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ABSTRACT: Nitrogen core-doping of graphene nanoribbons (GNRs) allows
trigonal planar carbon atoms along the backbone of GNRs to be substituted by
higher-valency nitrogen atoms. The excess valence electrons are injected into
the 7z-orbital system of the GNR, thereby changing not only its electronic
occupation but also its topological properties. We have observed this
topological change by synthesizing dilute nitrogen core-doped armchair GNRs
with a width of five atoms (N,-5-AGNRs). The incorporation of pairs of trigonal
planar nitrogen atoms results in the emergence of topological boundary states at
the interface between doped and undoped segments of the GNR. These
topological boundary states are offset in energy by approximately AE = 300 meV
relative to the topological end states at the termini of finite 5-AGNRs. Scanning tunneling microscopy (STM) and
spectroscopy (STS) reveal that for finite GNRs the two types of topological states can interact through a linear combination of
orbitals, resulting in a pair of asymmetric hybridized states. This behavior is captured by an effective Hamiltonian of
nondegenerate diatomic molecules, where the analogous interatomic hybridization interaction strength is tuned by the
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distance between GNR topological modes.
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INTRODUCTION

Bottom-up synthesized graphene nanoribbons (GNRs) have
emerged as testbeds for realizing simple quantum systems due
to extensive opportunities to engineer their electronic structure
and the ease of creating new localized states within band
gaps.'~'% Such localized states have been used as basis states in
effective low-energy designer Hamiltonians. For example,
junctions between 7-, 9-, and 1l-atom wide segments of
armchair-type GNRs (AGNRs) induce zero-modes that can be
coupled to form dimers, oligomers, or superlattices."' ™' The
low-energy physics of these systems can be captured by
effective Hamiltonians such as the Su-Schrieffer-Heeger model,
the Hubbard dimer model, or the Heisenberg model.'¥7*!
GNRs with coupled localized modes may similarly be thought
of as emulating simple Hamiltonians commonly found in
molecular structures, e.g., the extended 7-system of conjugated
polyenes and aromatics rings.””~>* The ability to tune the
coupling between localized modes (i.e., the hopping
interaction, ¢, in tight-binding models) by changing structural
parameters such as intermode separation or nanoribbon
structure permits the exploration of effective Hamiltonians
over a wide parameter space.”> ™"
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One type of Hamiltonian that has not yet been emulated
successfully within the framework of GNRs involves coupling
nondegenerate localized states akin to the polarized bonding
picture in heteronuclear diatomic molecules (e.g, co).”!
Effective Hamiltonians of this sort with staggered basis state
energies have not yet been studied systematically in the context
of GNRs. This represents an important omission because
staggered-mode quantum systems have profound technological
implications. For example, resonant tunneling diodes have a
staggered potential profile where electrostatic shifting in the
forward direction induces degeneracy and the creation of a

resonant tunneling pathway.”> > The offset in frontier states
between donor—acceptor groups in molecules is also central to

the working principles of charge-transfer materials such as
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organic photovoltaics and Aviram-Ratner molecular di-
odes.”” ™"

Here we explore this type of behavior in GNRs by utilizing
localized nondegenerate topological boundary modes. We
exploit the fact that the surplus electrons provided by nitrogen
doping in N,-5-AGNRs induce a topological change from
nontrivial (i.e., Z, = 1, where Z, is the topological invariant
related to the Zak phase) to trivial (i.e., Z, = 0).* Previously
this was used to manipulate end states,*’ but here we show that
N-doping can also be used to create internal boundary modes
that can be exploited as basis states for effective Hamiltonians.

We accomplish this by synthesizing dilute nitrogen core-
doped S-AGNRs and studying their electronic structure via
scanning tunneling microscopy (STM) and spectroscopy
(STS). We find that nitrogen-induced topological modes,
herein referred to as nitrogen dopant states (NDSs), project
from quinoxaline units inside S-AGNRs; the observation is
reminiscent of boron-induced topological boundary states in 7-
AGNRs.»*’ Isolated NDSs are energetically offset relative to
the topological end states (ESs) of pristine S-AGNRs: NDSs
are observed at &ypg = 400 meV while ESs reside at egg = 100
meV. The distance-dependent hybridization between NDSs
and ESs in finite-sized 5-AGNRs results in polarized bonding
and antibonding states akin to the 7 and 7* orbitals of a C=0
group in a diatomic molecular picture. Our topological GNR
system is effectively described by a two-site Hamiltonian with
tunable interaction strength and staggered on-site energies
wherein the energy levels trace out an avoided crossing.

