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T
he absence of an electronic band
gap severely limits the efficiency of
graphene-based electronic and op-

toelectronic switching devices.1,2 One-
dimensional (1D) graphene nanostructures;
so-called graphene nanoribbons (GNRs);
have thus attracted much interest due to their
semiconducting behavior which is derived
from lateral electron confinement.3�6 A variety
of outstanding width and edge-related phe-
nomena emerge from the 1D nature of GNRs,
whose properties depend dramatically on
the details of the atomic structure.7�9 GNRs
with armchair edges (AGNRs) are expected to
exhibit width-dependent electronic band
gaps,4,10 and zigzag GNRs (ZGNRs) are pre-
dicted to reveal spin-polarized edge states11

and half-metallicity12,13 related to the symme-
try breaking between the two atomic sublat-
tices. In addition to straight AGNRs and ZGNRs,
more complex ribbon backbone topologies
such as in chevron ribbons14 (also termed
“nanowiggles”)9 are predicted to have im-
proved thermoelectric15,16 and optical17 prop-
erties that are directly related to the non-
straight topologies via lower thermal conduc-
tance and increased spatial localization of the
electronic states, respectively. The strong de-
pendence of electronic, thermoelectric, and
optical properties on structural details implies
that highest precision in GNR fabrication is
needed to characterize andexploit suchprop-
erties. The required atomic precision in GNR
fabrication has, however, only very recently
been achieved.14 Here we report on the
electronic properties of atomically precise
7-AGNRs (Figure 1A) fabricated via on-surface
synthesis.14,18We take advantage of scanning
tunneling spectroscopy (STS)19 to resolve the
local electronic structure and the band gap of
the as-grown 7-AGNR. In addition, angle-re-
solved photoelectron spectroscopy (ARPES)20

is used to reveal details about the topology of
the occupied π-bands of 7-AGNRs.

RESULTS AND DISCUSSION

Spatially resolved recording of tunneling
spectra (Figure 1) allows for a clear distinc-
tion between substrate-related states and
the highest occupied and lowest unoccu-
pied ribbon states (Figure 1B). On themetal,
the main contribution to the local density
of states (LDOS) is derived from the Shockley
surface state of Au(111) with an onset
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ABSTRACT

Some of the most intriguing properties of graphene are predicted for specifically designed

nanostructures such as nanoribbons. Functionalities far beyond those known from extended

graphene systems include electronic band gap variations related to quantum confinement and edge

effects, as well as localized spin-polarized edge states for specific edge geometries. The inability to

produce graphene nanostructures with the needed precision, however, has so far hampered the

verification of the predicted electronic properties. Here, we report on the electronic band gap and

dispersion of the occupied electronic bands of atomically precise graphene nanoribbons fabricated

via on-surface synthesis. Angle-resolved photoelectron spectroscopy and scanning tunneling

spectroscopy data from armchair graphene nanoribbons of width N = 7 supported on Au(111)

reveal a band gap of 2.3 eV, an effective mass of 0.21 m0 at the top of the valence band, and an

energy-dependent charge carrier velocity reaching 8.2� 105 m/s in the linear part of the valence

band. These results are in quantitative agreement with theoretical predictions that include image

charge corrections accounting for screening by the metal substrate and confirm the importance of

electron�electron interactions in graphene nanoribbons.

KEYWORDS: graphene nanoribbon . electronic structure . effective mass .
charge carrier velocity . scanning tunneling spectroscopy . photoelectron
spectroscopy . image charge corrections . beyond DFT
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at �0.5 eV below the Fermi energy EF.
21 In dI/dV

spectra taken with the STM tip placed directly above
the 7-AGNR, a contribution derived from the surface
state is still visible. It appears as a broad and relatively
featureless bump between EF�0.35 eV and EFþ0.7 eV.
The corresponding interface state between GNR and
the metal surface is upshifted with respect to the
Shockley surface state of the clean metal surface due
to the modified boundary conditions in the direction
normal to the surface, that is, due to the presence of
the GNR. Similar characteristic shifts of the Shockley
surface state have been observed for adsorbed
organic22 and inorganic layers.23,24 In such cases, it
has been shown that themodified electrostatic bound-
ary conditions confining the state to the surface region
lead to substantial energy shifts of the interface state
even in the case of overlayers exhibiting significant
band gaps.25 More interestingly, tunneling spectra
taken with the tip positioned above the 7-AGNR also
show two clear-cut features that appear at EF �0.7 eV
for the occupied states and at EF þ1.6 eV for the
unoccupied states. Both clearly mark the onset of
7-AGNR-related electronic bands and are interpreted
as the valence band maximum (VBM) and the conduc-
tion band minimum (CBM), respectively. From the
onset of valence and conduction bands, an electronic
band gap ofΔ = 2.3( 0.1 eV is derived for the 7-AGNRs
supported on a gold substrate.
How does this value compare to the predicted band

