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ABSTRACT  

The bottom-up approach to synthesize graphene nanoribbons strives not only to introduce a band 

gap into the electronic structure of graphene, but also to accurately tune its value by designing 

both width and edge structure of the ribbons with atomic precision. We report the synthesis of an 

armchair graphene nanoribbon with a width of 9 carbon atoms on Au(111) through surface-

assisted aryl-aryl coupling and subsequent cyclodehydrogenation of a properly chosen molecular 

precursor. By combining high-resolution atomic force microscopy, scanning tunneling 

microscopy and Raman spectroscopy, we demonstrate that the atomic structure of the fabricated 

ribbons is exactly as designed. Angle-resolved photoemission spectroscopy and Fourier-

transformed scanning tunneling spectroscopy reveal an electronic band gap of 1.4 eV and 

effective masses of ≈0.1 me for both electrons and holes, constituting a substantial improvement 

over previous efforts towards the development of transistor applications. We use ab initio 

calculations to gain insight into the dependence of the Raman spectra on excitation wavelength, 

as well as to rationalize the symmetry-dependent contribution of the ribbons’ electronic states to 

the tunneling current. We propose a simple rule for the visibility of frontier electronic bands of 

armchair graphene nanoribbons in scanning tunneling spectroscopy. 
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The discovery of the field effect in graphene in 2004, together with the high mobility of its 

charge carriers1, caused excitement in the electronics industry and has enabled the fabrication of 

prototype transistors based on graphene that operate at frequencies beyond 400 GHz2. However, 

since graphene lacks an electronic band gap, graphene-based transistors do not completely turn 

off at room temperature. This is a major obstacle to applications both in digital electronics and in 

high-frequency signal amplification.3,4 One way to open a band gap is to cut graphene into 

narrow ribbons. Quantum confinement offers the exciting possibility of tuning the gap to just the 

right value for the intended application by choosing the width of the graphene nanoribbons 

(GNRs) accordingly. The resulting band gap Δ is then approximately inversely proportional to 

the ribbons’ width, and band gaps suitable for room temperature applications are reached for 

widths in the low-nm regime.5,6 At this scale, however, the width and edge structure of the GNRs 

need to be controlled with atomic precision in order to produce predictable transport properties.7,8  

These stringent requirements pose a major challenge for traditional top-down structuring, 

which offers limited resolution and lacks control over the chemical passivation of the edges.9 The 

requirements can, however, be met by switching to a bottom-up fabrication strategy that relies on 

the coupling and subsequent cyclodehydrogenation of suitable precursor molecules on a metal 

surface.10 In this approach, the molecular precursor defines the width and edge structure of the 

resulting GNRs down to the single atom, thus providing ultimate control over the band gap by 

design. The challenge is to synthesize suitable precursor molecules, to find optimal reaction 

parameters for their polymerization and, eventually, to tune the band gap of the GNRs to 

technologically desired values. So far, much work has been directed towards GNRs with 

(monohydrogenated) armchair edges,10–13 which are more chemically stable than those with 

zigzag edges.14 Armchair graphene nanoribbons (AGNRs) are labeled by the number N of carbon 
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atoms across their width, as sketched in Figure 1. N-AGNRs of width N=5,12,15 N=7,10 and N=1313 

have been obtained using this strategy. 6-AGNRs have been obtained via cross-dehydrogenative 

coupling of pre-aligned poly(p-phenylene) chains, although without selective control over their 

width.16  

For GNRs with widths in the low-nm regime, the simple relation Δ∝ 1/w between band gap Δ 

and width w is predicted to break down.6,17 Armchair GNRs split into three distinct families, 

based on whether their width N is of the form N = 3m − 1 (small-Δ), 3m (medium-Δ) or 3m + 1 

(large-Δ), where m is an integer. Within each family, Δ increases monotonically as the GNR 

width is decreased, but stepping through the widths atom by atom corresponds to alternating 

between families and gives rise to non-monotonous variation in Δ. The best-characterized 

AGNR so far is the 7-AGNR, which belongs to the large-Δ family. Using scanning tunneling 

spectroscopy on Au(111), a band gap of Δ = 2.4 eV and effective masses of ≈ 0.4 me for valence 

and conduction bands have been determined, where me denotes the free electron mass.18 Given 

that the 9-AGNR is both wider than the 7-AGNR and belongs to the medium-Δ family, a 

significant reduction in both band gap and effective masses is expected, making this GNR an 

interesting candidate for transistor applications. 

