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a b s t r a c t
We report the polarization-dependent C K photoabsorption spectra of single- and few-layer graphene
(FLG) samples produced by micromechanical cleavage of highly ordered pyrolytic graphite (HOPG) on
a SiO2 substrate. We show that the unoccupied r density of states of graphene and FLG strongly reﬂects
the one measured on bulk HOPG, demonstrating the two-dimensional character of r states as well as the
very-weak interlayer couplings between planes. Moreover, our spectra taken with different polarization
allow us to show the predicted hybrid nature of the interlayer state.
Ó 2009 Elsevier B.V. All rights reserved.

1. Introduction
Graphene is an exciting new material with unusual properties
that has several application potentials ranging from nanoelectronics to single molecule gas detectors [1,2]. It consists of a single
atomic layer of carbon atoms, and while it shares the same building block of graphite and carbon nanotubes, graphene has unique
electronic properties. In particular, several exotic phenomena in
single-layer graphene have been reported, such as integer quantum Hall effect [3], high carrier mobility [4], and long-range ballistic transport [5]. These properties are ascribable to the different
behavior of electrons and holes respect to conventional semiconductors. Charge carriers in graphene can in fact be considered as
massless Dirac fermions [6] with a constant speed ðmF Þ that does
not depend on their kinetic energy. Moreover, graphene electronic
bands lack of an energy gap, having at most a vanishing density of
states (DOS) at the Fermi energy, in correspondence to the K points
of the Brillouin zone (BZ) [7] where the conduction and valence
bands are degenerate.
In the present work, we have focused our attention on the symmetries of the lowest unoccupied electronic states of graphene. In
graphene, the carbon atoms are assembled in a hexagonal lattice
with two carbon atoms per unit cell. Since each carbon atom has
four electrons available for bonding, three of them form strong
covalent bonds with three neighboring atoms through sp2 orbitals
and form r states lying in the graphene (basal) plane. The fourth
electron with pz symmetry (perpendicular to the basal plane,
namely along the c-axis) builds up the highest occupied valence
band ðpÞ state. Both r and p bands have their replica on the unoc* Corresponding author. Present address: Istituto di Struttura della MateriaConsiglio, Nazionale delle Ricerche, Trieste, Basovizza (TS), Italy.
E-mail address: marco.papagno@ism.cnr.it (M. Papagno).
0009-2614/$ - see front matter Ó 2009 Elsevier B.V. All rights reserved.
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cupied side of the DOS, r and p states, respectively. The twodimensional nature of graphene is therefore strongly reﬂected on
the high-directionality of its orbitals, namely parallel to the basal
plane or perpendicular to it. By using the near-edge X-ray absorption ﬁne-structure (NEXAFS) technique it is therefore possible to
excite electrons from the initial K-shell state into p or r ﬁnal
states, depending on the orientation of the incident photon polarization vector with respect to the basal plane.
In our previous study [8] we reported the C K edge NEXAFS
spectra of single and few-layer graphene (FLG) measured by photoemission electron microscopy (PEEM), with the photon linear
polarization vector almost perpendicular to the basal plane of
graphene, for which transitions into ﬁnal states of p symmetry
are enhanced. Those spectra reﬂect peculiar properties of the unoccupied DOS of single-layer graphene, and its evolution with an
increasing number of layers towards the electronic states of bulk
graphite.
Here, we have performed polarization-dependent NEXAFS studies of single- and multi-layers graphene ﬂakes, showing the symmetry of ﬁnal states. Our measurements allow also to support
the interpretation of the interlayer state of graphene as originating
from states with mixed r and p character.
2. Experimental
Graphene samples were obtained by micromechanical cleavage
of highly oriented pyrolytic graphite (HOPG) on a SiO2 substrate.
Single- and multi-layers ﬂakes were identiﬁed by means of optical
microscopy (OM) and Raman spectroscopy measurements [9,10].
The laterally resolved NEXAFS experiments were performed at
the Surface/Interface:Microscopy (SIM) beamline [11] of the Swiss
Light Source, using an Elmitec PEEM equipped with an energy analyzer. Element-speciﬁc PEEM contrast was obtained by dividing

