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Although it is generally accepted that structural parameters like width, shape and edge structure 
crucially affect the electronic characteristics of graphene nanoribbons (GNRs), the exact relationship 
between geometry and charge transport remains largely unexplored. In this paper, we present in-situ 
through transport measurements of various topological GNRs and GNR heterostructures by lifting 
the ribbon with the tip of a scanning tunneling microscope. At the same time, we develop a 
comprehensive transport model that enables us to understand various features, such as obscuring of 
localized states in through-transport, the effect of topology on transport as well as negative differential 
conductance in heterostructures with localized electronic modes. The combined experimental and 
theoretical efforts described in this work serve to elucidate general charge transport phenomena in 
GNRs and GNR heterostructures. 
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0. POPULAR SUMMARY 
 
Graphene nanoribbons (GNRs) are narrow, atomically flat 

strips of carbon atoms in a honeycomb lattice. GNRs exhibit 
some extraordinary properties, such as high conductivity, 
highly tunable charge carrier densities and localized 
magnetism. These materials hold the potential to supplement or 
even outperform silicon in integrated circuit architectures, 
while adding new functionality and design opportunities in the 
form of spintronic devices or qubits for quantum computing. 

State-of-the-art GNR manufacturing gives access to a large 
variety of widths, lengths and edge structures—properties that 
govern the electronic, magnetic, and conductance properties. 
Although the changes in electronic and magnetic properties can 
readily be measured by experimentalists, the accurate 
measurement of electron transport remains a challenge. Simply 
put, it is extremely difficult to attach macroscopic source and 
drain contacts to microscopic nanoribbons that measure only a 
millionth of a millimeter across. This challenge has held back 
our efforts to understand the fundamentals of conductance in 
GNRs and has prevented us from designing functional 
nanoribbons that give access to highly desirable electronic and 
magnetic states. 

In this paper, we perform conductance experiments on 
GNRs in a scanning tunneling microscope (STM) and reveal 
various phenomena that emerge from charge transport 
measurements. We develop a transport model, that not only 
captures these effects but is general enough to predict the 
behavior of a wide range of nanoribbons. The deep level of 
understanding our experiments, combined with the predictive 
quality of the theoretical model, can be used to implement 
functionalities for the next generation integrated circuit 
architectures. 

 
I. INTRODUCTION 

 
Graphene nanoribbons (GNRs) hold promise for use in 

nanoelectronics due to their exceptional mechanical and 
electronic properties. Being derived from the two-dimensional 
(2D) graphene – a material famed for its unrivaled charge 
carrier mobility, charge carrier velocity, and spin coherence 
length [1–4] – exceptional conductance properties translate 
into one-dimensional (1D) GNR structures. [5] In contrast with 
the zero-gap semi-metallic graphene, GNRs typically feature a 
finite band gap, opening a path to functionalized structures that 
display switching, rectification, spintronic, or field-effect 
transistor (FET) behavior. [5–20] 

GNRs are not only interesting with regard to electronics but 
may also harbor magnetic functionality. It has been realized 
that the zigzag edges of nanographene give rise to sublattice-
polarized states, which are prone to spin splitting by the Stoner 
mechanism. Magnetic and spintronic properties can be 
implemented in GNR architectures by rational engineering of 
the edge structure. [21–30] Recent experiments have revealed 
magnetic phenomena in nanographenes and GNRs through 
fingerprints like Kondo resonances and singlet-triplet 
excitations in inelastic tunneling spectroscopy 
measurements. [31–40] A new idea that has recently gained 

traction in the field relies on zero-modes – states near the Fermi 
energy – that can be tuned at will in GNR architectures through 
the concepts of sublattice imbalance engineering and 
topology. [41–46] Depending on the exact GNR design, these 
states may be occupied by single electron spins that are 
magnetically coupled through the p-backbone of the ribbon. 
This creates opportunity for controlling magnetic properties 
that might eventually lead to the development of GNR-based 
device architectures meeting the stringent requirements for 
spintronics-based quantum information processing. [47] 

The synergy of electronic and magnetic functionality in 
GNRs is not only appealing for the design of the next 
generation of faster, smaller, and more energy-efficient carbon-
based nanoelectronics, but even holds the key to accessing 
complex computing architectures such as quantum computing. 
Other interesting effects that have recently been unveiled in 
GNRs are the modulation of current by edge defects, [48] 
molecules or fused groups. [49–52] Mechanosensors [53,54] 
and nanomeshes have also been conceived.  [55–58] Robust 
metallicity [46] and negative differential resistance (NDR), a 
phenomenon required for creating resonant diodes (RTDs) and 
oscillators, [8,59–66] can be engineered. Tunable 
electroluminescence and photoconductance in GNRs closes the 
gap between GNR electronics and photonics. [67–70] In every 
case, the high tunability of the intrinsic properties of GNRs 
afforded by the rational design and engineering of the atomic 
structure sets  nanoribbons apart, and is a stark contrast to the 
less malleable properties associated with traditional, three-
dimensional (3D) inorganic semiconductors. [71–75] 

Despite the advances in GNR fabrication over the past 
decade, it remains a challenge to measure a key characteristic 
of GNRs: their transconductance (electron transport through 
the GNR backbone). “Conductance” in an STM setup is 
typically measured perpendicular to the GNR rather than 
through its backbone and fails to identify transport effects 
related to localization and consequent mobility modulation. 
Three general strategies are currently being pursued to 
overcome the main difficulty of accessing GNR 
transconductance, which may intuitively be thought of as the 
challenge of attaching nanometer-scale probes to a single GNR. 
The first strategy relies on the transfer of GNRs from their 
metallic growth substrate to a prefabricated device 
architecture. [9,76–79] Unfortunately, measurements on GNRs 
transferred to devices lack information on the exact identity and 
structure of the nanoribbon (or bundle or network of 
nanoribbons) being probed, and often return data that reveal 
more about the relative Fermi level alignment and Schottky 
barrier effects than the inherent, quantum-mechanical transport 
in a single GNR. A second technique addresses the charge 
carrier mobility and mean free path through terahertz 
photoconductivity. [80–82] This technique probes intrinsic 
conductance characteristics of the nanoribbon, yet has the 
downside that it also probes excitonic behavior and does not 
correspond to a realistic nanoelectronics device geometry 
(where the electronic properties of the GNR are accessed 
through direct injection of carriers from electrical leads). A 
third technique is the in-situ lifting of individual GNRs inside 
the STM by controlled attachment of the probe to one end of 
the ribbon, and forcing the tip-substrate current to pass through 
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the GNR backbone. [30,37,64,68,83–86] A drawback here is 
the inability to gate the system. These techniques remain 
challenging to this day, with the result that GNR transport, and 
in particular the more exotic (spin) transport effects of specific 
rational GNR designs, remain largely unexplored. This 
represents a scientific dilemma as promising theoretical 
transport models remain largely unverified by experiments. It 
is therefore crucial to expand our understanding of GNR 
conductance to advance the design of GNRs with interesting 
electronic and magnetic functionality. 

