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Graphene nanoribbons synthesized with atomic precision are promising candidates for future post-silicon electronics
thanks to their tunable properties. Thus, it is important to have comprehensive characterization of this novel material.
Here, we investigate armchair graphene nanoribbons of N = 9 carbon atoms width by means of X-ray photoelectron,
near edge X-ray absorption fine structure, Raman and angle-resolved photoemission spectroscopies.
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1 Introduction. Graphene nanoribbons (GNRs) have
tunable electronic structure dictated by their width and
edge termination [1,2]. Particularly, armchair graphene
nanoribbons (AGNRs) in contrast to graphene possess the
electronic band gap and therefore are interesting for the
applications in digital circuits and optoelectronic devices
[3–7]. Atomically precise nanoribbons can be fabricated
by means of the bottom-up approach [8]. This synthesis
technique allows to define the atomic structure of fab-
ricated GNRs by on-surface polymerization of different
monomer precursors [9]. The precursor basically deter-
mines the structure and properties of the obtained GNRs.
In terms of the device application, the most interesting are
ribbons with a narrow band gap. Recently synthesized AG-
NRs of N=9 carbon atoms width exhibit an optical band
gap of about 1 eV and a transport band gap (on Au sub-
strate) of 1.4 eV [10,11]. In the present work a multi-
technique spectroscopic characterization of 9-AGNRs syn-
thesized on a gold substrate are presented. First, the chem-
ical state of the 9-AGNRs/Au(111) system is characterized
by X-ray photoelectron spectroscopy (XPS) and near edge

X-ray absorption fine structure (NEXAFS) spectroscopy.
The electronic band structure of 9-AGNRs aligned on the
stepped Au(788) crystal is probed by angle-resolved pho-
toemission spectroscopy (ARPES) and compared with the
measurements of 7-AGNRs. Further, we demonstrate and
explain the importance of final state momentum in ARPES
experiment for the efficient visualization of band disper-
sion in 1D nanoribbons. Finally, the optical anisotropy of
aligned 9-AGNRs is investigated by means of polarized
Raman spectroscopy.

2 XPS and NEXAFS. The 9-AGNRs was synthe-
sized on the Au(111) surface using the route suggested
in Ref [10]. Namely, the precursor molecules (3’,6’-
dibromo-1,1’:2’,1”-terphenyl) were deposited onto the
Au(111)/mica substrate. Then, 9-AGNRs were formed by
the polymerization of monomers (at 250◦C) and follow-
ing cyclodehydrogenation of polymer chains (at 350◦C).
The XPS technique was used to characterize the obtained
system. Figure 1 (a) shows the C 1s core level spectra
of 9-AGNRs/Au(111). The unit cell of the 9-AGNR con-
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Figure 1 (a) XPS spectra of the C 1s core level of 9-AGNRs on the Au(111) surface. (b) NEXAFS spectra recorded in partial yield mode
for the 9-AGNRs on Au(111) at the C K-edge at two angles between the direction of linear polarization of photons and the Au(111)
surface normal.

sists of 18 carbon atoms and 4 hydrogen atoms passivat-
ing the edges, as shown in the inset. Such stoichiometry
leads to the ratio of nearly 7:2 between the two compo-
nents in the C 1s spectra. These components belong to
the sp2-hybridized carbon atoms with three C–C bonds
and to the hydrogen-terminated edge carbon atoms respec-
tively. As it was expected, the ratio of component for 7-
AGNRs was found to be about 5:2 due to the smaller
ribbon width [12,13]. It demonstrates that XPS is sensi-
tive to the atoms chemical state and to the composition of
nanoribbon. Therefore, it can be a useful tool for character-
ization of functionalized GNRs, for example GNRs with
chemical groups attached to the edges [14] or with guest
atoms incorporated in the ribbon structure [5,15].

In order to probe the unoccupied electronic states of 9-
AGNRs we used X-ray absorption spectroscopy. Depend-
ing on the angle between the linear polarization of syn-
chrotron light and the surface normal one can change the
relative intensity of the π∗ and σ∗ resonances in the C K-
edge spectra, as it is shown in Figure 2(b). The NEXAFS
data are sensitive to the local electronic structure and to
the bond orientation. This property of the technique is ap-
plicable to probing of local chemical environment of car-
bon atoms in graphene nanoribbons. For example, angu-
lar dependence of π∗ and σ∗ components changes during
the hydrogenation of 7-AGNRs [16]. The high resolution
NEXAFS data allow to reveal the intrinsic shape of the π∗

resonance for 9-AGNRs. Particularly, one can see the low-
energy shoulder of the π∗ resonance (see spectrum at 45◦),
which disappear under the semiconductor-to-metal transi-
tion in Li-doped 7-AGNRs [13]. Thus, we can expect that
the shape of the π∗ peak in 9-AGNRs should be also sen-
sitive to the charge transfer doping.