In the following, we describe the synthesis of the armchair GNR with width N = 9 (9-AGNR) 

on the Au(111) surface using a small molecular precursor that enters the GNR in two different 

orientations. We characterize the GNR’s atomic and electronic structure, finding a band gap of 

Δ=1.4 eV and low effective masses of ≈0.1 me for both valence and conduction band. 

Results and Discussion 
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Synthesis. The on-surface synthesis of long, low-defect graphene nanoribbons requires the 

molecular precursors to be able to approach each other on the surface without steric hindrance. 

Furthermore, small precursors simplify the on-surface synthesis by limiting the number of 

possible conformations the molecule can adapt on the surface. The dibromo-o-terphenyl 

precursor 7 (Figure 1) has been designed with these criteria in mind. 

The synthesis of o-terphenyls substituted by two halogens, especially at the required positions, 

is not trivial and has rarely been reported. In contrast to the very recent work by Li et al.,19 who 

start from 1,2-dibromobenzene, we adopted a different, efficient synthetic strategy outlined in 

Figure 1a (details on p. S2-S5). The most feasible route was deemed to start from 2,5-

dibromoaniline 1, which was easily converted to the respective (hydroxyimino)acetamide 3.20 

Cyclization with sulfuric acid to 4 and subsequent ring opening under basic conditions with 

hydrogen peroxide provided 2-amino-3,6-dibromobenzoic acid 5. Treatment with nitrite led to an 

aryne intermediate that could be trapped in situ with iodine, yielding 1,4-dibromo-2,3-

diiodobenzene 6.21 Since iodine, while being more reactive than bromine, is more sterically 

hindered, the key Suzuki-coupling step needed to be performed at relatively low temperature. 

After multiple recrystallization steps, 3',6'-dibromo-1,1':2',1''-terphenyl 7 was obtained in 

moderate yields and high purity, with no detectable traces of contaminants (such as 

monobrominated species) in 1H NMR and high-resolution mass spectrometry – a crucial 

prerequisite for the following on-surface synthesis.  

Monomer 7 was sublimated onto the Au(111) surface under ultrahigh vacuum and activated by 

surface-assisted dehalogenation at temperatures above 150°C. Extended one-dimensional 

polymers 8 formed upon annealing to 250°C, which lets the activated precursor monomers 

diffuse across the surface. Owing to the atomic structure of the monomers and their confinement 
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to the surface, covalent bonds between monomers can only form if they are rotated by 180° with 

respect to each other. This selectivity is essential for achieving linear polymers that can be 

transformed into 9-AGNRs 9 in the next step. Figure 2a shows scanning tunneling microscopy 

(STM) images of 8 together with a structural model obtained from density functional theory 

(DFT) calculations of the finite-length polymer adsorbed on the Au(111) surface. The 

calculations predict the poly(p-phenylene) backbone of 8 to be almost planar, while the sterically 

hindered phenyl side groups are rotated out of plane. This is in line with the apparent height of 

0.24 nm determined by STM.  The predicted periodicity with a repeat unit of 0.88 nm along the 

polymer axis agrees closely with the periodicity of features determined by STM 

(0.86 ± 0.02 nm), confirming that C-C bonds were formed between neighboring precursor 

monomers. The polymers themselves assembled into extended islands, which points to an 

attractive interaction between the partially interdigitated phenyl rings of neighboring polymers, 

as has also been observed in the synthesis of chevron-type GNRs.10  

Upon further annealing to 350°C, cyclodehydrogenation of 8 induced planarization through 

intramolecular dehydrogenation and led to the formation of the target structure 9. This was 

observed as a reduced apparent height of 0.17 nm in STM and a halving of the periodicity along 

the ribbon axis (0.43 ± 0.02nm), as expected (Fig. 2b, 2c). The atomic structure of the ribbons 

was studied via non-contact atomic force microscopy (nc-AFM) using a CO-functionalized tip.22 