Herein we present a combined experimental and theoretical 
approach that paves the way to a deeper understanding of 
transport through GNRs. We present new data on transport 
through different types of ribbons as measured by in-situ STM 
lifting. The nanoribbons that we address experimentally are 5-
atom wide armchair GNRs (5-AGNRs), 7-AGNRs, and 
heterostructures of these. Transport characteristics are 
simulated via calculations using the non-equilibrium Green’s 
function technique (NEGF) applied to a mean-field Hubbard 
(MFH) tight-binding model. This model is implemented in 
Mathematica using the MathemaTB package. [87] We present 
the models and experiments in the context of recent discoveries 
such as 1D GNR topology, the emergence of NDR in GNR 
heterostructures, and the discovery of magnetic fingerprints in 
GNR transport. Sections II.A-C of this paper detail case studies 
where a zero-bias treatment suffices to describe the transport 
phenomena, while electrostatics – necessary to understand 
effects at higher bias – is the focus of the second part (section 
D). The uniqueness of our model is that it has an atomistic 
basis, instead of being purely effective, and captures all the 
relevant physics, but does not use any of the “black box” 
approaches of established first-principles calculations, instead 
laying bare the entire machinery of the calculation in the 
process. The aim of this paper is twofold. First, our results and 
accompanying model serves to elucidate transport in specific 
cases. Secondly, the extension of prototypical results to various 
types of GNRs – accompanied by a discussion of various 
electronic and magnetic effects in these structures – serves to 
advance the understanding of GNR transport in general. 
 

II. RESULTS 
 

A. Transport in a 7/14/7-AGNR quantum dot: local 
density of states versus transconductance 

 
I. MEASUMENT OF THE CHARGE TRANSPORT IN A 

7/14/7-AGNR QUANTUM DOT 
 
We start by analyzing the transport in a bottom-up 

synthesized 7/14/7-AGNR quantum dot: a heterostructure 
composed of a 14-atom wide AGNR segment sandwiched in 
between two 7-atom wide “leads”. While 7-AGNRs are wide-
gap semiconductors of the N = 3p + 1 family, where p is a 
positive integer (p Î ℕ), 14-AGNRs, like 5-AGNRs, belong to 
the low-gap N = 3p + 2 family of AGNRs. [6,7] The 3p + 2 rule 
can intuitively be understood as the result of projecting the 
graphene dispersion along lines in the Brillouin zone with 
discrete transverse wave number, in which case the Dirac point 

(and hence, zero band gap) is included only if the number of 
atomic rows is 3p + 2. It has indeed been established that 
7/14/7-AGNRs behave as GNR quantum dots, with a number 
of low-energy states localized on the 14-AGNR segment that 
are within the band gap of the 7-AGNR leads. [88]  

We synthesized 7/14/7-AGNRs following the procedure of 
Wang et al. (procedure given in Section 1 of the Supplemental 
Material [89]; see, also, references [22,64,85,88,90–93] 
therein). [88] Figure 1(a) shows an STM image of a 7/14/7-
AGNR on Au(111), next to an island of NaCl which was co-
deposited as a means to providing an insulating intercalant that 
preserves the GNR’s intrinsic electronic properties which may 
otherwise be affected by coupling to the metallic substrate. We 
first contacted the STM tip to the end of the nanoribbon (red 
arrow in Fig. 1(a)) and subsequently manipulated the ribbon 
horizontally onto the NaCl island before performing 
measurement of the differential conductance dI/dV (the 
methodology is given in more detail in Section 1 of the 
Supplemental Material [89]). [85] The conductance map, 
shown in Fig. 1(b), reveals onsets of ballistic transport at V < –
1 V and V > 2 V for low tip heights, identical to the result for 
pristine 7-AGNRs on NaCl. [85] The tip height was increased 
from 3 nm to almost 9 nm, which is longer than the (4 nm) 
length of the 7-AGNR segment of this heterostructure. In this 
geometry the current is forced to traverse not only the 7-AGNR 
segment but also the 14-AGNR segment. A slight widening of 
the transport gap is evident, in agreement with previous 
work [85], yet the transport profile remains gapped with no 
evidence of lower energy states contributing to the current. 
 

II. SIMULATION OF THE CHARGE TRANSPORT IN A 
7/14/7-AGNR QUANTUM DOT 

 
A. Model 

 
Figure 1(c) shows the total density of states (DOS), in gray, 

for the 7/14/7-AGNR as calculated by a zero-bias transport 
model (Section 1 of the Supplemental Material [89]), based on 
the non-equilibrium Green’s function (NEGF) approach. The 
electronic structure was obtained by applying the following 
atomistic mean-field Hubbard Hamiltonian 
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to a minimal basis of carbon pz orbitals. To simulate the 
coupling of the GNR to the surface, all diagonal elements of 
the surface self-energy matrix Σ are set equal to 𝑖(𝛾/2) =
10𝑖	meV. The energy-independent nature of Σ is known as the 
wide-band limit (WBL), which is valid when the DOS of the 
metal is relatively flat within the energetic region of interest 
and the coupling of GNR states to the metal is relatively 
energy-independent. [94] As shown in Section 2 of the 
Supplemental Material [89], the DOS for each spin channel 
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consists simply of Lorentzians of full width at half maximum 
of 10 meV, centered around the eigenenergies εorb: 

DOS$(𝐸) =
1
𝜋%

C𝛾2D

*𝐸 − ReF𝜀123,$G+
4 + C𝛾2D

4
123

. (2) 
 

Like most GNRs, the p-electron energy spectrum of the 7/14/7-
AGNR exhibits electron-hole symmetry which is a 
consequence of the bipartite nature of the honeycomb lattice 
(See Section 3 of the Supplemental Material [89]; see, also, 
references [26,27,95,96] therein). 
 

B. Results 
 

Figure 1(c) also shows the simulated transport (dI/dV) (teal 
curve). In this calculation, only the 175 leftmost atoms were 
assumed to be in contact with the surface (corresponding to 
approximately half of the ribbon) and the rightmost atom was 
coupled to the tip. An extra Lorentzian broadening of γ = 2 meV 
was applied to smoothen the extremely narrow peaks obtained 
for the transmission in a more continuous function, helping to 
visualize the spectrum. There may be other physical 
mechanisms at work that cause more significant spectral 
broadening. Figure 1(d) shows the molecular orbitals. In 
agreement with the experiment of Wang et al., [89] the model 
reproduces the low-energy states on the 14-AGNR segment. 
These are orbitals 193 to 200 in Fig. 1(d), where orbital 196 is 
the highest occupied molecular orbital (HOMO) and orbital 
197 is the lowest unoccupied molecular orbital (LUMO) for a 
charge-neutral system (resulting in a 0.3 eV HOMO-LUMO 
gap). The 14-AGNR states are interspersed by the two end 
states on the two 7-AGNR ends (orbitals 195 and 198, which 
are reversed for the two spin channels as indicated by the 
labels). [26,97–99] The orbitals localized on the ends and on 
the 14-AGNR segment (orbitals 193 to 200) span the energy 
range between E – EF = –0.8 eV and E – EF = 0.8 V, with no 
eigenstates delocalized over the 7-AGNR leads in this window. 

