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band gaps that fully confirm the predictions
. This opens a
way to tailor precise structural arrangements in the regime of
ultranarrow GNRs and to realize specific edge terminations.
Furthermore, recent studies showed that the bottom-up
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fabrication of GNRs can also
be achieved in Analyzer
solution17,18
where, although aggregation issues need to be addressed, the
process can be easily scaled up. Similar
as for their electronic
N7-GNRs@Au(788)
Reflectance Difference Spectroscopy
(RDS)
PEM
properties, GNRs are expected to exhibit optical properties
that
are significantly different from the parent material graphene:
Measurement of optical in-plane anisotropy
Whereas graphene, owing to its linear band dispersion, reveals a
wavelength-independent light absorbance of 2.3%19 in ythe visible
during GNR growth
range, GNRs are expected to exhibit characteristic absorption
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bands related to band gap openings as well as to pronounced
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excitonic effects8–11 that become dominant for quasi onedimensional (1D) systems20.
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Here we characterize the optical properties of GNRs fabricated
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on metal substrates by means of reflectance difference spectroMonomer
scopy (RDS)21 and compare the results with ab-initio calculations
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150°C - monomer
including many-body effects. In this way we access the
fundamental features of interacting photo-excited electron-hole
200°C
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pairs in 250°C
an extreme regime of confinement and find an optical

Figure 1 | RDS of aligned GNRs. (a) Schematic of the RDS experiment on uniaxia
image (Usample ¼ $ 1.5 V; scale bar, 20 nm) of aligned 7-AGNRs grown on Au(78
Analyzer
Polarizer
2) and the chemical structure
400°C
4.1 % 1.2 nm
of a hydrogen-terminated 7-AGNR. (c) M
7-AGNR
on Au(788) measured in situafter GNR synthesis. The RD spectrum of the pristin
differential dielectric function De obtained from the RD spectrum by applying the th
PEMindicate the energy
discrete harmonic oscillator transitions (lines). The blue bars
determined optical transitions (see Methods).
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Table 1 | Electronic and optical properties of 7-AGNRs and PA oligomers.

Transport band gap (eV)
7-AGNR
PA oligomer

GW

IC corr.

GW þ IC corr.

Exp. (STS)

3.7
5.3

1.0–1.4
1.0–1.4
E11/22
b

2.3–2.7
3.9–4.3
GW þ BSE

2.3
3.7
Exp. (RDS)

1.8/1.4
2.3/2.1

1.9/2.3
3.0/3.2

2.1/2.3
3.0

Optical band gap (eV)
7-AGNR
PA oligomer

7-AGNR, armchair GNRs of width N ¼ 7; BSE, Bethe–Salpeter equation; IC, image charge; PA, polyanthrylene; RDS, reflectance difference spectroscopy; STS, scanning tunnelling spectroscopy.
The experimentally determined transport band gap (STS) of 7-AGNRs and the intermediate PA oligomers adsorbed on the Au substrate compared with the fundamental GW band gap including IC
corrections. For the first optical transitions, the experimental values are related to the GW band gap corrected by the exciton binding energies Eb11/22, as determined within the GW-BSE scheme.
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theory: electronic structure

theory: isolated AGNRs
Electron and hole QP states:
• Ground state within Density Functional Theory (DFT)
• Quasiparticle corrections: GW approximation

• Large quasi-particle corrections to Egap:
ELDA = 1.6 eV à
- Confinement à

LDA

GW

EGW = 3.7 eV

increase e-e interaction

- Weak Screening

N=7

AGNR @ Au(111)
DFT electronic structure:
•

AGNR bands at Au(111) (red)
very similar to gas phase (black)

•

Minimal hybridization effects

•

Substrate effects mostly due to
surface polarizability

we correct for the presence of the
substrate by using an image
charge model

including the substrate
J. Neaton et al., PRL 97, 216405 (2006)

L estimated from
exciton wavefunction (BSE)
&
optical saturation length
(excitons in finite ribbons)

Image charge model
•

takes into account the polarization
induced by the charged excitation of
the system

•

for finite systems, the charge
distribution of the frontier orbitals
(HOMO or LUMO) is described in
terms of localized charges