Figure 2d reveals the intraribbon bond configuration and directly confirms that the target width 

of 9 carbon atoms was selectively achieved. We note that the flexibility of the CO tip results in 

geometric distortions of the AFM image near the GNR edge that make it difficult to accurately 

determine the individual bond lengths (see p. S6 for details). Nevertheless, the planarity of 9 

proves that the edge carbon atoms remained passivated by single hydrogen atoms as expected 
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from the design of the precursor 7: the formation of edge radicals (no hydrogen) would yield 

organometallic bonds to the substrate, resulting in a pronounced downward curvature towards 

the GNR edges, whereas the sp3 geometry associated with H2 passivation would be observed as 

distinct maxima in the nc-AFM frequency shift images.23  

Mono-hydrogenated edges are found also at the termini of the 9-AGNR, which exhibit the 

slanted armchair edge expected from precursor 7  (see Fig. 1b and S1). In contrast to the straight 

zigzag termination, found e.g. in the synthesis of 7-AGNRs with the dibromo-bianthryl 

precursor10,24 or 5-AGNRs with the dibromo-perylene precursor,15 the slanted termination of the 

9-AGNR is compatible with the Clar formula for extended 9-AGNRs and is therefore not 

associated with localized unpaired electrons (Fig. S1a). 

Furthermore, nc-AFM identified the nature of the most prominent remaining type of defect, 

which is due to a missing phenyl ring (see Fig. 2b and S2). The high purity of the monomers 

after multiple recrystallization steps, combined with the fact that no defects of the polymer 8 

were discernable in STM, strongly suggest that C-C bond scission occurred during the 

cyclodehydrogenation reaction. This is in line with previous observations for the synthesis of 

chevron-type GNRs with the tetraphenyl-triphenylene precursor,10 indicating a link between this 

type of defect and the cyclization of multiple flexible phenyl rings against each other. 

On a larger scale, the structural quality of the as-grown 9-AGNRs was analyzed by Raman 

spectroscopy. Figure 3a displays Raman spectra measured with infrared (785 nm, 1.58 eV) and 

green (532 nm, 2.33 eV) laser lines and compares them to DFT-based Raman simulations that 

take the dependence on the excitation wavelength into account. The wavenumbers of both the 

radial-breathing-like mode (RBLM) at 312 cm-1 and the G peak at 1597 cm-1 are in good 

agreement with the simulated spectrum. Since the RBLM frequency varies strongly with GNR 
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width (Fig. 3b), the presence of the sharp peak at 312 cm-1 provides further evidence for the high 

width selectivity of the on-surface synthesis.   

The experimental Raman spectra exhibit a strong dependence on excitation wavelength, 

leading in particular to the suppression of the RBLM for excitation with the green laser (2.33 

eV). The exact opposite behavior has been observed for 7-AGNRs, where the RBLM is 

resonantly excited using the green laser,10 while no response is detected for the infrared laser 

(1.58 eV, not shown). Tight-binding calculations indicate that the RBLM of GNRs is coherently 

excited for photon energies near the lowest optical transitions of the respective GNR,25 i.e. the 

observations for the 7-AGNR may be rationalized by noting that 2.3 eV just slightly exceed the 

optical gap of 2.1 eV, while 1.58 eV fall deep into the gap.26 According to prior theoretical 

work27,28 and very recent solution-based characterization,19 the optical gap of 9-AGNRs is 1.0-1.1 

eV, which fits both the enhanced response of the RBLM to the infrared laser (1.58 eV) and the 

determined electronic gap of 1.4 eV on Au(111) (see next section). We note that our Raman 

simulations are based on the HSE06 hybrid density functional,29 which also predicts a gap of 1.1 

eV, and confirm that the response of the RBLM is maximal when the excitation energy coincides 

with the optical gap (see Fig. S5b). 