270

M. Papagno et al. / Chemical Physics Letters 475 (2009) 269–271

pairs of images recorded at the C K absorption edge (285.5 eV) and
below the edge (282.2 eV), thus reducing topographic effects and
enhancing the chemical contrast. NEXAFS measurements were obtained by processing stacks of PEEM images obtained by scanning
the incident photon energy across the C K edge. The measured total
electron yield (TEY) of the region of interest was then normalized
to the TEY collected from an area of the substrate. Measurements
were performed at grazing incidence (16° respect to the basal
plane) with the linear polarization vector nearly-parallel ðE1 Þ or
perpendicular ðE2 Þ to the c-axis, as reported in Fig. 2.
3. Results and discussion
The OM and PEEM images of the sample under investigation are
shown in Fig. 1. The thickness of the various layers was determined
by means of the so-called OM contrast method [9]. The very strong
elemental contrast of PEEM allows to clearly distinguish between
single, bilayer and FLG ﬂakes.
In Fig. 2, we show NEXAFS measurements recorded by using the
photon polarization vector E2 for single- and four-layers graphene.
As can be seen, the corresponding spectra are nearly identical. In
particular, the four-layers spectrum can be obtained by the single-layer spectrum multiplied by a factor of four, to take into account the four times higher number of absorbing atoms per unit
area (dot curve in Fig. 2). This result was somehow expected as
in this geometry we are mainly investigating the intra-layer unoccupied electronic states, which are, in the investigated energy

Fig. 1. OM (left) and PEEM (right) images of the investigated sample. Scale bar
corresponds to 10 lm. The number of layers is reported on the PEEM image.
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Fig. 2. C K edge photoabsorption spectra of single- and four-layers graphene ﬂakes
from sample of Fig. 1, recorded with polarization E2 . The dot line represents the
spectrum for single-layer multiplied by a factor of 4. The inset shows NEXAFS
spectrum of HOPG measured at normal incidence. From Ref. [12]. The scattering
geometry of our experiment along with the two used vector polarization are
reported.

region, unaffected by interlayer interactions. To further support
our ﬁnding we note that our data match perfectly with previous
NEXAFS experiments performed on HOPG, showed as an inset of
Fig. 2 [12]. The peaks assignment is then straightforwardly obtained by comparing the peak positions of Fig. 2 with the graphite
band structure. In this view, the ﬁrst peak that appears at about
286 eV in our spectra (A peak in the inset) corresponds to the p
resonance, namely to the electronic transition from the C(1s) level
to the conduction p states at M and L point of the BZ. This transition should be forbidden by selection rules in this geometry, however we see a residual intensity corresponding to an angle of about
15° between the polarization vector and the basal plane. We estimated this value by comparing the peak intensity ratio p =r from
our data with that of graphite [12]. We believe that this result is
ascribable to the roughness of graphene on SiO2 [13,14]. Strong
corrugations with an average lateral dimension of a few nanometers and a vertical one of few Angstroms have been found on
graphene ﬂakes, due to the roughness of the SiO2 substrates. These
corrugations lead to a distortion of the basal plane with respect to
the undistorted plane, thus resulting in a non-vanishing p peak in
our NEXAFS spectra for E2 polarization vector.
The main peak at about 292 eV (B peak) corresponds to the r
threshold. This peak is composed of two distinct features at
291.8 eV and 292.7 eV. The sharp feature at 291.8 eV reﬂects
strong correlation effects of electron–hole pairs within the ﬂake,
whereas the broad peak at 292.7 eV is related to the transition
þ
from C(1s) state to C
6 and C5 bands at Gamma point of the BZ
[15]. The peak at 297.8 eV (D peak) is due to Cð1sÞ ! Cþ
3 at the M
point, while peaks at 302.6 and about 306 eV (E and F) to