Although present in the DOS, the states localized on the 14-
atom wide center segment are largely suppressed in the 
transport as can be seen both in the experiment as well as in the 
calculated transport (teal spectrum in Fig. 1(c)). The transport 
gap spans roughly 1.5 eV in the calculation, in stark contrast 
with the small theoretical HOMO-LUMO gap, and in good 
agreement with the theoretical transport gap of pure 7-AGNR 
(without taking addition energy and quasiparticle 
renormalizations into account). Thus, both the theory and 
experiment reveal an occlusion of states from the transport 
profile that are not well connected to the tip. Although easy to 
understand, the vastly different dI/dV probed in standard STS 
and in through-transport measurements is a striking result that 
highlights the difference between local density of states 
(LDOS) and transport through the length of a nanoribbon. 
Whereas STS can be understood to represent the LDOS, as per 
the interpretation of Tersoff and Hamann, [100] transport can 
effectively be understood to be a weighted form of the LDOS, 
where the weights are the transmission probabilities for each 
“channel” or “conductance orbital”, which represent the 
connectedness of the orbitals between tip and surface. 

Equivalently, these are electron mobilities: in band theory, flat 
bands represent heavy carriers that are more localized, and in a 
finite-sized system the corresponding orbitals are not well 
connected to the tip and surface simultaneously as a result of 
this tendency to be localized. [101] Notice that in this regard, 
the mean-field Hubbard term in the Hamiltonian plays an 
important role, as it helps to properly describe the localization 
of eigenstates. If the mean-field Hubbard term would be 
omitted, no spin-splitting of the end states would be predicted 
and they would instead appear as symmetric and antisymmetric 
combinations of the left- and right-localized end state orbitals 
– thus falsely suggesting eigenstates that connect to both tip and 
surface simultaneously and wrongfully returning a zero-bias 
conductance peak. 
 

C. Implications for general transport in GNRs 
 

Note that in general, an electronic component, molecule, or 
other functional structure is contacted with GNR leads, its 
electronic functionality cannot be accessed if the corresponding 
energy levels are within the transport gap of the leads. A 
refinement to this rule should be given in the case where the 
leads are short enough to carry significant off-resonant 
transport. The exponentially decaying tail of an electron may 
still be long enough even when the electron does not hit a 
resonance of the lead but is close to it in energy. This occurs 
more readily in narrow-gap nanoribbons, such as the 3,1-chiral 
GNR. An example of this scenario comes from Li and co-
workers, who managed to access the spin of a magnetic 
molecule contacted by 3,1-chiral GNRs through off-resonant 
transport. [102] In this case, the short GNR lead length and low 
band gap provide the necessary ingredients to probe the 
molecule through tunneling. Nevertheless, since off-resonant 
transport will decay with increased path length through a GNR, 
off-resonant transport is not useful for systems with arbitrary 
long leads. [83,85] 

 
B. Transport in 5-AGNRs: open versus closed shell 
 

I. TOPOLOGICAL NATURE OF 5-AGNRS AND EFFECT 
ON CHARGE TRANSPORT 

 
A. Open-shell character induced by non-trivial topology 
 
In this section, we switch to a different GNR: the 5-atom 

wide armchair graphene nanoribbon (5-AGNR). 5-AGNRs 
belong to the N = 3p + 2 family of narrow-gap AGNRs. Their 
relatively small band gap makes them interesting candidates for 
field-effect transistors (FETs) and as a result they have seen 
some recent research interest with regard to their transport 
properties. 5-AGNRs are understood to have a finite band gap 
that can be attributed to the dimerization of carbon atoms along 
the edges. This interaction lowers (raises) the energy of frontier 
crystal orbitals that exhibit cusps (nodes) between carbon 
dimers leading to a gap in the projected dispersion around the 
Dirac point. [7] The relatively narrow gap causes the frontier 
bands to remain dispersive, meaning that charge carriers 
injected into the valence or conduction bands are lighter than 
those injected into wider gap nanoribbons. Interestingly, 5-
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AGNRs also have some topological properties. In general, the 
chemically distinct nature of the A- and B- sublattices at the 
zigzag edge (one of them protruding and hydrogen-capped, the 
other one having bulk-like characteristics) can trigger the 
formation of emergent sublattice-polarized states, known as 
zero-modes since they straddle the Fermi energy. [41–46] 
Given the standard perylene/naphthalene-type termination, 5-
AGNRs have a topological invariant of ℤ2 = 1, corresponding 
to a 180 degree Zak phase. [41,44] Since vacuum is 
topologically trivial, 5-AGNRs are expected to exist as an 
open-shell, biradical structure, with a pair of low-energy zigzag 
end-localized states at charge neutrality, similar to 7-
AGNRs. [41] The open-shell nature of long 5-AGNRs was 
recently verified by Lawrence et al., who not only characterized 
the adsorbed nanoribbons but also performed lifting 
experiments. [37] The large work function of the Au(111) 
surface acts to extract electrons and to leave the nanoribbon 
positively charged. The act of lifting the nanoribbon from the 
surface with the STM tip then replenishes the initially vacant 
end state at sufficient tip height from the gold surface. As 
shown in Fig. 2(a), evidence of this comes from the observation 
of shifting of the end state level through the Fermi level from 
positive to negative energy with increasing tip height, and the 
emergence of a Kondo resonance, which is a magnetic 
fingerprint of the interaction of an unpaired electron on the 
GNR with itinerant electrons in the tip and indicates that the 
corresponding state becomes singly occupied. [103,104] 
 
B. Effect of open-shell/closed-shell configuration on transport 
 

Fig. 2(b) shows the calculated frontier orbitals for a 514-
AGNR and a 58-AGNR (here the subscript denotes the number 
of repeating naphthalene units). The longer 514-AGNR reveals 
an open-shell ground state in its frontier orbitals, with a pair of 
degenerate singly occupied orbitals (SOMOs) and singly 
unoccupied molecular orbitals (SUMOs) in which the spin up 
electron and spin down electron reside on opposite ends. By 
contrast, the shorter 5n-AGNR has a closed shell character with 
a doubly occupied, delocalized HOMO and vacant LUMO 
level straddling the gap. Figure 2(c) shows the calculated 
transport characteristics of closed-shell 58-AGNR and open 
shell 514-AGNR. In both calculations, a “tip” was connected to 
a single atom on the right with strength 𝜎567 = 𝑖(𝛾/2)567 =
67𝑖	meV, and the left half of the ribbon was connected to the 
surface through the NaCl with strength 𝜎89:; = 𝑖(𝛾/2)89:; =
10𝑖	meV. Interestingly, the transport is dominated by the 
frontier states for the shorter 58-AGNR, with the corresponding 
transport resonances significantly larger than all other 
resonances, while for the longer 514-AGNR, the situation is 
reversed. This stems from an increased tip-orbital coupling for 
the frontier state wave functions, which feature a higher density 
towards the ends, resulting in a more intense broadening of the 
frontier state transport resonance. Even though the transmission 
T maxes out at 1 for both frontier states and states at other 
energies (indicating a fully open channel permitting a 
conductance quantum) it is the enhanced peak width that 
ultimately gives a higher current after integration of the 
conductance as per the Landauer-Büttiker formula 

𝐼<(𝑉) =
𝐺!
𝑒 P 𝑇<(𝐸)[𝑓(𝐸 − 𝜇!) − 𝑓(𝐸 − 𝜇=)]

>

?>
𝑑𝐸. (3) 

 

where μ0 and μV are the chemical potentials of the surface 
(assumed to be at zero bias) and tip (assumed to be at a bias V). 
For the 514-AGNR, the frontier orbitals are no longer 
delocalized but spin-split, and neither end state has 
simultaneous high density on the atoms in contact with the 
surface and the tip: therefore, frontier-state transport is 
suppressed. 