Electronic Structure. The electronic structure of 9-AGNRs 9 was analyzed by angle-

resolved photoemission spectroscopy (ARPES) and scanning tunneling spectroscopy (Fig. 4). 

For ARPES, the GNRs were grown on Au(788), a periodically stepped surface with narrow 

(111) terraces, forcing them to align parallel to the step edges.30,31 One major advantage of 

ARPES is its momentum resolution, which allows to unambiguously separate the low-energy 

contributions from the substrate (surface state and s-p bands) from the 9-AGNR contributions, 

which are centered at k = 1.47 Å-1, corresponding to the projection of the graphene K points onto 
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the ribbon axis. The angle-resolved spectra in Figure 4b show the dispersion of the GNR valence 

band along the axis of the aligned GNRs. From a two-parameter least squares fit to 𝐸 𝑘 = 𝐸! ±

ℏ
!

!!∗
𝑘
! (+ for electrons, - for holes) within the k-range [-1 nm-1,1 nm-1], we determine the valence 

band maximum as E0 = -0.25 ± 0.04 eV and an effective mass of m* = 0.09 ± 0.02 me. 

ARPES is limited to the study of occupied electronic states. In order to gain access to both 

occupied and unoccupied electronic states, we performed scanning tunneling spectroscopy (STS) 

on individual 9-AGNRs adsorbed on Au(111). Figure 4a compares dI/dV spectra recorded on the 

9-AGNR to spectra recorded on the bare Au(111) substrate, revealing ribbon-related peaks at 

+1.1 V (empty states) and -0.3 V (occupied states). For the one-dimensional 9-AGNRs, we 

expect van-Hove singularities at the band edges and thus interpret the peak positions as first 

estimates for the conduction band minimum and the valence band maximum, respectively. It is 

important to note that the valence band signal at -0.3 V is weak in comparison to contributions 

from the Au(111) substrate. It could only be resolved at setpoint currents ≳10 nA (V = -0.5 eV), 

indicating a rapid decay of its relative contribution with increasing tip-sample distances, as 

discussed in detail in the next section of the manuscript. The energetic position of the valence 

band maximum, however, is in good agreement with the position determined from ARPES. In 

the following, the edges of valence and conduction band are pinned down more accurately by 

momentum-resolved STS. 

Figure 4c presents a series of differential conductance spectra recorded along the axis of a 9-

AGNR, mapping out energy-resolved standing wave patterns, which arise from scattering of the 

GNR’s electronic states at its termini or at defects (for corresponding STM images see Fig. S4). 

In the Tersoff-Hamann approximation,32 the derivative of the tunneling current dI/dV is 

proportional to the local density of states (LDOS) at the position of the tip.32 Figures 4c, showing 



 10 

occupied states, and 3e, showing empty states, can thus be interpreted as maps of the local 

density of states along the GNR and provide access to both the electronic band gap Δ and the 

dispersion relation of valence band (VB) and conduction band (CB) near the Fermi energy. 

Figures 4d and 4f present the line-by-line Fourier transform of 4c and 4e (for a detailed 

description of the procedure see 18). The Fourier-transformed LDOS clearly reveals the 

dispersion of valence and conduction bands with the wave vector k = q/2, while at higher bias 

voltages the energetic overlap of multiple bands makes it difficult to discern their contributions. 

Band edges and effective masses for valence and conduction band were determined by a two-

parameter parabolic fit as before and are listed in Table 1, where uncertainties related to the fit as 

well as to the choice of the real-space window for the Fourier transform were incorporated into 

the error bars.  Parameters determined for the valence band were found to agree with those based 

on ARPES within error bars. 