þ

Cð1sÞ ! Cþ
3 þ C2 around M and L points, and C1 þ C4 at M point,
respectively. Finally, the extended X-ray absorption ﬁne-structure
(EXAFS) exhibits the characteristic higher energy hump at 327 eV,
which encloses information on the bond length and coordination
number of C atoms within the basal plane [16].
In Fig. 3a, we show NEXAFS spectra for two different polarization vectors as a function of the number of layers, in the photon energy range from 280 to 305 eV. It is observed that for both E1 and
E2 the spectral line-shape does not signiﬁcantly change for an
increasing number of graphene layers. A systematic improvement
of the signal to noise ratio of the spectra is observed towards thicker layers due to the increasing number of absorption atoms. It is
interesting to note here the different behavior of the two main resonances as the vector polarization is changed. In particular, the features at 286 and 292 eV exhibit opposite polarization dependence:
the p excitation have maximum intensity for E1 and minimum for
E2 . On the other hand, r ﬁnal states are enhanced for E2 and suppressed for E1 . These results are the direct consequence of the dipole selection rules and of the highly-oriented graphene ﬁnal
states involved in the NEXAFS process. In fact, since the observed
features are due to transitions that involve the same initial state
but ﬁnal states having different symmetries, dipole selection rules
state that transition matrix elements for p excitations are maximum (minimum) for E perpendicular (parallel) to the surface.
The opposite is true for r ﬁnal state transitions. Our result showed
in Fig. 3a is independent of the thickness of the ﬂake, conﬁrming
the layered structure of graphite. We note that both the residual
intensity of the p resonance at E2 , and the reduced intensity variation of the two resonances when switching from one polarization
to the other one can be ascribed to the roughness of graphene
ﬂakes on SiO2 , as discussed above.
In Fig. 3b, we show a blow-up of the single-layer graphene spectrum measured for E2 vector polarization. The spectrum clearly
shows the presence of two distinct peaks located above and below
the p resonance, at about 284 and 288 eV, respectively. We recently ascribed the former (pre-edge) peak to the van-Hove singularity of the unoccupied p electronic states at the M point of the BZ
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Fig. 3. (a) C K edge photoabsorption spectra from single- to four-layers graphene ﬂakes measured with E1 (black curves) and E2 (red curves). (b) Zoom in of the single-layer
graphene with E2 showing two additional peaks above and below the p main resonance. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

[8]. We note that the reduced intensity of the p structure strongly
favors the identiﬁcation of the pre-edge peak. Theoretical and
experimental works [17,18] have shown that both the pre-edge
and the p resonance peaks split-up into two peaks as the number
of layers is increased to two. This splitting should give rise to four
peaks in our NEXAFS spectrum. Unfortunately, the limited energy
resolution (about 0.2 eV) and the strongly enhanced intensity of
the p peak do not allow us to resolve this double splitting. Nevertheless, our data show a pronounced increase of the full-width-half
maximum (FWHM) of the p peak as we move from one
(FWHM = 1.0 eV) to two-layers (FWHM = 1.4 eV), suggesting the
occurrence of double peaks.
We now turn to the discussion of the second structure at about
288 eV. Based on previous NEXAFS data on HOPG [15] and on recent experiments and theoretical calculations [19], we ascribe this
peak to the analog of the interlayer state of graphite. The discovery
of this state in graphite has been of crucial importance to understand the physics of alkali intercalated compounds [15,20,21].
Interestingly, theoretical studies predict the existence of such state
for single-layer systems also [22]. These results have been recently
questioned [23] and the 288 eV structure has been ascribed to
COOH and CH species related transitions, due to residual contaminants at the edges of HOPG ﬂakes.
We have already showed [8,24] the presence of this peak when
using E1 polarization vector. In Fig. 3b, we show that the 288 eV
feature is clearly resolved for single-layer graphene and is also
detectable as a shoulder in the two- and three-layers (not shown)
with E2 polarization vector. We note that since the interlayer state
is an antibonding state with mainly three-dimensional character it
is expected to be mainly insensitive to the scattering geometry
used in the experiment. We therefore believe that our latter ﬁnding
further supports the interlayer state origin of the peak at 288 eV.
4. Conclusions
We have performed polarization-dependent C K near-edge
X-ray absorption ﬁne-structure measurements of single- and multi-layers graphene samples produced by micromechanical cleavage
of highly ordered pyrolytic graphite on SiO2 substrate. NEXAFS
spectra show strong variations as the polarization is changed from
parallel to normal respect to the surface, reﬂecting different ﬁnal
states symmetries involved in the absorption process. C K absorption spectra on single- and four-layers graphene recorded with

polarization vector within the basal plane match perfectly the ones
measured on HOPG, conﬁrming the same unoccupied r-state-symmetry density of states for the two systems. Finally, our data allow
to conﬁrm the existence of the interlayer state for single- and
multi-layers graphene.
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