It is useful to first discuss the generic two-site tight-binding
(TB) model with basis state energies eyps and €gg coupled
through a hopping interaction t. The basis states, whose wave
functions yypg and ygg are shown schematically at the top of
Figure 1A, experience an effective interaction as a result of the
overlap of their wave functions." The Hamiltonian of this
system can then be written as

[SNDS t ] (Ag/z t ]
H= = (&) +
t Egg t —Ae/2 (1)

where <e> = (eyps + €gg)/2 is the average energy of the basis
states and A¢ = (eypg — €gs)- As illustrated in Figure 1A, the
eigenenergies of this Hamiltonian are &, = <&> = fg with the
+ (—) solution denoting the bonding (antibonding) eigenstate
and

t (A€)2+t2 ‘t+'A£
= — el l_
eff 5 2

(2)

is the effective hybridization interaction between the two basis
states.’”** Equation 2 suggests that when the interaction
strength f is tuned over a continuous range of values from
negative (bonding) to positive (antibonding), the eigenstate
energies trace out the branches of a hyperbola (Figure 1B). For
vanishing offset Ae the eigenvalues become degenerate at t = 0
but any nonzero value of Ae induces an avoided crossing gap
of magnitude AE(,_) = Aée. The resulting hyperbolae E(t) can
be interpreted as conic sections in three-dimensional (t, Ag,
E)-space where the eigenenergy offset A¢ shifts the interaction
away from the cone intersection (inset in Figure 1B).

An energy level diagram for the TB model (Figure 1C)
shows how new eigenstate energies ¢, and e_ are distributed
around the average energy <&> by an amount =+t The various
wave functions are shown as plots of w(x) and as orbitals
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Figure 1. (A) Schematic representation of the nitrogen dopant
state wave function yypg and end state wave function Y and their
overlap; two-site tight binding model with coupling t between the
basis states; Hamiltonian matrix and eigenenergies. (B) Energy
level diagram of the eigenenergies €, (bottom branch) and £_ (top
branch) as a function of their interaction t for various values of Ae.
Inset shows hyperbolae as conic sections in (t, Ag, E)-space. (C)
Energy level diagram showing the basis state energies (exps, £gs)
and hybridized state energies (¢_, €,). Schematic representations
of Ynps) Wes, Vs W, and the corresponding molecular orbitals for
a diatomic model.

models in the insets to Figure 1C. y, and y_ are polarized,
with the wave function of the bonding state having larger
contributions from the lower-energy basis state g, while the
antibonding state is dominated by the contribution from yysp.
This is reminiscent of the familiar orbital picture for hetero
diatomic molecules (e.g., the polarized 7-bond in C=0) and
donor—acceptor molecules.”® By analogy, the NDS may be
interpreted as a z-bonding (donor) state and the ES as a 7*-
antibonding (acceptor) state.

In the context of the dilute N-doped 5S-AGNRs studied here,
the ES represents the native topological state of the undoped
5-AGNR while the NDS is a topological state of a N,-5-AGNR
whose Fermi level (Ep) is upshifted relative to the Ep of a
pristine S-AGNR. Since these topological states lie near the
midgap energy of their respective GNRs, a significant energy
offset exists between the NDS and ES. The length of the S-
AGNR segment separating the NDS tunes the strength of the
hybridization interaction between these nondegenerate topo-
logical modes and allows us to emulate the dimer Hamiltonian
shown in Figure 1 for a range of t values (see Supporting
Information Discussion 1 and Figure S1).
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RESULTS AND DISCUSSION

Dilute N,-5-AGNRs were synthesized through on-surface
copolymerization of 5,8-di(1-iodo-4-nazphthy1)quinoxaline
(DINQ; the precursor for N,-S-AGNRs) ® and a mixture of
3,9-diiodoperylene and 3,10-diiodoperylene (DIP; the pre-
cursor molecules for undoped S-AGNRs)*” at a surface ratio of
1:9 (Figure 2A). Sequential deposition of DINQ and DIP from
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Figure 2. (A) On-surface synthesis of dilute doped N,-5-AGNRs
from precursors DINQ and DIP. (B) STM topographic image (V;
= —200 mV, I = 60 pA) of dilute doped N,-5-AGNRs. (C) STM
topographic image (V, = —100 mV, I = 100 pA) of three laterally
aligned GNRs. (D) BRSTM image (tunneling current I at V, = 200
mV) of the three GNRs in (C). (E) BRSTM image (tunneling
current I at V, = 100 mV) recorded on the bottom GNR in (D).
The positions of quinoxaline units are indicated by arrows.