The key results are the low effective mass m* ≈ 0.1 me for both electrons and holes and the low 

band gap of Δ = 1.4eV for the 9-AGNR on Au(111). This constitutes a substantial improvement 

over m* > 0.2 me, and Δ = 2.4eV for the 7-AGNR,18 which is the only bottom-up fabricated GNR 

for which transistor prototypes have been reported so far.33 In order to validate these 

experimental findings further, we computed the effective masses of the free-standing 9-AGNRs 

within density functional theory using the PBE exchange-correlation functional34, yielding m* = 

0.10 me for both electrons and holes. Quasiparticle corrections within one-shot GW (G0W0) yield 

a ~20% decrease in effective mass to m* = 0.08 me. This is in accordance with previous work on 

graphene, where many-body corrections to the local density approximation yield a 17% increase 

in the Fermi velocity.35 In order to estimate the (fundamental) band gap of the 9-AGNRs while 

adsorbed on Au(111), we combined the quasiparticle corrections computed for the freestanding 
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9-AGNR at the G0W0 level with a classical image charge model that takes both the adsorption 

distance of 9-AGNRs on Au(111) and their intrinsic polarizability into account. This method 

yields Δ!" + Δ
!"
= 2.1eV− 1.0eV = 1.1eV, in acceptable agreement with the experimental 

value of 1.4 eV considering the approximations involved, (one-shot GW with plasmon pole 

model, classical image charge model for the substrate). 

Relative Contribution of Bands in STS at Finite Tip-Sample Distance. When 

analyzing scanning tunneling spectra, it is important to keep in mind that STS is performed at 

tip-sample distances of a few Angstroms and thus probes the exponential tails of the electronic 

states of the GNR. The effect of finite tip-sample distances is illustrated in Figure 5 by means of 

STS simulations based on density functional theory. Figure 5a shows the Kohn-Sham orbitals of 

a finite 9-AGNR at the respective band edges. The orbitals have been evaluated once on a plane 

0.1 nm above the GNR (a), corresponding to a short tip-sample distance, and once at a larger 

distance of 0.4 nm (b). While the orbital arising from the VB oscillates strongly along and 

perpendicular to the ribbon axis, the orbital arising from the CB does not change sign along the 

ribbon axis. As a consequence, the LDOS associated with the CB decays more slowly than its 

VB counterpart and is concentrated at the GNR edges. This can be understood by realizing that 

the effect of moving away from the GNR is approximately that of a Gaussian filter, smearing out 

positive and negative regions of the wave function (see p. S12-S13 for details). We now follow 

the same procedure as in experiment, by first calculating the LDOS along the 9-AGNR [(c),(d)] 

and then taking its Fourier transform [(e),(f)]. In Figure 5e, corresponding to 0.1 nm tip-sample 

distance, the edges of frontier bands can be clearly determined from the FT-LDOS. In Figure 5f 

at 0.4 nm distance, however, the signal from the VB is missing completely. Note that this 

problem was addressed experimentally by a tenfold increase in set point current for the 
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conductance spectra of the valence states (Fig. 4a), corresponding to a reduction in tip-sample 

distance of ≈ 0.1 nm.  

Similar effects have been observed for the 7-AGNR, but here the roles of conduction and 

valence band are reversed and it is the conduction band that suffers from weak signal in STS.18,36 

Such variations in signal strength can lead to wrong assignment of the frontier bands and, hence, 

a wrong band gap extracted from STS. A systematic prediction of these effects would thus be 

highly useful in order to guide future experiments. As discussed in the following, this symmetry-

related effect can readily be understood at the tight-binding level, using only pen and paper. 

In a single-orbital nearest-neighbor tight-binding picture, the band structure of N-AGNRs (of 

infinite length) can be obtained by N slices of the band structure of graphene in reciprocal space 

and analytical expressions are available for the corresponding wave functions.37,38 Figure 6a 

shows these slices for the 9-AGNR, labeled from r = 1 for the slice closest to Γ to r = 9. For 

vanishing longitudinal crystal wave vector k (dotted line in Fig. 6a and 6b), and thus both at the 

top of the valence band and the bottom of the conduction band, the wave functions share the 

periodicity of the underlying atomic lattice. In this case, the relative phase 𝜙 of the wave 

function on two directly adjacent carbon atoms along the armchair direction becomes particularly 

simple: it may either be +1 (in phase) or -1 (out of phase), as derived on p. S12-S13. 