3 Photoemission intensity simulations. Prior to
experimental photoemission study of the band structure it
is important to determine at which values of the photoelec-

tron momentum the electronic bands may be efficiently de-
tected. For this purpose we have performed a simple sim-
ulation of the photoemission intensity. The photoemission
matrix element for the dipole transition between the initial
state ψi and the final state ψf can be expressed as

M(k) ∝ ε 〈ψf |∇|ψi〉 , (1)

where ε is the photon polarization vector. With the basis
of localized orbitals Xj positioned at atomic sites Rj , the
Bloch wave function of the initial state has the following
form

ψi =
1√
N

∑
j

Cj(k)
∑
Rj

eik·RjXj(r−Rj), (2)

where Cj(k) are complex functions of momentum. The
first summation is performed over the orbitals of all atoms
in the unit cell, while the second summation is over all unit
cells of the crystal. In simplest approximation we assume
the final state to be a plane wave

ψf ∝ eikf ·r. (3)

Taking into account the Hermitian character of ∇, for the
matrix element we obtain

M(k) ∝ ε · kf
∑
j

Cje
i(k−kf )·RjΦj(kf ), (4)

where Φj is a Fourier transform of the basis orbital Xj .
Here, the sum is taken over the orbitals of atoms in the unit
cell.

For the case of planar nanoribbon located in the xy
plane and aligned along the x axis we obtain

M(k) ∝ ε · kf
∑
j

e−ikyyjCj(k)Φj(kf ), (5)
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Figure 2 Calculated photoemission intensity of the electronic π-bands of nanoribbons at a photon energy of ∼ 34 eV for (a-e) 7-AGNR,
(f-j) 9-AGNR. The respective paths in k-space are shown in the insets of panels (a) and (f). The k-step between the paths is 0.35 Å−1.
Vertical dashed lines indicate the BZ boundary of GNR and the M point of the graphene BZ.

where yj and ky are projections of the Rj and kf vectors
onto the y axis. Due to negligible photoemission cross sec-
tion of hydrogen atoms we can consider only orbitals of
carbon in the expression 5. For the particular case of π-
states we perform summation only over the 2pz orbitals
and obtain the photoemission intensity in the following
form

Iπ(k) ∝ |M |2 ∝ (ε · kfΦ2pz )
2

∣∣∣∣∣∣
∑
j

e−ikyyjCj(kx)

∣∣∣∣∣∣
2

.

(6)
The sum in the right part of this equation is the main fac-
tor that determines the photoemission intensity of the elec-
tronic bands of nanoribbons. It should be noted that similar
approach was successfully applied to describe the photoe-
mission intensity maps of graphene [17].

In order to obtain the electronic structure of nanorib-
bons and the coefficients Cj we have performed DFT cal-
culations. The calculations were carried out within the gen-
eralized gradient approximation (GGA) to the exchange-
correlation potential as implemented in the FPLO-14.00-
48 code (improved version of the original FPLO code by
K. Koepernik and H. Eschrig [18]; http://www.FPLO.de/).
All atomic positions were relaxed until the forces were less
than 10−2 eV/Å. A k-point grid of 12×1×1 was used to
sample the Brillouin zone.

Although the ribbons are 1D crystals, the measured
photoemission intensity is a function of a 2D k-vector. Fig-
ure 2 shows the intensity of π-bands calculated by consid-

ering the sum in the expression 6 and neglecting all other
factors. The simulation reveals a strong dependence of in-
tensity on the geometry of measurements. When the mea-
surements plane is oriented along the nanoribbon and per-
pendicular to its surface, only a single branch is expected to
be visible in photoemission data (see Fig.2 a,f). The disper-
sion of this branch is qualitatively similar to the dispersion
of graphene π-band in the ΓM direction of BZ. The en-
ergy maximum of this branch is observed at the momentum
value of ∼ 1.5 Å−1, which is far beyond the BZ boundary
of nanoribbon. When the measurements plane is tilted, the
intensity is transferred to other bands. It is essential that
the states at the valence band maximum become intensive
only when the 2D k-vector approaches the K point of the
graphene BZ.

4 ARPES. To obtain direct information about the
electronic band structure by means of ARPES, 9-AGNRs
should have an alignment on the areas comparable to the
light spot size. It is known that the vicinal crystal Au(788)
imposes the restriction on the 7-AGNRs growth direction
and force them to orient along the narrow Au(111) ter-
races [19]. Here, we used the same substrate to align 9-
AGNRs. Figure 3 (a) displays the ARPES intensity map
of the 9-AGNRs/Au(788) system recorded in the 2nd 1D
Brullion zone (BZ) of nanoribbon in the vicinity of K point
of the graphene BZ and transferred by the reciprocal lat-
tice vector to the first BZ. For comparison, the 7-AGNRs
on Au(788) are shown in Fig. 3 (b). Let us discuss the
band structure of the presented AGNRs, whose width dif-
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fers by only two carbon atoms. The valence band maxi-
mum (VBM) of 7-AGNR has a binding energy of 0.9 eV
while the VBM of 9-AGNRs is located at 0.3 eV, sug-
gesting a smaller band gap for 9-AGNR. Scanning tun-
neling spectroscopy provides the 2.4 eV transport band
gap for 7-AGNRs/Au(111) [20,13] and 1.4 eV for 9-
AGNRs/Au(111) [10]. From the parabolic fit of the ex-
perimental band dispersion we can determine the value of
charge carrier effective mass. The electron effective mass
of the highest valence sub-band for 7-AGNRs is −0.22me

and for 9-AGNRs is−0.11me, whereme indicates the free
electron mass in a good agreement with previous results
[21,13,10]. Indeed, the effective mass is expected to be
smaller for the wider ribbon, since in a zone-folding pic-
ture the highest sub-band is closer to the K point of the
graphene BZ.