a home-built Knudsen cell onto a clean Au(111) surface
followed by annealing to T = 120 °C for ¢t = 30 min, and
subsequently to T = 280 °C for ¢t = 15 min yielded samples of
dilute doped N,-S-AGNRs (Figure S2). Figure 2B shows a
representative topographic STM image of aligned 5-AGNRs
with lengths ranging from 2 nm < I < 15 nm. Residual iodine
atoms line the spaces between ribbons (moderate annealing
temperatures are critical to prevent cross-linking of GNRs but
insufficient to ensure the complete desorption of halogen
atoms). Bright protrusions (see arrows) correspond to isolated
nitrogen-doped quinoxaline units embedded along the back-
bone of otherwise all-carbon 5-AGNRs.

Figure 2C shows a topographic STM image of three parallel
GNRs highlighted in Figure 2B (structural model is overlaid).
BRSTM (Figure 2D,E) using CO functionalized tips*® resolves
all 6-membered rings in the GNR backbone. The top GNR in
Figure 2D can be readily identified as a pristine S-AGNR with
N = 12 repeating naphthalene units (referred to as S-
AGNR(12)). The middle GNR features N = 1S repeating
units but the eighth unit has a distinctly different appearance
with one of the rings exhibiting a notably darker contrast along
the edge (indicated by an arrow in Figure 2D, see Figure S3 for
Laplace filtered images). This is consistent with previous
observations of nitrogen core-doped 5-AGNRs where quinoxa-
line units were consistently imaged with reduced contrast in
BRSTM." We herein label this ribbon 5-AGNR(7N,7) (i.e.,
one central quinoxaline unit flanked on either side by two
segments of N = 7 naphthalene units). The third GNR
exhibiting two darker rings in BRSTM (Figure 2E) can then be
identified as S-AGNR(3N,2N,5).

End States and Nitrogen Dopant States. Figure 3A
shows an STM topographic image of a S-AGNR(14) and a -
AGNR(11N,3) (structural models are overlaid). STS spectra
were recorded along the length of both GNRs (dashed yellow
arrows in Figure 3A). Differential conductance dI/dV(V,, x)
spectra recorded as a function of sample bias V and position x
along the length of the undoped S-AGNR(14) are depicted in
Figure 3B. The spectra clearly show a valence band (VB) onset
at V, & —400 mV, a conduction band (CB) onset at V, ~ 800
mV, along with the characteristic signatures of S-AGNR ESs at
both ends of the GNR at V; & 100 mV; consistent with
previous work on undoped 5-AGNRs.*” The same features can
be recognized in dI/dV point spectra recorded at the center
(red) of the S-AGNR(14) and at the left end (green) in Figure
3C.