Specifically, bands arising from a slice r have phase 𝜙 = -s, if 
!

!!!
<

!

!
 (slice located between Γ 

and K), and 𝜙 = s, if 
!

!!!
>

!

!
 , where s=+1 for the unoccupied states and s=-1 for the occupied 

states.  

Figure 6b illustrates the results for the 9-AGNR. Here, valence and conduction band arise from 

the slice labeled by r=7, yielding 𝜙 = -1 for the valence band and 𝜙  = +1 for the conduction 
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band. This implies a suppression of the signal from the valence band in STS (near k = 0), in 

agreement with the DFT-based analysis shown in Figure 5. The above reasoning applies to all π-

bands of N-AGNRs of all families, except for those bands passing directly through the Dirac 

point K. In particular, weak signals are expected for the valence band in the medium-Δ family 

(N = 3m) and for the conduction band in the large-Δ family (N = 3m+1). The effect can be 

counteracted by a reduction in tip-sample distance within experimental constraints.  

Conclusions 

We have presented the synthesis of 9-atom wide armchair graphene nanoribbons through 

surface-assisted aryl-aryl coupling and cyclodehydrogenation of a small halogen-substituted 

precursor molecule on Au(111). Scanning probe microscopy and Raman spectroscopy reveal 

atomic precision with respect to width and edge passivation of the 9-AGNRs, demonstrating the 

fully selective conversion of the precursor molecules. In line with theoretical predictions of their 

electronic properties, a low band gap of 1.4 eV and low effective masses of 0.1 me for electrons 

and holes are found for the metal-adsorbed 9-AGNRs, making them an interesting material for 

room-temperature electronic and optoelectronic switching devices. Furthermore, we have 

analyzed the band-dependent vacuum-decay of the AGNR wave functions at the level of density 

functional theory and tight binding. We find that in scanning tunneling spectroscopy studies of 

N-AGNRs, weak signals are expected for the valence band in the N = 3m family and for the 

conduction band in the N = 3m+1 family. In these cases, signal may be recovered by a reduction 

in tip-sample distance.  
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Methods 

Monomer Synthesis. Detailed descriptions of reaction steps and characterization methods 

are given in the supporting information on p. S2-S5. 

On-surface synthesis and characterization 

On-surface synthesis steps were performed in an ultra-high vacuum (UHV) chamber, directly 

connected to a low-temperature scanning tunneling microscope (Scienta Omicron) operated at 

5 K. The Au(111) substrate was prepared by repeated sputtering (Ar+ ions, 1 keV) and annealing 

(720 K) cycles. Molecular precursors were thermally evaporated onto the clean Au(111) 

substrate from a quartz crucible heated to 390 K, resulting in a deposition rate of 0.1 nm/min. 

STM images were recorded in constant-current mode and dI/dV spectra were obtained using a 

lock-in amplifier by modulating the sample bias with 20 mV and a frequency of 451 Hz. NC-

AFM measurements were performed with a CO-functionalized tungsten tip attached to a tuning 

fork sensor39. The sensor was driven at its resonance frequency (23.570 kHz) with constant 

amplitude. Unpolarized micro-Raman spectra were acquired in a Bruker Senterra instrument 

using two different lasers, green at 532 nm and near-infrared at 785 nm with 20 and 100 mW, 

respectively, both with a spectral resolution of 3-5 cm-1. The measurements were performed with 

a 50x magnifying objective with numerical aperture 0.75. ARPES measurements were performed 

at the Surface and Interface Spectroscopy (SIS) beamline of the Swiss Light Source on samples 

prepared in the low-temperature STM chamber on the Au(788) surface, a stepped Au(111) 

surfaces with terraces of ≈4 nm width that unidirectionally align the 9-AGNRs along the step 

edges. Prior to photoemission experiments, volatile contaminants originating from exposure to 
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air were desorbed by heating the sample to 450 K in a UHV chamber connected to the 

photoemission setup.  

