creating a completely dif-
ferent distribution pattern for the polaron as the initial state of the system. Figure 5 presents the time evolution
of the charge carrier under the influence of electric field. One can see that the charge distribution profile of both
the polaron in a SO uncoupled system (Fig. 5(a)) and of the polaron in the presence of the coupling parameter
(Fig. 5(b)) remains stable throughout the simulation, which is consistent to the previous case. What is observed in
this case, however, is that even though Fig. 5(b) is associated with the inclusion of SO coupling, its average velocity
is not larger than that of Fig. 5(a), where this effect was not considered. This is related to the fact that, although the
charge is differently displaced in the two situations, the delocalization length is roughly the same.

The comparison between the result of Fig. 4 and that of Fig. 5 comprises the main finding of the present paper:
the inclusion of SO coupling has the effect of changing the overall nature of the polaron. This does not mean
necessarily that the distribution length or shape of the polaron will be altered in a given sense: the nature of the
change is dependent on the size and the family of the nanoribbon, for the geometry change affects the coupling
between charge and spin differently. However, this coupling will inevitably conduct to a change in some property
of the carrier to the extent that we can attribute a rather different nature of the charge carrier. We conclude our
analysis on the different nature of the polarons of SO coupled endowed systems by studying the HOMO-LUMO
energy gap for all the systems studied in our work. Figure 6 presents the comparison of the situation without and
with SO parameters for the three families. Note that, as mentioned above, there is always an expected change
of the energy gap, but the direction in which this change is observed depends on the family of the nanoribbon.
This change is a manifestation of the change in the nature of the polaron. Note that our findings should have pro-
found influence on the literature, since most dynamic works performed so far disregarded SO effects in graphene
nanoribbons.
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Figure 5. Comparison between the dynamics of the charge carriers at AGNR with 7 atoms width (a) without

and (b) with SO coupling.
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Figure 6. Comparison between the HOMO-LUMO Energy Gaps for all the systems studied in our work. HOMO
refers to the Highest Occupied Molecular Orbital whereas LUMO refers to the Lowest Unoccupied Molecular Orbital.

Conclusions
In summary, the ground state and dynamical properties of polarons for different families of AGNR were
numerically studied in the scope of a two-dimensional tight-binding model that considers SO coupling and
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electron-lattice interactions. The results show that there is a higher localization of the polaron when a SO term
is taken into account. This is accomplished by the larger coupling between the system’s components (charge and
lattice), which is introduced by including the SO parameter. Importantly, it was demonstrated that — besides the
difference in the charge localization — for AGNR belonging to 3p + 2 family the electronic charge is symmetri-
cally displaced throughout all the ribbon’s length regardless of considering SO coupling or not. These findings
agree with both theoretical and experimental results recently reported in literature!”'#2%, Regarding the polaron
dynamics, it was obtained that the electric field and the dynamic process itself do not destabilize the carrier in
the presence of a SO coupling term. Therefore, one can conclude that the concentration effect (promoted by the
SO coupling term) is a manifestation of a different nature in the transporting polaron. More clearly, the SO effect
gives rise to a polaron of a different nature when compared to simulations with uncoupled degrees of freedom.
As a natural consequence, one can realize that the more concentrated polaron presents a smaller average speed.