We would like to emphasize that the nature of the contacts 
is asymmetric: presumably covalent for the tip-GNR junction 
and a weak van der Waals-type contact for the GNR-substrate 
junction. In practice, however, this has only little effect on the 
GNR electronic structure and transport, as experimentally 
suggested by the retention of fingerprints of the arguably 
delicate end states of both the 5-AGNR [37] and the 7-AGNR 
[68] in lifting experiments. Moreover, in the case of the 7-
AGNR, DFT calculations have suggested that even though 
each end state may lose its SOMO-SUMO gap, they are still 
extant and spatially localized on either end even after a covalent 
carbon-gold covalent bond is formed between the tip and 
ribbon. [68] 
 
II. CHARGE TRANSPORT EXPERIMENTS ON 5-AGNRS 
 

A. Observation of enhanced frontier state conductance 
 

5-AGNRs were synthesized and subjected to transport 
measurement in accordance with references [37,64,85,105]. 
The GNRs selected for transport measurements are shown in 
Fig. 2(e), and are approximately 3 to 3.5 nm in length, 
corresponding to 7 or 8 repeating units. Figure 2(d) shows the 
differential conductance (dI/dV) and resistance (R) measured 
for the three ribbons shown in Fig. 2(e), on NaCl. The transport 
was measured after lifting the GNRs on NaCl to a height of 2 
nm, which is in the Kondo regime of Lawrence et al. [37] A 
clear and reproducible transport gap of 0.75 V is found between 
the onset of hole tunneling at V = –0.15 V (called the positive 
ion resonance: PIR) and electron tunneling V = 0.6 V (negative 
ion resonance: NIR). The PIR is much stronger than all other 
features in the spectra, in agreement with the prediction for the 
shorter 5-AGNR in Fig. 2(b); although we are not certain about 
the mechanism that dampens the expected strong resonance for 
the NIR. Note that additional detailed features of the spectra 
(Fig. 2(e)) – which may be interpreted as off-frontier transport 
resonances combined with vibrational fine structure – are 
completely reproducible. This is particularly striking when 
considering that the STM tip was subjected to restructuring 
through repeated indentation into the surface in between 
experiments. 
 
B. Relation to open-shell and device transport measurements 

 
The transport we measured is strikingly different from that 

obtained by Lawrence et al.: The absence of a Kondo resonance 
indicates that there is no singly occupied orbital in contact with 
either tip or gold surface and therefore suggests that the 5-
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AGNRs measured are indeed closed-shell. Moreover, we find 
enhanced transport for the PIR compared to higher-bias 
resonances, which agrees with the transport simulations that 
suggested a dominating contribution from the frontier states in 
the case of shorter nanoribbons (even though the relative 
dampening of the transport at positive bias is not yet well 
understood). An apparently similar phenomenon was also 
recently found in charge transport in 5-AGNR/graphene 
nanogap devices by El Abbassi et al. [79] In their experiment, 
the transport was measured in 5-AGNRs spanning an 
electroburnt graphene gap, in the Coulomb blockade regime, 
where the dominating resistance is the electrode-GNR contact 
resistance and the subsequent variations in conductance are 
proportional to the inherent, weakly coupled electronic 
structure of the 5-AGNR. The graphene electrodes gave a good 
match to the GNR’s work function and counteracted Schottky 
barrier effects that may be present in metal-GNR junctions. In 
apparent agreement with our results, they reported enhanced 
transport in shorter 5-AGNRs and concluded that this similarly 
resulted from the contribution of the end states. Nevertheless, 
the non-UHV conditions of their experiment mean that 
atmospheric oxidation or other contamination cannot be ruled 
out, and a one-to-one comparison between our experiment and 
theirs may be misleading. In our experiment, we know for sure 
that the GNRs we measure are pristine, so our measured 
transport characteristics can now be correlated directly to the 
intrinsic electronic structure of the GNR. 
 

C. Transport in topological nanoribbons: spin splitting 
versus transmission 

 
I. GENERAL DEPENDENCY OF FRONTIER STATE 

TRANSPORT ON GROUND STATE 
 

Localized states give rise to opaque transport resonances in 
transmission spectra: this was proven for the in-gap states of 
the 7/14/7-AGNR quantum dot as well as for the topological 
end states for long 5-AGNRs. This suggests that the zero-bias 
transmission is intricately correlated with the open- or closed 
shell ground state of topological GNRs. In this section, we 
generalize the interplay between topological nanoribbons and 
transport by studying transport in 5n-AGNRs in comparison to 
7n-AGNRs, 9n-AGNRs and 11n-AGNRs. These GNRs 
represent the three families of armchair-type nanoribbons: the 
intermediate-gap N = 3 p, the wide-gap N = 3 p + 1 and narrow-
gap N = 3 p + 2. The 11-AGNR is included for the sake of it 
having a different topology than the narrower 5-AGNR – with 
ℤ2 = 0 for the same termination – even though they belong to 
the same N = 3 p + 2 family. [41] 

Figure 3(a) shows the results of zero-bias transmission 
calculations on Nn-AGNRs of length n = 1 to n = 24, with the 
different rows corresponding to widths N = 5, 7, 9 and 11. The 
first column shows the frontier orbitals for the N2-AGNRs and 
the N6-AGNRs, respectively. Here, it is evident that the 5-
AGNR is closed shell for both lengths (consistent with Fig. 
2(b)) but the 7-AGNR is open shell for the longer ribbon. In the 
case of the 9-AGNR and 11-AGNR, there is already significant 
splitting occurring even for the N2-AGNRs. Interestingly, in the 
case of the 116-AGNR, the frontier states have a delocalized 

character. Further study reveals that the off-frontier states are 
end-localized (not shown). 

The second column of Fig. 3(a) shows the calculated 
transmission for either spin channel σ for the N2-AGNRs (red) 
in comparison to the N6-AGNRs. In the transport calculations 
we used couplings of 𝑖(𝛾/2)567 = 33𝑖	meV to the 2 (N = 5), 3 
(N = 7), 4 (N = 9) or 5 (N = 11) protruding zigzag atoms on 
both ends of the GNR. The impact of the localized/delocalized 
character on the transmission is evident. Whereas fully 
delocalized orbitals have an associated peak in the transmission 
Tσ(E) of exactly unity – corresponding to an “open channel” 
that permits the transport of a conductance quantum – the 
localized channels exhibit lower conductance peak values. The 
frontier states of the 52-AGNR and 56-AGNR are fully open, 
but the frontier states of the 72-AGNR have an associated 
conductance that falls from 1 to 0.01 as n is increased from 2 
to 6. The frontier state conductance falls off even more quickly 
for the 9-AGNR and cannot even be distinguished at all for the 
11-AGNR. Even though the band gaps of the 9-AGNR and 11-
AGNR are smaller than that of the 7-AGNR, the increased 
lateral delocalization of the end states over the zigzag edge of 
the ribbon’s terminus acts to decrease the effective coupling teff 
between end states. 