gap? Electron�electron (e�e) interactions play a dom-
inant role in GNRs due to their quasi-1D nature and the
weak screening, as recently shown by state-of-the-art
many-body perturbation theory (GW) calculations.26�28

These effects give rise to an energy gap as large as 3.7 eV
for the isolated 7-AGNR,26,27 significantly larger than

the one predicted by single particle (e.g., tight binding6

or DFT4) approaches (Figure 2). When the ribbon is
absorbed on a metal surface, this gap is reduced as an
effect of the substrate polarization, which we estimate
by including image charge (IC) corrections29,30 on top
of GW calculations for the isolated GNR. Although the
molecule/substrate coupling might in general not be
limited to polarization effects, this model has been
shown toworkwell for weakly hybridized systems29�33

because it takes into account the leading order correc-
tion. The assumption of a weak interaction between
GNRs and the Au(111) substrate is justified by the small
hybridization of the electronic bands of ribbons and
Au(111) (for details, see the Supporting Information) as
well as by the absence of charge transfer and the
unperturbed valence band (see ARPES results below).
As depicted in Figure 2, GW correction brings the
LDA gap of the isolated AGNR from 1.6 to 3.7 ( 0.1 eV.

Figure 1. (A) Scanning tunnelingmicroscopy (STM) image (U =�2.2 V, I = 0.15 nA, 5 K) and chemical structure of an armchair
graphenenanoribbonofwidthN=7 (7-AGNR) onAu(111). (B) Tunneling spectra recordedon the ribbon (red, offset for clarity)
and onAu(111) (black). (C) STM line profile across a 7-AGNR. (D) Color-coded representation of 30 dI/dV spectra taken across a
7-AGNR having the ribbon axis at x≈ 2.1 nm (tip stabilization parameters: U =�2.5 V, I = 0.2 nA). Purple corresponds to low
intensity; white corresponds to high intensity.

Figure 2. Density of states (DOS) and electronic band gapΔ
of the 7-AGNR. Left: LDA and GW-corrected DOS (energy
gapΔ highlighted) for the gas phase 7-AGNR. Right: Surface
screening, here considered via image charge corrections
(see text for details), reduces the bandgapof the 7-AGNRon
Au(111) to 2.3�2.7 eV.
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The IC correction that mimics the presence of the
metallic substrate reduces the energy gap by 1.0�1.4 eV
(see Methods). Overall, this results in an energy band gap
of 2.3 to 2.7 eV for the 7-AGNR on Au(111), which is in
very good agreement with the experimental value of
2.3 ( 0.1 eV derived above.
The band gap detected by STS is not positioned

symmetrically with respect to the substrate Fermi level
EF. Qualitatively, this can be understood from themuch
lower work function of graphene-related materials
(4.5�4.6 eV)34,35 as compared to Au(111) (5.3 eV).36

Given the weak interaction of GNRs with the Au sub-
strate, one can, in first approximation, assume align-
ment of the vacuum levels (Schottky�Mott limit),37

thus suggesting an upward shift of the GNR-related
bands with respect to EF. The experimentally ob-
served upshift is also confirmed by DFT simulations
of 7-AGNR adsorbed on Au(111) (Figure S1 in Sup-
porting Information).
Further insight into the occupied electronic states

of 7-AGNRs is gained by ARPES (Figure 3). The unidi-
rectional ribbon alignment over macroscopic length
scales that is required for k-resolved ARPES measure-
ments has been achieved on regularly stepped gold
surfaces, where the long but narrow (few nanometer)
(111) terraces confine GNR growth along the terraces
(Figure 3A). For higher surface coverages, this leads to a
high degree of GNR alignment along step edges run-
ning along the substrate [011] direction. ARPES reveals
a top of the first 7-AGNR band at EF �0.7 eV, in
agreement with the onset of the valence band

observed in STS. The next two bands are located at
EF �1.4 and �1.8 (Figure 4). All of these occupied
bands have their maximum at k = 2π/a (a = 0.43 nm,
Figure 3B), which corresponds to the projection of the