•

for extended systems, we define an
effective (screening) length L of
the excitation charge distribution
L ~ 30-60 Å for N7-ANGR
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24 Å

red shift of L1 at increasing length
saturation below N ~ 40
L ~ 30-60 Å for N7-ANGR
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see also: D.Varsano, A.Marini, A. Rubio, PRL 101, 133002 (2008)
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To be compared with: STS on GNR@Au(111)
Egap = 2.3 ± 0.1 eV

results
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7-AGNR, armchair GNRs of width N ¼ 7; BSE, Bethe–Salpeter equation; IC, image charge; PA, polyanthrylene; RDS, reflectance difference spectroscopy; STS, scanning tunnelling spectroscopy.
The experimentally determined transport band gap (STS) of 7-AGNRs and the intermediate PA oligomers adsorbed on the Au substrate compared with the fundamental GW band gap including IC
corrections. For the first optical transitions, the experimental values are related to the GW band gap corrected by the exciton binding energies Eb11/22, as determined within the GW-BSE scheme.
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The Journal of Physical Chemistry C
of the Au row, as illustrated in Figure 4, irrespective of the
initial conﬁguration (i.e., on top of the Au rows or in the Au
channels). The optimized geometry for the GNR lies instead
within the Au channels. Concerning the second conﬁguration,
where the system crosses the Au channels, it can be seen that
the only way to have the DBBA molecule commensurate with
the surface is to rotate it, such that the two anthracene units
(about 8.6 Å wide) can ﬁt into the 1 × 2 Au channels (8.1 Å
wide), as illustrated in Figure 2.
When the DBBA molecules polymerize, the constraint of
commensurability becomes even stronger and results in a tilting
angle of about 20°, in perfect agreement with the experimental
ﬁndings. Note that both conﬁgurations are asymmetric, with
one of the anthracene units closer to the Au surface. In the
The Journal
of Physical
Chemistry
conﬁguration
along (across)
the channels, the
minimum C−AuC
distances are 2.40 and 3.21 Å (2.34 and 3.09 Å) for the two
units.
Figure 4 also reports the adsorption energies computed for
each of the structures investigated here. For both the
polyanthryl and the GNR on the 1 × 2 surface we ﬁnd that
the conﬁguration along the channels is more stable than the
rotated conﬁguration across the rows by 10−20 meV/C atom,
at variance with experimental observations. This suggests that
the growth of the GNR is not dominated by the stability of the
GNR-surface interface but rather by the kinetics of the early
stages of the process leading to the polymerization. In order to
further investigate this issue, we simulated the dehalogenated
precursor molecule on the 1 × 2 surface, considering again the
two orientations mentioned above (see Figure 5), i.e., with the
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Figure 5. Optimized geometries computed within DFT for the
debrominated DBBA. Left panel: molecule aligned along the Au rows,
forming one bond with the surface. Right panel: the molecule rotated
by 20° with respect to the direction perpendicular to the Au channels,
showing the two bonds with the Au surface. The debrominated C
atoms are in light blue.

Article

Figure 6. STM topography images at about 0.1 SL (upper panel), 0.5
SL (middle panel), and 1 SL (lower panel) of DBBA deposited on
Au(110) maintained at 470 K temperature. Experimental proﬁles
along the high symmetry directions of the substrate are reported in
black and red lines on the small scale images. Side views of the Au cell
and adsorbed molecule, as determined by theoretical calculations, are
plotted close to the experimental line proﬁles. At 0.1 SL, a few isolated
molecules are visible on top of the gold chains in the Au(110)-1 × 2
reconstruction; at 0.5 SL, tilted molecular chains start to appear inside
1 × 3-reconstructed gold channels; at 1 SL, the molecular chains
appear ﬂatter and laying into 1 × 4-reconstructed gold channels.
Images acquired at T = 10 K (0.6 V bias voltage, 0.1 nA tunneling
current). Scale bar of 2.4 and 0.7 nm for the large and small scale
image, respectively.

molecule axis either parallel to the channels or rotated by about
20° with respect to the [001] direction. The resulting
geometries are shown in Figure 5. The rotated conformation
rows suggesting a ﬂat-lying structure. This is corroborated by
is 1.16 eV/molecule lower in energy than the aligned one.
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for GNR alignment

detailed characterization,
low GNR yield,
competing mechanisms present
delicate interplay of substratemolecule interaction, corrugation &
mobility
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catalyze the growth of GNR
stronger in Au(110) than Au(111)
electronic structure:
interaction strength experimentally
characterised (UPS) and theoretically
simulated.
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