Computational Procedures. Density functional theory (DFT) calculations of 9-AGNRs in 

vacuum were performed using the PBE generalized gradient approximation to the exchange-

correlation functional34. Structures were relaxed until the forces acting on the atoms were below 

3 meV/Å. For finite ribbons (and the polymer shown in Fig. 2a) we used the CP2K code40, which 

expands the wave functions on an atom-centered Gaussian-type basis set. After extrapolating the 

electronic states into the vacuum region41 (details on p. S12-S13), STS simulations were 

performed in the Tersoff-Hamann approximation32 on a plane parallel to the planar GNR, using a 

Lorentzian broadening of full-width 150 meV at half maximum. Band structure and effective 

masses of the infinite 9-AGNR were calculated with the Quantum ESPRESSO package42 using 

optimized norm-conserving pseudopotentials43,44, a cutoff of 80 Ry for the plane wave basis, and 

a grid of 128 k-points in the first Brillouin zone. 

For Raman calculations, the atomic and electronic structure of the 9-AGNRs were recomputed 

using the local-density approximation in the projector-augmented wave formalism as 

implemented in the VASP package45. Phonon spectra were computed via the finite-difference 

scheme in a threefold supercell with atomic displacements δ = 0.03 Å, using the PHONON 

software to construct the dynamical matrix46. Dielectric tensors were computed for positive and 

negative displacements in the unit cell, switching to the HSE06 hybrid functional29 and using 

PHONON to compute their derivatives. Following the experimental setup, the Raman intensity 

was calculated for laser energies 1.58 eV (infrared) and 2.33 eV (green) at normal incidence, 

averaging over all in-plane polarization directions (more details on p. S8-S11). 
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Quasiparticle corrections in the G0W0 approximation were computed using the BerkeleyGW 

package.47,48 The static dielectric matrix was calculated using a rectangular Coulomb-cutoff along 

the aperiodic directions49 and extended to finite frequencies by the generalized plasmon pole 

model.47 In the calculation of the self-energy, the static remainder approach was used to speed up 

the convergence with respect to the number of empty bands (more details on p. S11-S12).50  

 

 

Figure 1. (a) Synthetic route towards 3',6'-dibromo-1,1':2',1''-terphenyl 7. (b) On-surface 

synthesis of 9-atom wide armchair graphene nanoribbon 9 via surface-assisted dehalogenation 

and polymerization of monomer 7, followed by cyclodehydrogenation of polymer 8. Reagents 
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and conditions: (i) hydroxylamine hydrochloride, H2O, EtOH, 80 °C, 12h; (ii) H2SO4, 100 °C, 30 

min; (iii) NaOH, H2O2, 50 °C, 30 min, then HCl, rt; (iv) isoamylnitrite, I2, 1,2-dichloroethane, 

dioxane, 1h, reflux; (v) phenylboronic acid, Na2CO3, Pd(PPh3)4, H2O, dioxane, 80 °C, 2d; (vi) 

sublimation onto Au(111) held at 250 °C, then annealing at 250 °C, 10 min; (vii) annealing at 

350 °C, 10 min. 

 

Figure 2. (a) Scanning tunneling microscopy (STM) topography image and structural model of 

the polymer intermediate 8 formed after annealing to 250°C (V = 1.3 V, I = 0.03 nA, Scale bar: 

2 nm).  (b) STM topography image and structural model of 9-AGNRs 9 formed by annealing the 

polymer sample to 350°C (V = 0.1 V, I = 0.5 nA, Scale bar: 2 nm). (c) High-resolution STM 

topography image of a single 9-AGNR (V = 0.1 V, I = 0.5 nA, Scale bar: 1 nm). (d) High-

resolution non-contact atomic force microscopy frequency shift image of 9-AGNR using a CO-

functionalized tip with oscillation amplitude of 70 pm (Scale bar: 1 nm).  
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Figure 3. Raman characterization of 9-AGNRs on Au(111). (a) Experimental Raman spectra at 

monolayer coverage using 785 nm (solid red) and 532 nm (solid green) laser lines as well as 