Figure 3. (A) STM image of unidirectionally aligned 7-AGNRs on Au(788) (U = �1.5 V, I = 0.03 nA, 300 K). (B) Structure of
hydrogen-terminated 7-AGNR and relevant lattice parameters. (C) Brillouin zone of graphene (black hexagon) and the one-
dimensional Brillouin zone of 7-AGNR (red) with the lattice parameter of AGNRs and agr the lattice parameter of graphene (a=
agr). The transverse wavenumber p is determined by the edge boundary conditions through p = rπ/(Nþ 1) with r = 1,2,...,N,40

leading to an interband spacing of Δk^= 2π/(N þ 1)agr. (D) ARPES intensity plot I(E � EF,k||) recorded along the ribbon axis
revealing the two occupied frontier bands (raw data, hν = 37 eV, T = 300 K).

Figure 4. Left: ARPES intensity plots along k|| (hν = 50 eV).
The contrast on the GNR-related bands has been enhanced
by subtraction of the mean intensity of the momentum
distribution curves. The top of the three frontier bands is
indicated by arrows at �0.7, �1.4, and �1.8 eV. Right:
Valence band peak positions (red circles) extracted from
the intensity maxima along the energy dispersive cuts. A
parabolic fit to the top of the valence band (energy range
0.17 eV) reveals an effectivemass ofm* = 0.21m0. Numerical
differentiation of the peak location versus k|| data reveals
the energy-dependent charge carrier velocity v (white, right
axis). The corresponding curve has been averaged for the
band regions of positive and negative slope and is dis-
played in a symmetric waywith respect to the k-value of the
VBM (white, right axis).
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K points of the graphene Brillouin zone onto the k||
direction for AGNRs (Figure 3C), thus confirming the
expected band gap opening at the K points. Further-
more, constant energy k-space mapping confirms the
1D nature of the 7-AGNR dispersion and thus excludes
electronic coupling between the GNRs. As a direct
consequence of the band gap opening, electrons in
AGNRs cannot be considered as massless Dirac Fermions
such as in (gapless) graphene,38,39 but they exhibit a finite
effective mass m*. From a parabolic fit to the top of the
valence band, we determine a value ofm* = 0.21m0 (see
Figure 4), wherem0 is the free electron mass.
For direct comparison, we have applied an identical

parabolic fit (i.e., over the same energy range of
0.17 eV) to the analytic expression describing the
valence band of the 7-AGNR using a hopping integral
of 2.8 eV.40 The effective mass derived from this fit is
m* = 0.21m0, in line with experiment. This suggests
that AGNRs indeed follow very closely theoretical
predictions of their electronic structure, as demon-
strated here regarding their electronic band gap and
effective electron mass. It must be noted that the
effective mass of electrons in GNRs depends strongly
on the magnitude of the electronic band gap since the
two quantities are intimately related by the dispersion
relation of the parent material graphene. For instance, a
similar analysis of the analytic description of the valence
band of the wider 12-AGNR reveals a much smaller
effective mass of m* = 0.09, which is related to its lower
band gap of 1.6 eV (GW, in vacuum).26

Finally, the ARPES data allow access to another
important quantity, namely, the charge carrier velocity
v = 1/p∂E∂k. From the k-dependent peak positions of
the valence band (Figure 4), we find that v is energy-
dependent and approaches zero at the VBM. This is a
direct consequence of the band gap opening and in
contrast to the constant velocity v = v0 = 106 m/s in
graphene. However, for 7-AGNRs, v increases rapidly at
lower energies and reaches a maximum velocity of
8.2 � 105 m/s at about 0.5 eV below the VBM.