The transmission is shown, for all Nn-AGNRs, as a function 
of energy and length n in the third column of Fig. 3(a). For low 
n, the frontier state transmission peaks shift towards the Fermi 
energy, followed by their gradual disappearance. This then 
results in a transport gap spanned not by the frontier orbitals, 
but by the off-frontier states. The 7-AGNR transport gap 
established in Section II.A., between V = –0.8V and V = 0.8V 
shows up, as well as a 0.6V transport gap for the 5-AGNR, a 
0.85V transport gap for the 9-AGNR and a 0.5V transport gap 
for the 11-AGNR. Note that, unlike the relative conductance of 
the frontier states to bulk states in short 5-AGNRs as explored 
in Section II.B., the impeded transport through the frontier 
states is not a manifestation of relative peak widths of 
resonances that max out at the conductance quantum, but rather 
of frontier peaks that have a suppressed conductance 
maximum. This happens when the orbital localization gives 
rise to an asymmetric coupling to the electrodes, such that the 
overlap between the spectral density A and coupling to the 
other electrode Γ, is suppressed (see Section 4 of the 
Supplemental Materials [89]): 

𝑇(𝐸) = tr[𝚪!	𝐆	?(𝐸)𝚪=	 𝐆	A(𝐸)] 

= tr[𝚪!	𝐀=	 ] = tr[𝚪=	 𝐀!	 ] 

 
(4) 

 
II. UNDERSTANDING THE MAGNETIC PHASE 

TRANSITION 
 

A. The effective Hubbard model 
 

Above a certain length n, the topological frontier states of 
an Nn-AGNR split up as they undergo a phase change from a 
closed shell (diamagnetic) to an open shell (antiferromagnetic) 
ground state, and consequently their transmission falls below 1 
due to the localized nature of these orbitals. Figure 3(c) 
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summarizes these results as it shows the transmission through 
the frontier orbital as a function of number of repeating units n. 
Here, the initial unimpeded transmission, followed by a sudden 
decaying transmission as the GNR goes into an open shell 
ground state, is shown for the different widths N of the N-
AGNRs. It should be noted that, the transition to an open shell 
ground state is correlated with the emergence of a Kondo 
resonance at zero bias, but such features are not captured in the 
Hubbard model and would require a treatment at the level of 
the Anderson impurity model. [106,107] In general, the closed 
shell to open shell threshold is determined by a competition 
between the effective hybridization energy teff and effective 
Coulomb interaction Ueff: [22] If teff is small relative to Ueff, 
GNRs will prefer to exist in an open shell ground state. If this 
is the case, then the exchange interaction between the unpaired 
spins in turn becomes 𝐽 = 4𝑡BCC4 /𝑈BCC. [108] 

The parameters Ueff and teff can be extracted from the 
calculation, by artificially “switching off” the Hubbard U. This 
is shown in Fig. 3(b), where the calculation with U = 0 is 
performed on the 92-AGNR and 96-AGNR. Without Coulomb 
interaction the end states hybridize in bonding and antibonding 
combinations, separated by an energy 

[∆𝐸]DE! = 2𝑡BCC. (5) 

The effective Coulomb repulsion is found by computing the 
overlap integral for the frontier states labeled 1 and 2: 

𝑈BCC = 𝑈|⟨𝜓F|𝜓4⟩|4 = 𝑈 %d𝑐",Fd
4d𝑐",4d

4
&"'(&

"

. 
 
(6) 

For the 92-AGNR (taking U = 3.5), teff = 256meV and Ueff = 
267meV, so that U ~ t and the ribbon is on the brink of the 
magnetic phase transition from closed shell to open shell. For 
the 96-AGNR, teff = 4meV and Ueff = 240meV so that Ueff >> 
teff and the ribbon is locked into the antiferromagnetic ground 
state. The same analysis reveals that the threshold for the 5n-
AGNR around n = 10 is associated with a decrease of the 
effective hybridization energy teff relative to Ueff for increasing 
n, with both around 100meV at the threshold. Note that teff 
increases with an increased “tail” of the end state and may 
therefore be thought to be inversely proportional to the band 
gap. In reality, teff is more strongly correlated to the inverse 
width of the GNR, as the end states in wider GNRs localize 
more strongly on the zigzag edges than expected purely on the 
basis of a simple band gap argument. [109] Nevertheless, the 
parameters Ueff and teff can still be extracted empirically and the 
effective Hubbard model is always valid. Also, for simplicity 
we neglect the possibility of the system assuming a 
multireference ground state; calculations in this regard might 
show interesting phenomena close to a quantum phase 
transition but this is beyond the scope of this paper. [110] 
 
B. The chemical picture: Kekulé resonances and Clar sextets 

 
More intuition can be gained using a seemingly different 

but ultimately analogous framework developed within the 
chemistry community. [110–116] The last column of Fig. 3(a) 
shows Kekulé resonance structures for the different N-AGNRs. 

The contribution of a resonance structure to the overall 
electronic configuration of a molecule is most significant if the 
total energy associated with this localized electron distribution 
is lowest. The energy associated with creating a pair of radicals  
by formally breaking the p-orbital overlap of a double bond 
(~70–80 kcal mol–1) represents an increase in energy and 
usually leads to only an insignificant contribution of the 
associated resonance structure to the total energy. If the 
electronic configuration of the open shell resonance structure 
however can give rise to an increase in the number of isolated 
Clar sextets, each associated with the formal resonance 
stabilization of a benzene ring (~36 kcal mol–1), the total energy 
of the open shell electron configuration can be significantly 
reduced and in turn its contribution to the to the overall 
electronic configuration of a molecule increases. This explains 
for example why the 11-AGNR displays unusual behavior, and 
why it belongs to a different topological class than its narrower 
counterparts. As seen in Fig. 3(d), a resonance structure with 
more Clar sextets (6 Clar sextets) than both the closed shell (2 
Clar sextets) and biradical configurations (5 Clar sextets) can 
emerge. [111.115] Indeed, for larger values of n, the new 
interface states, which had overtaken the spin-split states and 
had a delocalized appearance in the 116-AGNR, eventually also 
start to split, thus creating a second pair of radicals. This can 
also be seen in Fig. 3(c), where for n > 11, a new decay in the 
frontier states is observed. An even number of radicals per 
terminus is associated with a trivial topological phase, so that 
ℤ2 = 0, but the 11-AGNR with its extended zigzag edges 
eventually displays polyradical behavior. [41,45,111] 

 
D. 5/7-AGNR heterostructures: electrostatics and negative 

differential resistance 
 

I. IMPORTANCE OF ELECTROSTATICS IN GNR 
HETEROSTRUCTURES 

 
The transport model and the concepts of GNR topology, 

eigenstate localization and impact on conductance established 
in the previous sections provide a powerful intellectual 
framework to better understand charge transport in GNR 
heterostructures such as 5/7-AGNRs. These heterostructures 
may exhibit zero-modes in the form of end states and, in some 
cases, interface states. The emergence of the latter may be 
understood from the framework of 1D topology but may 
equivalently be rationalized by observing the local sublattice 
imbalance presented by the short zigzag edges of the interface 
(see Section 5 of the Supplemental Material [89]; see, also, 
references [41–43,117–122] therein). [30,44,45,113–116,123–
126] What had been missing in the model so far, though, was 
the effect of charging. When a GNR is subjected to a voltage, 
three electrostatic effects come into play: 1) Application of a 
positive bias on the tip increases its electrostatic potential and 
when the bias is sufficiently large then vacant orbitals may 
become accessible for resonant transport of electrons. The 
opposite is true for hole transport. 2) The GNR experiences 
Stark-shifting of its orbitals depending on their proximity to the 
tip or surface. 3) The orbitals and charge distribution in the 
GNRs will rearrange depending on the electrostatic potential 
landscape brought by both the tip bias and the orbitals. In 
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general, NDR in GNRs has its origin in the Stark-shifting of 
energy states or bands relative to resonant states, minigaps or 
transport antiresonances (where the latter may occur due to 
quantum interference) and can therefore not be simulated in a 
zero-bias transmission model. [8,61–66,127,128] We therefore 
switch to a finite-bias transport model, based on the 
Hamiltonian 

𝐻# = % 𝜀!𝑐",$
% 𝑐",$

&"'(&

",$

+ % 𝑡")*𝑐",$
% 𝑐),$ + 𝑐",$

% 𝑐),$+
*+",&

〈",)〉,$

 

+% 𝑈(𝑛"↑〈𝑛"↓〉 + 〈𝑛"↑〉𝑛"↓ − 〈𝑛"↑〉〈𝑛"↓〉)
&"'(&

"

+ % 𝑒𝑉"

&"'(&

"

. 