References
1. Ruffieux, P. et al. On-surface synthesis of graphene nanoribbons with zigzag edge topology. Nature 531, 489-492, https://doi.
org/10.1038/nature17151 (2016).
2. Annett, J. & Cross, G. L. W. Self-assembly of graphene ribbons by spontaneous self-tearing and peeling from a substrate. Nature 535,
271-275, https://doi.org/10.1038/nature18304 (2016).
3. Rafique, S. et al. Significantly improved photovoltaic performance in polymer bulk heterojunction solar cells with graphene oxide /
pedot:pss double decked hole transport layer. Sci. Rep. 7, 39555, https://doi.org/10.1038/srep39555 (2017).
4. Gatti, T. et al. A d-pi-a organic dye - reduced graphene oxide covalent dyad as a new concept photosensitizer for light harvesting
applications. Carbon 115, 746-753, https://doi.org/10.1016/j.carbon.2017.01.081 (2017).
5. Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science 306, 666-669, https://doi.org/10.1126/
science.1102896 (2004).
6. Zhao, W. et al. Defect-engineered heat transport in graphene: A route to high efficient thermal rectification. Sci. Reports 5, 11962,
https://doi.org/10.1038/srep11962 (2015).
7. Geim, A. K. & Novoselov, K. S. The rise of graphene. Nat. Mat. 6, 183-191, https://doi.org/10.1038/nmat1849 (2007).
8. Merthe, D. J. & Kresin, V. V. Transparency of graphene and other direct-gap two-dimensional materials. Phys. Rev. B. 94, 205439,
https://doi.org/10.1103/PhysRevB.94.205439 (2016).
9. Jacobberger, R. M. et al. Direct oriented growth of armchair graphene nanoribbons on germanium. Nat. Comm. 6, 8006, https://doi.
org/10.1038/ncomms9006 (2015).
10. Han, M. Y., Ozyilmaz, B., Zhang, Y. & Kim, P. Energy band-gap engineering of graphene nanoribbons. Phys. Rev. Lett. 98, 206805,
https://doi.org/10.1103/PhysRevLett.98.206805 (2007).
11. Son, Y.-W,, Cohen, M. L. & Louie, S. G. Energy gaps in graphene nanoribbons. Phys. Rev. Lett. 97, 216803, https://doi.org/10.1103/
PhysRevLett.97.216803 (2006).
12. Yang, L., Park, C.-H., Son, Y.-W., Cohen, M. L. & Louie, S. G. Quasiparticle energies and band gaps in graphene nanoribbons. Phys.
Rev. Lett. 99, 186801, https://doi.org/10.1103/PhysRevLett.99.186801 (2007).
13. Li., X. et al. Chemically derived, ultrasmooth graphene nanoribbon semiconductors. Science 319, 1229-1231, https://doi.
org/10.1126/science.1150878 (2008).
14. Son, Y. W,, Cohen, M. L. & Louie, S. G. Half-metalic graphene nanoribbons. Nat. Lett. 444, 347-342, https://doi.org/10.1038/
nature05180 (2006).
15. Coropceanu, V. et al. Charge transport in organic semiconductors. Chem. Rev. 107, 926-952, https://doi.org/10.1021/cr050140x
(2007).
16. Heeger, A. ]. Semiconducting and metallic polymers: The fourth generation of polymeric materials (nobel lecture). Angew. Chem.
Int. 15,2591-2611, https://doi.org/10.1002/1521-3773 (2001).
17. Yang, H. et al. Quantum interference channeling at graphene edges. Nano Lett. 10, 943-947, https://doi.org/10.1021/n19038778
(2010).
18. Huang, H. et al. Spatially resolved electronic structures of atomically precise armchair graphene nanoribbons. Sci. Reports 2, 983,
https://doi.org/10.1038/srep00983 (2012).
19. Su, W. P, Schrieffer, J. R. & Heeger, A. J. Solitons in polyacetylene. Phys. Rev. Lett. 42, 1698-1701, https://doi.org/10.1103/
PhysRevLett.42.1698 (1979).
20. Su, W. P, Schrieffer, J. R. & Heeger, A. J. Solitons excitations in polyeacetylene. Phys. Rev. B. 22,2099-2111, https://doi.org/10.1103/
PhysRevB.22.2099 (1980).
21. Silva, G. M. Electric-field effects on the competition between polarons and bipolarons in conjugated polymers. Phys. Rev. B. 61,
10777-10781, https://doi.org/10.1103/PhysRevB.61.10777 (2000).
22. Konschubh, S., Gmitra, M. & Fabian, . Tight-binding theory of the spin-orbit coupling in graphene. Phys. Rev. B. 82, 245412, https://
doi.org/10.1103/PhysRevB.82.245412 (2010).
23. da Cunha, W. E, de Oliveira Neto, P. H., Terai, A. & e Silva, G. M. Dynamics of charge carriers on hexagonal nanoribbons with
vacancy defects. Phys. Rev. B. 94, 014301, https://doi.org/10.1103/PhysRevB.94.014301 (2016).
24. da Cunha, W. E, Acioli, P. H., de Oliveira Neto, P. H., Gargano, R. & e Silva, G. M. Polaron properties in armchair graphene
nanoribbons. J. Phys. Chem. A. 120, 4893-4900, https://doi.org/10.1021/acs.jpca.5b12491 (2016).
25. da Cunha, W. E, Junior, L. A. R., de Almeida Fonseca, A. L., Gargano, R. & e Silva, G. M. Impurity effects on polaron dynamics in
graphene nanoribbons. Carbon 91, 171-177, https://doi.org/10.1016/j.carbon.2015.04.065 (2015).
26. Jr,L. A.R,, da Cunha, W. E, de Almeida Fonseca, A. L., e Silva, G. M. & Stafstrom, S. Transport of polarons in graphene nanoribbons.
J. Phys. Chem. Lett. 6, 510-514, https://doi.org/10.1021/jz502460g (2015).
27. Abreu, A. V. P. et al. Impact of the electron-phonon interactions on the polaron dynamics in graphene nanoribbons. J. Phys. Chem.
A. 120, 4901-4906, https://doi.org/10.1021/acs.jpca.5b12482 (2016).
28. de Oliveira Neto, P. H., Teixeira, J. E, da Cunha, W. E, Gargano, R. & e Silva, G. M. Electron-lattice coupling in armchair graphene
nanoribbons. J. Phys. Chem. Lett 3, 3039-3042, https://doi.org/10.1021/j2301247u (2012).
29. Stafstrom, S. Electron localization and the transition from adiabatic to nonadiabatic charge transport in organic conductors. Chemn.
Soc. Rev. 39, 2484-2499, https://doi.org/10.1039/B909058B (2010).
30. Junior, L. A. R. & Stafstrom, S. Polaron stability in molecular semiconductors: Theoretical insight into the impact of the temperature,
electric field and the system dimensionality. Phys. Chem. Chem. Phys. 17, 8973-8982, https://doi.org/10.1039/c4cp06028h (2015).
31. Junior, L. A. R. & Stafstrom, S. Impact of the electron-phonon coupling symmetry on the polaron stability and mobility in organic
molecular semiconductors. Phys. Chem. Chem. Phys. 18, 1386-1391, https://doi.org/10.1039/c5cp06577a (2016).
32. Junior, L. A. R. & Stafstrém, S. Polaron dynamics in anisotropic holstein-peierls systems. Phys. Chem. Chem. Phys. 19, 4078, https://
doi.org/10.1039/c6¢cp07478b (2017).