STS acquired with the same tip on the adjacent N-doped 5-
AGNR(11N,3) shows the expected VB and CB onsets at V, ~
—400 mV and V, =~ 800 mV, and an ES at V, &% 100 mV for the
left end of the ribbon (Figure 3D). The ES on the right side,
however, is not observed. Instead, an intense localized
spectroscopic feature is seen at x ~ S nm (the position of
the quinoxaline) that extends energetically into the bandgap
and a new weaker feature at V, & 400 mV that extends spatially
for more than 1 nm to the left of the quinoxaline unit (NDS in
Figure 3D). Point spectra (Figure 3E) acquired at the center
(red) and left end (green) of the S-AGNR(11N,3) reveal the
VB and CB onsets and an ES at V, = 107 mV (Figure 3E). The
new NDS state is observed as a peak at V, = 431 mV (Gaussian
fit) in a point spectrum acquired to the left of the quinoxaline
unit (dashed blue line in Figure 3E). Constant height dI/dV/
maps (using CO-functionalized tips) recorded at the CB and
VB onsets (V, = 800 mV and V, = —400 mV, Figure 3E))
reveal wave function patterns that are consistent with bulk 5-
AGNR states.”” The map recorded at energies corresponding
to the ES (V = 100 mV, Figure 3H) shows orbital density on
both sides for the S-AGNR but only on the left side of the S-
AGNR(11N,3). The signal maximum for the ES is centered on
the second and third last naphthalene units, respectively,
before gradually decaying toward the vacuum interface (this is
to avoid a discontinuity in the wave function at the GNR/
vacuum interface). A map acquired at V; = 400 mV (Figure
3G) shows that the NDS has a similar appearance to an ES. Its
maximum however is localized at the interface between 5-
AGNR and the quinoxaline unit decaying over the distance of
~ 1 nm into the S-~AGNR. The origin of the highly localized
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Figure 3. (A) STM topographic image (V, = —50 mV, I = 150 pA)
showing a 5-AGNR(14) and a S5-AGNR(11IN,3) (structures
overlaid). Sketch indicates the expected positions of the ES and
NDS. (B) Line scan STS dI/dV(V,, x) data acquired on the §-
AGNR(14). ES features are highlighted by dashed rectangles. (C)
dI/dV point spectra acquired at the positions marked in (A). (D)
Line scan STS dI/dV(V,, x) data acquired on the 5-AGNR(11N,3).
The ES and NDS features are highlighted by dashed rectangles.
(E) dI/dV point spectra acquired at the at the positions marked in
(A). (F=J) Constant height dI/dV maps acquired on the two
GNRs in (A) at the indicated bias voltages. (K—O) Simulated dI/
dV maps of the two GNRs in (A) corresponding to the states
indicated on the left.

state seen in Figure 3I at V; = =270 mV associated with the
right side of the quinoxaline unit will be addressed below.
Density functional theory calculations (DFT) agree well
with the experimental observations. Figure 3K—O shows the
predicted local density of states (LDOS) for structures

identical to our two experimental GNRs at energies
corresponding to the highest occupied molecular orbital — 1
(HOMO - 1), the HOMO, the lowest unoccupied molecular
orbital (LUMO), the LUMO + 1 and the LUMO + 2.
Simulations were performed for a charge state of g = +2 to
account for observed p-doping by the Au(111) surface (both
the ES and NDS appear at positive bias and are unoccupied).”’
For the S-AGNR(14) the LUMO exhibits features typical of
ESs (Figure 3M). In the case of the S-AGNR(3N,11) the
LUMO + 1 corresponds to the NDS (Figure 3L) and lies 72
meV above the ES energy. The NDS intensity is seen to
gradually decay toward the left. While simulated maps of the
NDS and ES show the expected localization at the ends and at
the quinoxaline unit (Figure 3L,M), DFT underestimates the
extent of the exponential decay of the wave function tail.
Similar analysis performed on an even more asymmetric S-
AGNR(17N,1), (Figure S4) shows similar behavior. We
conclude from this that dilute N-doped 5-AGNRs feature
emergent topological modes at energies corresponding to g =
110 + 20 meV and eypg = 440 + 40 meV.

Distance-Dependent Hybridization. The STM image of
a AGNR(11N,5) and the BRSTM image of a S-AGNR-
(1IN,7) can be seen in Figure 4A,D, respectively (structural
models are overlaid). When compared to the S-AGNR(11N,3)
of Figure 3, the ES and NDS (Figure 4B,E) are seen to be
separated by additional naphthalene units which is expected to
lead to weaker hybridization. dI/dV point spectra recorded to
the left of the quinoxaline units (red and green lines in Figure
4C,F) are offset relative to the corresponding spectra recorded
on the right-hand side (blue lines in Figure 4C,F). While the
left side shows the unperturbed NDS and ES at V pg) = 450
mV (Vyps) = 387 mV) and Vi) = 132 mV (V) = 117
mV) for S-AGNR(11N,5) (S-AGNR(11N,7)), the spectra on
the right-hand side (blue lines) reveal resonances that are
significantly lower in energy than both the NDS and ES. A
spectrum acquired on the right-hand side of the 5-AGNR-
(11N,5) features a new peak at V(,) = =97 mV (Figure 4C),
whereas a spectrum acquired on the right-hand side of the $-
AGNR(11N,7) features a peak at V() = 1 mV (Figure 4F).
Constant height dI/dV maps (using CO-functionalized tips)
recorded at V; = —50 mV and V, = 0 mV reveal a state
extending from the quinoxaline units to the right ends of the S-
AGNR(11IN,S) and S-AGNR(11N,7) (Figure S5). Both the
position and relative energies of states localized on the right
end of the ribbons are faithfully reproduced by DFT
calculations. We conclude that these features represent the
bonding linear combination (,) of the NDS and ES on the
right-hand side of both GNRs.