 
 
 
 
(7) 

This is an extension of our earlier model, now incorporating 
electrostatics. The electrostatic potential V is determined from 
the charge density through the Poisson equation, while the 
charge density is calculated within the NEGF work from the 
Green’s function and orbital structure obtained from 
diagonalization of the Hamiltonian. Thus, the finite-bias 
transport model requires iterations of a mean field Hubbard-
NEGF-Poisson loop to self-consistency. The model is 
described in more detail in Section 1 of the Supplemental 
Material [89]. As a first test of this model, we explored the 
effect of the electrostatics on topologically trivial and 
topologically non-trivial 5/7-AGNR heterojunctions, as 
described in detail in Section 5 of the Supplemental Material 
[89]. The results can be summarized by stating that the bias 
drops predominantly over the wide-gap GNR part of the 
heterojunction while the topological nature of the junction 
plays a relatively insignificant role. 
 

II. UNDERSTANDING NEGATIVE DIFFERENTIAL 
RESISTANCE IN 5/7-AGNR STRADDLING GAP 

HETEROSTRUCTURES 
 

A. The 5/7/5-AGNR heterostructure: electronic structure 
 

The first experimental demonstration of NDR inside a 
single GNR came from earlier work on topologically trivial 
5/7-AGNR heterostructures. [64] The structure giving the most 
pronounced NDR feature was the 547854t-AGNR that was lifted 
to the point of near-detachment from the surface (where the 
superscript t indicates that the interface is trans as opposed to 
cis (c) relative to the previous interface). Using the framework 
established in the previous section, we now aim to analyze and 
understand the transport. The first step is identifying the 
molecular orbitals that can carry resonant transport: the 
building blocks of the conductance profile. Figure 4(a) shows 
several calculated orbitals of the 547854t-AGNR close to the 
Fermi level. The second step is to identify zero-modes or 
topological character. From the previous section, the 547854t-
AGNR is readily identified as a topologically trivial double-
junction, but its 5-AGNR ends will give rise to topological end 
states which may delocalize enough to also have some presence 
in the ends of the 7-AGNR segment. The heterostructure may 
equivalently be understood as a regular 5-AGNR, with a 7-
AGNR potential energy barrier in the middle to spatially 

separate its end states and ensure an open-shell ground state. In 
accordance with the procedure established in Section II.C.II.A. 
(Eqns. (5,6)), the open-shell nature of this ribbon is 
corroborated by repeating the calculation for U = 0, which 
shows that for both pairs of states, teff = 6 meV: much weaker 
than the effective Coulomb interaction of Ueff = 50 meV. In 
addition to the end states, the straddling-gap nature of this 
heterostructure permits a second pair of 5-AGNR-localized 
states to exist within the 7-AGNR gap, at positive energy. 
Despite their similarity to the zero-modes, these are not 
topological in origin. Interestingly, these also assume an open-
shell, spin-split character, which is not an effect of their mutual 
exchange (since they are vacant) but due to their exchange with 
respect to the topological pair of end-localized SOMOs. 

Experimentally, the presence of (pairs of) 5-AGNR-
localized modes at two distinct energies within the 7-AGNR 
gap was verified by STS measurements. [64] On Au(111), the 
first pair was found at V = 0.1V, while the second pair showed 
up at V = 0.8V. The fact that the topological pair is found at 
positive bias in the form of a negative ion resonance (NIR) and 
that neither an inelastic tunneling fingerprint nor Kondo-
resonance is observed around 0V is a clear indication that the 
states are vacant on the gold and the GNR incurs a positive 
charge. This is explained by the relatively high work function 
of the gold surface. 
 

B. Relating the NDR to the frontier states 
 

NDR in this GNR was identified when the ribbon was fully 
suspended from the surface, almost to the point of detachment. 
Near-detachment suggests that the GNR-surface coupling is 
reduced to a strength of the same order of magnitude as the 
GNR-tip coupling. Therefore, we model the tip-ribbon-surface 
junction by applying a coupling of 𝑖(𝛾/2) = 67𝑖	meV to the 
tip and surface on the leftmost and rightmost carbon atoms of 
the ribbon. The zero-bias transmission, shown in Fig. 4(b), 
reveals that unimpeded transport – associated with a maximum 
transmission per spin channel of the conductance quantum – is 
solely possible for the states outside the 7-AGNR transport gap 
of –0.8 V to 0.8 V. This result agrees with the straddling gap 
nature of the 5/7-AGNR and the intuition built from the results 
from Sections A and C.  The pairs of 5-AGNR-localized states, 
given their physical separation, give rise to transport 
resonances two and four orders of magnitude lower than the 
other peaks, respectively, quite like the impeded transport 
through frontier states in open-shell AGNRs as established in 
Section C. It is the tunneling between these resonant states and 
their Stark shifting relative to each other upon applied bias that 
is ultimately responsible for the emergence of NDR in the low-
bias regime, since experimentally the NDR is observed within 
the 7-AGNR transport gap (see Fig. 4(h)). [64] 
 

C. Effect of the applied bias 
 

Figure 4(d) shows the charge distribution and electrostatic 
potential per atomic row for this GNR at charge neutrality, 
revealing a charge accumulation on the five-membered rings. 
Upon application of an internal bias voltage drop of Vint = 1 V, 
the 5-AGNR ends incur positive and negative charge by 
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injection of holes and electrons into them, while the 7-AGNR 
segment remains neutral, which is shown in Fig. 4(e). In this 
calculation, the Fermi level was set to EF = 0.5 V, so that the 
potential drop is symmetric, and the left side of the ribbon 
experiences as much negative bias as the right-side experiences 
positive bias. Since the end states are topological zero-modes, 
charge is readily injected into them upon application of a bias 
voltage. These charged regions ensure that the electrostatic 
potential assumes a roughly sigmoidal profile inside the ribbon, 
as is evident from Fig. 4(e). The new transmission profile that 
emerges under the biased condition is shown in Fig. 4(c). 
 