DFT-based Raman simulations at corresponding photon energies of 1.58 eV (dashed red) and 

2.33 eV (dashed green). (b) Wavenumber of the radial-breathing-like mode (RBLM) for 7-

AGNRs
10

 and 9-AGNRs, together with predicted
51

 width-dependent RBLM wavenumbers for 

armchair GNRs. 
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Figure 4. Electronic structure of 9-AGNRs. (a) dI/dV spectra recorded on the edge of a 9-AGNR 

(red) and on the Au(111) substrate (black) (tip stabilized at V = -0.5 V, I = 10 nA). Band edges 

are indicated based on FT-STS data (Table 1). (b) ARPES intensity plot as function of energy 

(E - EF) and k vector parallel to the ribbons (hν = 50 eV). The white dashed line shows the best 

fit to the valence band near k = 2π/a = 14.8 nm-1. (c) Equidistant dI/dV spectra of occupied states, 

recorded along the edge of a 9-AGNR of length 35 a between the terminus and a defect 

(stabilization set point V = -1.5 V, I = 10 nA, spacing δx = 0.1 nm) (d) Line-by-line Fourier 

transform of (c) for , including parabolic fit near .  (e) Analogous dI/dV data for 

the unoccupied states, recorded along the edge of a 9-AGNR of length 23 a between two defects 

(set point V = 2.6 V, I = 1 nA, spacing δx = 0.125 nm). (f) Line-by-line Fourier transform of (e). 
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Figure 5. Effect of tip-sample distance on probed local density of states (LDOS). (a),(b) Kohn-

Sham orbitals at the band edges of conduction band (CB) and valence band (VB) for 9-AGNR of 

length 24 a evaluated at 0.1 nm (a) and 0.4 nm (b) above the GNR. (c), (d) LDOS along the 9-

AGNR, integrated across the ribbon. The energy zero is chosen as the center of the gap. (e), (f) 

Fourier-transformed LDOS for  with bands of infinite 9-AGNR superposed as white 

lines. 
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Figure 6. Symmetry of AGNR states in tight binding. (a) First Brillouin zone of graphene (black 

hexagon) and its π-band structure (black/grey surfaces) with inset displaying bands near the 

Dirac cone. Also shown are the first Brillouin zone (red rectangle) and cutting lines (red dashed 

lines) for infinite length 9-AGNRs. (b) Energy bands corresponding to cutting lines r = 5, 6, …, 

9 in (a). At k = 0, the electronic states of some bands (thick red) do not change sign along the 

GNR axis, while others (thin gray) change sign once per unit cell, thus making them more 

difficult to resolve in STS near k = 0. The wave functions of valence and conduction band are 

depicted on the right, indicating their weight (circle area) and sign (blue/red color) on each lattice 

site. 
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 Valence band Conduction band 

 m* (me) E0 (eV) m* (me) E0 (eV) 

FT-STS 0.12 ± 0.03 -0.28 ± 0.01 0.11 ± 0.03 1.10 ± 0.01 

ARPES 0.09 ± 0.02 -0.25 ± 0.04 - - 

DFT (PBE) 0.10 - 0.10 - 

G0W0 (@PBE) 0.08 - 0.08 - 

Table 1. Band edges and effective masses of valence band (VB) and conduction band (CB) of 

the 9-AGNR, as obtained from Fourier-transformed scanning tunneling spectroscopy (FT-STS), 

angle-resolved photoemission spectroscopy (ARPES), density functional theory (DFT) and one-

shot GW (G0W0). Band masses are obtained from two-parameter least squares fits in the range 

0  nm
!!
≤ 𝑘 ≤ 1  nm

!!. 
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