While the NDS and ES remain unperturbed across the N =
11 long naphthalene segment (left side) the shorter N = § and
N =7 long naphthalene segments allow for mixing between the
NDS and ES which gives rise to hybridized states. Larger
overlap along the shorter N = 5 segment lowers the energy of
the bonding linear combination compared to the longer N = 7
segment. The stronger hybridization in the S-AGNR(11N,5) is
large enough to lower the state associated with the bonding
linear combination below the Fermi level (Eg), thus changing
the orbital occupation from vacant to filled on the Au(111)
surface. The initial S-AGNR(11N,3) model system (Figure
3A,D) state at V; = =270 mV (Figure 3F,LN) can now be
assigned to the bonding linear combination of NDS and ES
states hybridizing across the short N = 3 naphthalene segment.
The left- and right-sides of dilute N-doped 5S-AGNRs can thus

https://doi.org/10.1021/acsnano.4c17602
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Figure 4. (A) STM topographic image (V, = =50 mV, I = 150 pA) showing a 5-AGNR(11N,5) (structure overlaid). (B) Line scan STS dI/
dV(V,, x) data acquired on the S-AGNR(11N,5) in (A). (C) dI/dV point spectra recorded at the positions marked in (A). (D) BRSTM image
(constant-height image of current I, V, = —200 mV) showing a S~AGNR(11N,7) (structure overlaid). (E) Line scan STS dI/dV(V,, x) data
acquired on the 5-AGNR(11N,7) in (D). (F) dI/dV point spectra recorded at the positions marked in (D).

be considered as largely independent quantum systems, a
picture that is further supported by length dependent
hybridization in S-AGNR(7N,S) and S-AGNR(7N,7) (see
Figure S6).

Theoretical Interpretation of Distance Dependence.
To shed further light on the hybridization between the NDS
and ES we performed DFT simulations on a family of S-
AGNR(IN,N) as a function of the number (N) of
naphthalene units to the right of the quinoxaline. Figure SA
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Figure S. (A) Frontier state energy levels obtained from DFT
calculations. (B) DFT calculated LUMO and LUMO + 1 orbitals of
a 5-AGNR(1N,3) (left) and LUMO (ES) and LUMO + 1 (NDS)
orbitals of a S-AGNR(1N,17) (right). (C) Empirical model based
on exponentially decaying wave functions for the NDS and ES
(blue and green lines). Interaction between NDS and ES is
approximated by the area of wave function overlap (purple). (D)
Experimental data of the bonding (green crosses) and antibonding
(blue crosses) state energies of dilute doped N,-5-AGNRs as a
function of the distance AN between the quinoxaline unit and the
ribbon end (blue and green lines are fits of the empirical model,
purple line is the calculated function [t(AN)Il). (E) Interaction
diagram showing &, (t) for the empirical model.

13033

shows the frontier state energy levels obtained from DFT,
referenced to the midgap energy of the HOMO and LUMO+2
(the states corresponding to the S-AGNR VB and CB onset).
The energies of the LUMO and LUMO + 1 (the bonding and
antibonding linear combinations ¢, and ¢_) are indicated with
green and blue crosses, respectively. The energies of the bulk
states are shown in red. Orbital plots (LUMO and LUMO + 1)
of representative examples for strongly interacting (S-AGNR-
(IN,3)) and weakly interacting (S-AGNR(IN,17)) regimes
are depicted in Figure SB. While the S-AGNR(1N,17) shows
the expected unperturbed NDS and ES states, the shorter 5-
AGNR(IN,3) shows frontier states that correspond to the
linear combinations w, and w_. The NDS, ES, and linear
combinations remain well within the bulk bandgap of the
corresponding ribbon segments and their separation converges
to Ae = exps — €gs = 33 meV. Despite notable energy
differences, for large N the model qualitatively reproduces the
experimentally observed decay of the interaction between NDS
and ES with increasing distance toward a finite energy offset.
DFT calculations are prone to overestimate the degree of
delocalization of wave functions (as reflected in the simulated
dI/dV maps of Figures 3 and SS), thus introducing a bias
toward long-ranged interaction between NDS and ES.”'**°

An instructive description of the interaction can be obtained
by turning to an empirical model shown schematically in
Figure SC. Here the wave functions of the NDS and ES are
simply assumed to decay exponentially, and the hybridization
interaction t(AN) is assumed to be proportional to the overlap
between the wave functions (which are separated by AN, the
number of naphthalene units). An expression for {(AN), can
be inserted into eq 2 to derive an analytical expression for the
energies of the bonding and antibonding states &,(AN)
(Supporting Information Discussion 2). Fitting this expression
to experimental data (the crosses in Figure SD) leads to a
solution for £, (AN) (the green and blue lines in Figure SD).