D. Analyzing the transmission profile 
 

Figure 4(f) shows the calculated transmission as function of 
energy and internal bias drop Vint (this time relative to the 
voltage of the surface instead of the Fermi level of the GNR 
since the surface is assumed to be at ground in the calculations). 
Transport resonances that originate from orbitals that span 
across the length of the nanoribbon incur a Stark shift of 
roughly 0.5 eV/V of internal bias drop. The resonances 
originating from the 5-AGNR localized states are seen at lower 
bias, and by contrast with the delocalized states, these shift by 
almost 1 eV/V for the state in contact with the tip and by 0 eV/V 
for the state in contact with the surface. This is true for both 
pairs of 5-AGNR-localized states identified before, resulting in 
a checkered pattern in the low-bias regime as they cross one 
another. 

Figure 4(g) shows the total current I(E,V) as function of 
energy and internal bias drop Vint. Even though, for each 
constant value of the internal bias drop, the current is a 
monotonically increasing function with energy (horizontal 
cross-sections), the current can exhibit NDR when the internal 
bias drop increases with charge carrier energy such that the 
current is described by a diagonal rather than a horizontal cross-
section of the diagram. In the case of this nanoribbon, transport 
resonances coming from the pairs of 5-AGNR localized states 
rapidly disappear with increasing bias voltage drop. Figure 4(h) 
shows several simulated I(V) curves corresponding to different 
cross-sections of the I(E,V) data as indicated in Fig. 4(g). These 
cross-sections signify different amounts of internal bias drop in 
relation to charge carrier energy, quantified by the parameter α 
(Section 5 of the Supplemental Material [89]). α = 0 
corresponds to a horizontal cross-section, where the bias drop 
is purely external, over the contacts, so that there is no Stark 
shifting and NDR is not possible: the transport reflects the zero-
bias transmission. α = 1 corresponds to a 45° cross-section, 
where all bias drop is internal, and Stark shifting is maximal. A 
reasonable estimate for α, assuming most of the bias drop is still 
over the contacts, should roughly be in the range of α = 0 to 0.3. 
Indeed, any non-zero value of α is seen to qualitatively 
reproduce the experimental features (large and monotonically 
increasing current in the high-bias regime, a peaked onset 
followed by a slight decay in the current in the low-bias 
regime). 

Evidently, the 5-AGNR-localized states are initially 
degenerate (the intersections of the checkered pattern on the 
horizontal axis of Fig. 4(f)) and initially contribute to the 
current, but are slowly pulled apart electrostatically with 

increasing internal bias voltage drop, resulting in quenching of 
their resonance and suppression of current at higher bias. This 
scenario is well-known in literature and can equivalently be 
captured in an effective tight-binding transport model which is 
coarse-grained into just two mutually interacting sites that are 
subjected to the Stark effect, as shown in Fig. 4(i). [129-132] 
The effective model readily reproduces the peaked, decaying 
onset of the experiment. 
 

III. ANOMALOUS NEGATIVE DIFFERENTIAL 
RESISTANCE IN A 7/5/7-AGNR 

 
A. Experimental observation of anomalous negative 

differential resistance 
 

To further validate the transport model, we performed an 
in-situ lifting experiment on another 5/7-AGNR 
heterostructure: the 725278c-AGNR (shown schematically in 
Fig. 5(g)). This GNR was synthesized by means of the standard 
co-deposition of a mixture of 3,9-dibromoperylene/3,10-
dibromoperylene and 10,10’-dibromo-9,9’-bianthryl (DBBA) 
on Au(111), followed by stepwise annealing. [64] Its structure 
can be understood as a 712-AGNR (shown schematically in Fig. 
5(h)) with a 5-AGNR “notch” near one of its ends. Figure 5(a) 
shows a map of the differential conductance dI/dV(V,z) as a 
function of tip-substrate distance z and bias voltage V applied 
to the 725278c-AGNR while lifted from the notched end. The 
conductance map of this GNR on NaCl reveals resonant 
transport onsets at V = –1 V and V = 2 V, where the differential 
conductance reaches values of roughly 100 nS, in agreement 
with the regular 7-AGNR [85], an additional, persistent in-gap 
feature around V = –0.5 V, and a dramatic NDR with the 
differential conductance reaching values of –100 nS at bias 
voltages just past the HOMO onset at –1 V. The NDR is seen 
in more detail in the I(V) spectra shown in Fig. 5(b). 
 

B. Electronic structure and simulated transport profile 
 

The calculated frontier orbitals for this GNR are shown in 
Fig. 5(d). Figure 5(c) shows STM topographic scans of the 
GNR after transfer to the NaCl adlayer, in general agreement 
with superpositions of the calculated eigenstates. The image at 
V = –0.5 V reveals resonant tunneling through the end state that 
is extended through the notch and causes the non-vanishing –
0.5 V resonance. The calculated transmission is shown in Fig. 
5(g) for the 725278c-AGNR and in Fig. 5(h) for the 712-AGNR, 
with the latter being included for the sake of comparison. The 
behavior of the end states, with those in contact with the tip 
shifting rigidly with the applied bias and those in contact with 
the surface hardly shifting at all, agrees with the results 
obtained on the 547854t-AGNR (Section II.D.II.D.). Spin-
splitting occurs around charge neutrality (Vint = 0) but is 
quenched when the applied bias is strong enough to pull the end 
states apart energetically. For the 712-AGNR, outside the 
transport gap, electronic states experience a quite rigid shift 
with applied bias with no appreciable relative shifting or 
crossing between them. In the case of the 725278c-AGNR, 
shown in Fig. 5(g), the low-energy region features non-
degenerate end states due to the different nature of the two 
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termini (notched versus pristine). A more complex pattern of 
(avoided) level crossings is seen this time as the non-symmetric 
nature of the GNR induces different states to localize 
predominantly on either the notched side or the pristine side of 
the nanoribbon. Transport anti-resonances – likely caused by 
destructive quantum interference induced by the five-
membered rings. [61,129] – are now also observed, where the 
transmission abruptly drops to zero. 
 

C. Non-uniform level shifting causes NDR 
 

Figure 5(e) shows calculated I(V) curves for the 725278c-
AGNR for α ranging from 0 to 0.3. For α = 0.3, the 
experimental observations are reproduced qualitatively: the 
weak onset at negative bias is followed by a stronger onset with 
a distinct subsequent NDR feature. In accordance with 
experiment, this does not happen on the conduction band side, 
where the current increases monotonically for every value of α. 
For the unperturbed 712-AGNR, NDR is never observed (Fig. 
5(f)). This reveals a general phenomenon: the absence of 
resonant crossings, fading transport resonances, transport 
antiresonances, minigaps, or any sort of handle precludes the 
emergence of NDR (Fig. 5(h)). It can therefore be concluded 
that the NDR in topological GNR heterostructures – even the 
very non-trivial 725278c-AGNR – originates from the intricate 
shifting, charge redistribution and changes in eigenstate 
localization – effects that are absent in pristine AGNRs by 
nature of the fully delocalized nature of all eigenstates. Note 
that in the case of the 725278c-AGNR, NDR cannot be reduced 
to something as straightforward as the effective two-site model 
as was the case for the 547854t-AGNR. However, NDR still 
arises from a concerted interplay of the electronic structure of 
the nanoribbon and is effectively captured in the model. 
 

III. DISCUSSION AND CONCLUSION 
 
We have performed transport experiments on topological 

GNRs and GNR heterojunctions and developed a framework to 
simulate through-transport experiments on GNRs and GNR 
heterostructures. Our model qualitatively accounts for 
experimental observations published in literature as well as 
new transport experiments presented here. Transport effects 
due to nanoribbon topology, length, structure, zero-modes and 
applied bias were discussed and a transport model developed to 
capture the relevant physics of transport in topological GNRs 
and GNR heterostructures. In doing so, we were able to put into 
perspective some important emergent effects in transport. 