5 Polarized Raman spectroscopy. Raman spec-
troscopy is a powerful technique, which can directly iden-
tify the type of graphene nanoribbons [22]. In ultra-narrow
GNR due to the quantum confinement, phonon branches of
pristine graphene are folded to the BZ center. This results
in a rich Raman spectrum [13,10]. Recently it was found
that the polarized Raman and photoluminescence spectro-
scopies can be used to probe 1D anisotropy of the aligned
7-AGNRs [16]. Here, we show that the polarized Raman
spectroscopy is useful not only for real device application,
where one wishes to know the axis direction of nanorib-
bon, but also for probing the symmetry of Raman modes.
Figure 4 shows the Raman spectra obtained with the light
polarization along and perpendicular to the alignment di-

Figure 3 ARPES data of aligned (a) 9-AGNRs and (b) 7-AGNRs
on Au(788) accumulated along the ΓK direction of the graphene
BZ using 32eV photon energy. The red marks indicate experi-
mental points used for parabolic fit of the band maxima.

Figure 4 Polarized Raman spectra of 9-AGNRs/Au(788) mea-
sured with a 532nm wavelength laser with two polarizations
of the electric field: along (I‖) and perpendicular (I⊥) to the
Au(111) terraces of the vicinal surface (alignment direction).

rection of 9-AGNRs/Au(788). The calculated Raman spec-
tra of 9-AGNRs predict two G-like peaks (in analogy with
graphene) [10]. First one is related to the C–C bond stretch-
ing along the ribbon axis (at 1600 cm−1). Second peak is
due to the shearing vibrations with atomic displacements
orthogonal to the ribbon axis (at 1610 cm−1). These two
phonon modes resemble the doubly degenerate E2g mode
in pristine graphene, that does not depend on the laser po-
larization. In 1D ribbon however we can see that the inten-
sities of both modes exhibit maxima when the light is po-
larized along the direction of ribbon’s alignment and min-
ima for orthogonal polarization. This effect was described
for the aligned 7-AGNRs, having resonant optical transi-
tion at 532 nm, by the optical selection rules and the depo-
larization effect [16]. Here the polarization of the Raman
spectra is much weaker, since the laser energy is larger than
the optical band gap for 9-AGNRs and could be far from
the resonant transitions (that is the reason for the lower
Raman intensity and absence of the radial-breathing-like
mode when using the green laser).

The interesting feature of the two components of the
G-like mode is that they behave differently with changing
polarization. When the polarization of incident light is or-
thogonal to the 9-AGNR axis, the high energy peak cor-
responding to the orthogonal atomic displacements has a
larger Raman response than the peak originating from the
vibrations along the ribbon. This anisotropic phenomena
suggests different polarization dependence of the Raman
matrix element for the different phonon modes of graphene
nanoribbons.

Finally, it should be noted that for the 9-
AGNRs/Au(788) sample we have also found that the Ra-

Copyright line will be provided by the publisher



pss header will be provided by the publisher 5

man spectra can differ at different points, in contrast to the
homogeneous signal from 7-AGNRs/Au(788). At some
points, for example (not shown here), the D-like modes
(with the highest peak at 1336 cm−1) can be broader and
also exhibit a polarization dependence. We can attribute
it to the defective structure of aligned 9-AGNRs. Indeed,
synthesis of 9-AGNRs suggests rotation of the molecules
during the polymerization, which could lead to the larger
amount of defects, such us missing phenyl ring [10]. This
could also be a reason for the less pronounced bands of
9-AGNRs compared to the 7-AGNRs in the ARPES ex-
periment.

6 Conclusions This work presents a multi-technique
characterization of the narrow-gap semiconducting
graphene nanoribbons, 9-AGNRs. By using XPS we re-
solve two components in the C1s core level spectra in
accordance with stoichiometry. The unoccupied density of
π∗ and σ∗ electronic states is probed by the NEXAFS spec-
troscopy. The shape of the π∗ resonance is supposed can
indicate the charge doping of 9-AGNRs. Simulations of
the ARPES intensity show that 1D sub-bands of graphene
nanoribbons can be selectively visualized by varying the
photoelectron momentum. This knowledge is used to effi-
ciently probe and compare the band structure of N=9 and
N=7 AGNRs. Polarized Raman spectroscopy reveals the
anisotropic response of the split G-mode, therefore it can
be used to determine the direction of the ribbon axis as
well as to describe the phonon symmetry in GNRs.
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