SCIENTIFICREPORTS | (2018) 8:1914 | DOI:10.1038/s41598-018-19893-y 7


http://dx.doi.org/10.1038/nature17151
http://dx.doi.org/10.1038/nature17151
http://dx.doi.org/10.1038/nature18304
http://dx.doi.org/10.1038/srep39555
http://dx.doi.org/10.1016/j.carbon.2017.01.081
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1038/srep11962
http://dx.doi.org/10.1038/nmat1849
http://dx.doi.org/10.1103/PhysRevB.94.205439
http://dx.doi.org/10.1038/ncomms9006
http://dx.doi.org/10.1038/ncomms9006
http://dx.doi.org/10.1103/PhysRevLett.98.206805
http://dx.doi.org/10.1103/PhysRevLett.97.216803
http://dx.doi.org/10.1103/PhysRevLett.97.216803
http://dx.doi.org/10.1103/PhysRevLett.99.186801
http://dx.doi.org/10.1126/science.1150878
http://dx.doi.org/10.1126/science.1150878
http://dx.doi.org/10.1038/nature05180
http://dx.doi.org/10.1038/nature05180
http://dx.doi.org/10.1021/cr050140x
http://dx.doi.org/10.1002/1521-3773
http://dx.doi.org/10.1021/nl9038778
http://dx.doi.org/10.1038/srep00983
http://dx.doi.org/10.1103/PhysRevLett.42.1698
http://dx.doi.org/10.1103/PhysRevLett.42.1698
http://dx.doi.org/10.1103/PhysRevB.22.2099
http://dx.doi.org/10.1103/PhysRevB.22.2099
http://dx.doi.org/10.1103/PhysRevB.61.10777
http://dx.doi.org/10.1103/PhysRevB.82.245412
http://dx.doi.org/10.1103/PhysRevB.82.245412
http://dx.doi.org/10.1103/PhysRevB.94.014301
http://dx.doi.org/10.1021/acs.jpca.5b12491
http://dx.doi.org/10.1016/j.carbon.2015.04.065
http://dx.doi.org/10.1021/jz502460g
http://dx.doi.org/10.1021/acs.jpca.5b12482
http://dx.doi.org/10.1021/jz301247u
http://dx.doi.org/10.1039/B909058B
http://dx.doi.org/10.1039/c4cp06028h
http://dx.doi.org/10.1039/c5cp06577a
http://dx.doi.org/10.1039/c6cp07478b
http://dx.doi.org/10.1039/c6cp07478b

www.nature.com/scientificreports/

Acknowledgements

The authors gratefully acknowledge the financial support from Brazilian Research Councils CNPq, CAPES,
FAP-DF, and FINATEC and CENAPAD-SP for providing the computational facilities. This research work has
the support of the Brazilian Ministry of Planning, Development and Management (Grants 005/2016 DIPLA —
Planning and Management Directorate, and 11/2016 SEST - State-owned Federal Companies Secretariat) and
the DPGU - Brazilian Union Public Defender (Grant 066/2016). L.A.R.J. and A.L.A F. gratefully acknowledge the
financial support from FAP-DF grants 0193.000.942/2015 and 0193.001343/2016, respectively. G.G.S. thanks IFG
and A.L.A.F. CNPq for providing the financial support to publish this work.

Author Contributions

G.M.S. and L.A.R. were responsible for implementing spin-orbit coupling to the code. G.G.S. and R.T.S. ran the
calculations. A.L.A.F built the graphics. W.EC. interpreted the results and wrote the paper. All the authors were
responsible for developing the code as well as discussing the results.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
SE ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:1914 | DOI:10.1038/s41598-018-19893-y 8


http://creativecommons.org/licenses/by/4.0/

	Spin-Orbit Effects on the Dynamical Properties of Polarons in Graphene Nanoribbons

	Methodology

	Results

	Conclusions

	Acknowledgements

	Figure 1 Comparison between the charge distribution of AGNR with 3 atoms width (a) without and (b) with SO coupling.
	Figure 2 Comparison between the charge distribution of AGNR with 5 atoms width (a) without and (b) with SO coupling.
	Figure 3 Comparison between the charge distribution of AGNR with 7 atoms width (a) without and (b) with SO coupling.
	Figure 4 Comparison between the dynamics of the charge carriers at AGNR with 3 atoms width (a) without and (b) with SO coupling.
	Figure 5 Comparison between the dynamics of the charge carriers at AGNR with 7 atoms width (a) without and (b) with SO coupling.
	Figure 6 Comparison between the HOMO-LUMO Energy Gaps for all the systems studied in our work.