Specifically, we showed how through-transport obscures 
modes (both topological zero-modes and other localized states) 
that are present in the GNR and observable in regular STS 
measurements, but do not contribute to transport because of 
their localized character. Short topologically non-trivial GNRs 
feature enhanced transport through the (hybridized) end states 
while the contribution of frontier states vanishes with 
increasing ribbon length. Both the open-shell and closed-shell 
regimes are accessible in transport, which is now 
experimentally verified by measurements in both the magnetic 
and diamagnetic regimes. [37,79] Similar effects are predicted 
for all topologically non-trivial GNRs, with the threshold 

between closed-shell and open-shell ground state and 
consequent enhanced or decaying transport dictated by the 
effective Hubbard parameters teff and Ueff. 

We also analyzed charge transport in a 5/7/5-AGNR which 
had been shown to exhibit NDR, and to this end, we extended 
the model to a finite-bias self-consistent Hubbard-NEGF-
Poisson model incorporating electrostatic effects. We establish 
a new methodology where the transmission is analyzed as a 
function of internal bias drop, after which the transport profile 
is retrieved empirically by selecting a cross-sectional profile 
that reflects the correct fraction of internal bias drop to total 
bias drop. The theoretical I(V) curve indeed exhibits the same 
qualitative features as the experiment, including NDR. Using 
this methodology, the NDR effect can now directly be traced 
back to Stark-induced level shifting of initially degenerate 
states localized on opposite ends, and the consequent 
appearance of resonant transport between them followed by 
destruction of the resonance at higher bias voltage. Finally, we 
present a new experiment on a 7/5/7-AGR, that was also found 
to exhibit pronounced NDR. Our model allowed us to find I(V) 
curves that reproduced the anomalous NDR effect in this 
nanoribbon which occurs selectively at the valence band onset. 

The model used in this work is relatively crude and 
certainly has several limitations. However, the aim of this work 
has been to deepen the mechanisms underlying charge transport 
in GNRs, uncover the physical mechanisms underlying effects 
such as NDR in GNR heterostructures, and bridge between the 
experimentally accessible transport and calculations, and in 
that respect it is successful. The exploration of the relationships 
between transport, eigenstate localization, nanoribbon 
topology, heterostructures, and bias-induced effects presented 
in this work, as well as synergy between experimental and 
computational results, helps to expand our general 
understanding of charge transport through GNRs and GNR 
heterostructures. 
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FIG. 1. Relationship between eigenstate localization, DOS and transport probed in a 7/14/7-AGNR. (a) STM topographic scan (V = –1.2 V, I = 20 pA) of a 7/14/7-
AGNR on Au(111), next to a NaCl island. The arrow denotes where the STM tip was attached for conductance measurements. (b) Map of the differential 
conductance dI/dV(V,z) for the ribbon in a, lifted on the NaCl island. (c) Calculated zero-bias transport from tip to surface (teal), employing an extra Lorentzian 
broadening of 2 meV, and DOS (gray). The HOMO-LUMO gap and transport gap are indicated. (d) Calculated molecular orbitals of frontier states 191 to 201. 
Orbitals 195 and 198 are reversed for the spin down eigenstates (blue labels) compared to the spin up eigenstates (red labels) as indicated; all other states are the 
same for the two spin channels (purple labels) 
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FIG. 2. Transport in open- and closed shell 5-AGNRs. (a) Transport in a long 5-AGNR as function of tip height and bias voltage. Reproduced with permission 
from J. Lawrence et al., ACS Nano 14, 4499 (2020). [37] (b) Calculated frontier orbitals of the 514-AGNR and 58-AGNR, respectively, revealing an open shell 
ground state in the former and closed shell ground state in the latter. (c) Calculated I(V) (solid) and dI/dV (dashed) transport for the 58-AGNR (red) and 514-AGNR 
(green). The dI/dV was Gaussian-broadened by 20 meV. (d) Transport dI/dV and resistance R measured in three different 5-AGNRs, labeled I, II and III. Spectra 
are offset by 100 nS (200 MΩ). (e) STM topographic scans (V = –1.2 V, I = 20 pA) of the three 5-AGNRs whose transport is shown in panel c. The arrows indicate 
the position where the tip was contacted to the GNR end. All scale bars are 10 nm. 
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FIG. 3. Relationship between GNR topology, ground state, end states and zero-bias transmission. (a) Table showing calculated frontier states for the N2-AGNR 
and N6-AGNR (first column), calculated zero-bias transmission for the N2-AGNR (red) and N6-AGNR(blue) as function of energy (second column), zero-bias 
transmission for Nn-AGNRs as function of length n (third column), and Kekulé resonance structures corresponding to the closed shell and open shell configurations 
of N-AGNRs. The rows correspond to the N = 5-AGNR, N = 7-AGNR, N = 9-AGNR and N = 11-AGNR, respectively. (b) Tight-binding calculation employing 
U = 0 for the 92-AGNR and 96-AGNR. The frontier states are shown, with a schematic energy diagram. (c) Calculated transmission of the frontier states of 5n-, 
7n-, 9n- and 11n-AGNR as function of length n. (d) Doubly open shell Kekulé resonance structure for the 11-AGNR. 

Note to Editor: this figure was prepared for 1.5 columns. 
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FIG. 4. NDR in a 5/7/5-AGNR tunnel junction. (a) Calculated frontier orbitals of the 547854t-AGNR. (b) Calculated zero-bias transmission. (c) Calculated 
transmission after application of a 1 V internal bias drop. (d) Charge distribution isosurface (top), and charge per atomic row and potential energy per atomic row 
in the 547854t-AGNR. (e) Charge distribution isosurface (top), charge per atomic row and potential energy per atomic row in the 547854t-AGNR after application 
of a 1 V internal bias drop. (f) Calculated transmission as function of energy and internal bias drop. (g) Calculated total current as function of energy and bias 
drop. The diagonals represent different fractions of internal to external bias drop. (h) Calculated I(V) curves for different values of α, corresponding to the cross-
sections along the diagonals indicated in g. The gray curve is the experimental result, reproduced from P. H. Jacobse et al., Nat. Commun. 8, 119 (2017). [64] (i) 
The 5/7/5-AGNR tunnel junction lifted off the gold surface by the STM tip with frontier orbitals shown, schematically coarse-grained into an effective two-site 
model. 
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FIG. 5. Transport through a notched 7-AGNR on NaCl, showing pronounced NDR. (a) Transport for the 725278c-AGNR on NaCl as function of lifting height z 
and bias voltage V. (b) Measured I(V) spectra at specific heights. The curves are offset by 2 nA for clarity. (c) STM scans (I = 30 pA, bias voltage as indicated) of 
the 725278c-AGNR on NaCl. (d) Calculated frontier orbitals of the 725278c-AGNR. (e) Calculated I(V) curves for the 725278c-AGNR. (f) Calculated I(V) curves for 
the 712-AGNR. (g) Calculated transmission as function of energy and internal bias drop for the 725278c-AGNR on NaCl. (h) Calculated transmission as function of 
energy and internal bias drop of the 712-AGNR on NaCl.  