The parameters obtained from this fitting procedure (k =
0.45/naphthalene unit) t, = 640 meV, Ae = 250 meV, <&> =
250 meV, ggg = 125 meV, and eypg = 375 meV were then used
to calculate £, vs t (see Supporting Information Discussion 2).
As shown in Figure SE this picture qualitatively reproduces the
predictions of the dimer Hamiltonian model (solid blue and
green lines). The length-dependent interaction between the
NDS and ES in 5-AGNRs thus leads to hybridized energy
levels tracing out hyperbolae in interaction space (a conic
section in (¢, Ag, E)-space) that emulate the nondegenerate
dimer Hamiltonian introduced in Figure 1B.

https://doi.org/10.1021/acsnano.4c17602
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CONCLUSIONS

We have shown that the introduction of a substitutional
nitrogen dopant along the backbone of a 5-AGNRs causes the
emergence of a localized NDS that is offset in energy relative
to the native topological ES of the ribbon. For short separation
the hybridization between NDS and ES gives rise to a linear
combination of polarized states that evolve as a function of
effective overlap. Our approach demonstrates new principles
for engineering nondegenerate two-site Hamiltonians from
basis states formed by two distinct topological interfaces. The
introduction of atomically precise nondegenerate localized
states, the control over their exchange coupling, and the
successful utilization of simple quantum mechanical models
provide useful steps toward new designer quantum carbon
nanomaterials with potential use in nanoelectronics, photo-
voltaics, and donor—acceptor applications.

METHODS

Sample Preparation. GNRs were grown on Au(111)/
mica films under UHV conditions. Atomically clean Au(111)
surfaces were prepared through iterative cycles of Ar" ion
sputtering and high temperature annealing under UHV
conditions. Submonolayer coverages of DIP and DINQ were
obtained by sublimation from home-built Knudsen cell
evaporators at crucible temperatures of 120—180 °C. Radical
step-growth polymerization was achieved by heating the
molecule-decorated surface to a temperature of T = 80 °C.
Further heating to T'= 280 °C for t = 15 min was performed to
induce cyclodehydrogenation, which completes the synthesis.

STM Measurements. All STM experiments were per-
formed using a commercial CreaTec LT-STM operating at T =
4 K using tungsten STM tips. STS and dI/dV mapping
experiments were all performed under open feedback loop
conditions (constant height) using a lock-in amplifier
supplying a modulation voltage of V,. = 500 uV (spectrosco-
py) to V,. = 30 mV (mapping) at a frequency of f = 533 Hz.
Tip passivation for dI/dV mapping was achieved by controlled
attachment of individual iodine atoms found around the GNRs
on the surface. Tip passivation for BRSTM imaging was
achieved by controlled attachment of carbon monoxide
molecules deposited onto the sample by leaking CO into the
STM chamber.”’ Images were processed using WSxM.>>

Calculations. First-principles calculations were carried out
within the density functional theory (DFT) framework, as
implemented in the SIESTA package.> We adopted the
gradient-corrected approximation to the exchange-correlation
functional proposed by Perdew, Burke, and Ernzerhof.”* The
Kohn—Sham valence orbitals were expanded in a linear
combination of atom-centered basis functions at the double-
¢ plus single polarization (DZP) level, in conjunction with a
mesh cutoff of 500 Ry. Atomic nuclei and core electrons were
represented by norm-conserving pseudopotentials generated
according to the Troullier-Martins scheme.” The atomic
structures were optimized until the maximum component of
the force acting on each atom was lower than 0.01 eV/A. A
vacuum region larger than 15 A was introduced in nonperiodic
directions to avoid spurious interactions between periodic
replicas. Although we modeled nanoribbons in the gas phase,
all our calculations were performed in the 2+ charge state to
mimic the charge transfer occurring from the underlying
Au(111) substrate in experiments.
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