CONCLUSIONS

We have presented a first experimental character-
ization of the electronic structure of well-defined
AGNRs. ARPES provides a direct confirmation of the
predicted gap opening at the K points, and STS gives a
band gap of 2.3 eV for the 7-AGNR supported on
Au(111). Simple calculations relate the deviation of this
value from the predicted 3.7 eV for a free-standing
7-AGNR to screening by the metal substrate. Further-
more, analysis of the ARPES data reveals an effective
mass of 0.21m0 at the top of the valence band and
charge carrier velocities reaching up to∼80% of those
in graphene in the linear part of the band, which is in
excellent agreement with theoretical predictions. Our
results confirm the importance of e�e interactions in
GNRs, which lead to significantly larger electronic band
gaps than predicted by single particle approaches, and
provide an important benchmark for further theoreti-
cal and experimental work.

METHODS

Experimental Procedures. 7-AGNRs have been grown on Au-
(111) as described in ref 14 to yield a coverage of 0.2monolayers
(ML). A similar growth protocol has been adopted for the
growth of 7-AGNRs on the stepped Au(788) surface. The metal
substrates have been prepared by repeated sputtering/anneal-
ing cycles (1 keV Arþ, 740 K) beforehand. On Au(788), a high
degree of GNR alignment is achieved when approachingmono-
layer coverage. This is due to the confinement of GNRs to the
narrow terraces (GNRs avoid to cross substrate step edges) and
the optimization of areal density, which is achieved for ribbons
aligned along the substrate step edges and packed parallel to
each other. Therefore and in order to optimize the ratio
between the ribbon- and substrate-related intensity, we chose
a coverage of∼0.9 ML for samples to be investigated by angle-
resolved photoemission spectroscopy (ARPES).

Scanning tunneling microscopy has been performed at low
temperature (low-temperature and variable-temperature STMs
from Omicron Nanotechnology GmbH) in constant current
mode. The dI/dV spectra have been recorded using the lock-
in technique (Urms = 20 mV) at constant tip height.

ARPES measurements have been performed at the Surface
and Interface Spectroscopy (SIS) beamline of the Swiss Light
Source on samples prepared in the variable-temperature STM
chamber and transferred through air. Prior to photoemission
experiments, the samples were annealed to 500 K in a UHV
chamber connected to the photoemission setup to desorb
volatile contaminants accumulated during ambient transfer.
STM investigations on samples that were reannealed in the
STM setup after the photoemission experiments revealed that

substrate and ribbon quality were unaffected by air transfer and
photoemission experiments.

Computational Procedures. First principles calculations based
on density functional theory (DFT) have been carried out for
7-AGNR, both isolated and on a Au(111) substrate. Calculations
have been performed within the local density approximation
(LDA) for the exchange-correlation potential, using a plane-
wave basis set and ultrasoft pseudopotentials, as implemented
in the Quantum-ESPRESSO package.41 The kinetic energy cutoff
for the wave functions (charge density) was set to 25 (300) Ry.
The surface wasmodeled with a five-layer slab of Au(111), using
a 3�4

√
3 supercell to accommodate the 7-AGNR; 12 Å of

vacuum was added in the direction perpendicular to the slab
to avoid spurious interactions with system replicas. The in-plane
lattice parameter was set starting from the optimized parameter
for bulk Au (4.05 Å), and the atomic positions within the cell were
fully relaxed, leading to a GNR�Au(111) mean distance of 3.15 Å.

The GW correction to the LDA energy gap has been taken
from previous calculations performed for the isolated 7-AGNR,
as described in ref 41. The gap reduction due to the substrate
polarization has been estimated by adding the image charge
(IC) correction29,30 to the GW energy gap of the isolated GNR.
For simplicity, a uniform distribution of charge was adopted,
having awidthW= 6.08 Å (averagewidth of 7-AGNR, neglecting
H atoms); the distance from the surface was set to the LDA value
of 3.15 Å. To avoid the divergence of the IC potential, a screen-
ing length L has been defined for the added charge, following
Chan et al.42 To estimate this parameter, the spatial extension of
lowest bound excitons for the isolated GNRwas considered as a
lower limit. Previous calculations41 show this length to be about
30 Å. An upper bound can be estimated considering the
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saturation length of the first optical excitation in AGNRs of finite
length (i.e., 60 Å).43 On the basis of the estimated 30�60 Å
screening length, an IC correction of 1.0�1.4 eV has been
determined.
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