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The electronic structure and spin magnetism for few-layer-graphene nanoribbons synthesized by chemical
vapor deposition have been investigated using near-edge x-ray absorption fine structure �NEXAFS� and
electron-spin resonance �ESR�. For the pristine sample, a prepeak was observed below the �� peak close to the
Fermi level in NEXAFS, indicating the presence of additional electronic states close to the Fermi level. The
intensity of this prepeak decreased with increasing annealing temperature and disappeared after annealing
above 1500 °C. The ESR spectra, which proved the presence of localized spins, tracked the annealing-
temperature-dependent behavior of the prepeak with fidelity. The NEXAFS and ESR results jointly confirm the
existence of a magnetic edge state that originates from open nanographene edges. The disappearance of the
edge state after annealing at higher temperatures is explained by the decrease in the population of open edges
owing to loop formation of adjacent graphene edges.
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I. INTRODUCTION

Graphene, the most recent addition to the family of car-
bon nanostructures has received unprecedented attention due
to its two-dimensional crystal structure and unique electronic
structure.1 The features of the Dirac-massless fermion with a
linear dispersion of � bands at the Fermi level in single-layer
graphene give rise to a variety of exotic electronic properties,
even at room temperature.2,3 When the size of a graphene
sheet is reduced to a few nanometer, other interesting phe-
nomena could be expected due to the growing contribution
of the edges to the electronic structure. Here, an edge of
nanographene with whatsoever shape can be expressed sim-
ply as a combination of zigzag and armchair edges. Interest-
ingly, the band structure of nanographene at the Fermi level
can be distinguished with respect to its edge geometry. In-
deed, theoretical and experimental studies showed the pres-
ence of a localized nonbonding � state �edge state� in the
zigzag-shaped edge regions, whereas the armchair edge does

not exhibit this feature.4–12 More importantly, the localized
edge-state electrons are strongly spin polarized13 and
coupled with the itinerant � carriers. Therefore, nan-
ographene can exhibit an interesting interplay between mag-
netism and electron transport similar to traditional s-d metal
magnets.10 In addition, the electronic properties, particularly
electron transport in nanographene strongly depend on its
shape. Accordingly, the unconventional electronic and mag-
netic features of nanographene not only raise new fundamen-
tal issues in condensed-matter physics but also can be a
promising target for potential applications in
electronics/spintronics.10–12

Here, in investigating the unconventional electronic and
magnetic properties of nanographene and employing these
properties in device applications, it is particularly important
to confirm the presence of edge states and their geometrical
variations. Recently, experimental efforts have been made
for such a confirmation using several techniques such as
scanning tunneling microscopy �STM�/scanning tunneling
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spectroscopy �STS�, near-edge x-ray absorption fine struc-
ture �NEXAFS�, electron-spin resonance �ESR�, etc. Indeed,
STM/STS observations on carefully prepared graphene
edges6–9 have demonstrated both the existence of a finite
density of states assigned to the edge state at the Fermi level
along the zigzag edge, and the extreme sensitivity of the
edge state to the modifications of the edge geometry and
chemical environment. In the NEXAFS experiments on the
carbon K edge, the observation of an edge state around the
Fermi level has been claimed in a nanographite sample that
was grown on a clean Pt�111� surface.14 However, a possible
contribution from metal-induced gap states,15 at the Fermi
level of nanographene owing to state mixing between
graphene � electrons and metal d bands, could obscure the
detection of an edge state in this experiment. From the mag-
netism approach, the ESR technique can offer a sensitive tool
for detecting the localized spins of the edge state, as previous
reports have unambiguously demonstrated the spin degree of
freedom of the edge state in nanographene.16–19

However, it should be noted that all these experimental
techniques measure either the electronic or the magnetic state
only, and therefore they are insufficient to prove the presence
of an edge state that is magnetic. In other words, it is par-
ticularly important to demonstrate that the edge state present
in the nanographene edge is magnetic by testing a sample
with a combination of electronic and magnetic techniques. In
the present work, by combining NEXAFS and ESR experi-
ments, we conclusively show the presence of a magnetic
edge state in a graphene nanoribbon �NR� sample synthe-
sized by Campos-Delgado et al.20 This highly crystalline
sample is composed of few-layer-graphene �2–40 layers� na-
noribbons of length 20–30 �m and width 20–300 nm. The
structural characterization of the pristine sample revealed the
presence of a large population of open edges and that makes
it a suitable system to investigate the presence of edge states.
More interestingly, the pristine sample when annealed at
higher temperatures in an Ar atmosphere, exhibited a unique
structural change, viz., the loop formation by coalescing the
open edges in the adjacent nanographene layers.21 The loop
formation starts to occur at an annealing temperature of
1500 °C and becomes significant at higher temperatures.
Since the edge state exists at the open edges, there must be a
corresponding decrease in the edge-state density with in-
creasing loop formation. In other words, the loop formation
gives us the opportunity to control the relative ratio of the
edge carbon atoms to the interior carbon atoms by varying
the annealing temperature, which can, in turn, help to probe
the variation in the density of edge states. We have, thus,
investigated these graphene nanoribbons, which have been
annealed at different temperatures, by NEXAFS and ESR
techniques.

II. EXPERIMENTAL

The chemical vapor deposition �CVD� grown graphene
nanoribbon samples were synthesized by the pyrolysis of an
aerosol precursor composed of ferrocene, thiophene, and
ethanol.20 The pristine sample �NR� was annealed at
1000 °C, 1500 °C, and 2000 °C in an Ar atmosphere for 30

min for each sample to get NR1000, NR1500, and NR2000,
respectively. The carbon K-edge NEXAFS was measured at
the soft x-ray beam line BL-7A in the Photon Factory in the
Institute of Materials Structure Science, Tsukuba, Japan.22 A
powder sample was mounted on a Ta plate and loaded into
the NEXAFS measurement chamber maintained in ultrahigh
vacuum �10−9 Torr�. NEXAFS spectra were then obtained
by measuring the sample photocurrent �total electron yield
method�. The photon energy was calibrated with respect to
the C 1s to �� peak position of highly oriented pyrolytic
graphite �HOPG� at 285.5 eV. ESR measurements were per-
formed in the X-band region with a sample in vacuum in the
range temperatures of 4–300 K.

III. RESULTS AND DISCUSSION

Figure 1 shows the carbon K-edge NEXAFS spectra of
the pristine graphene NR, NR1000, NR1500, and NR2000.
The NEXAFS spectra were normalized by the edge jump at
340 eV �not shown here�, where the intensity is proportional
to the amount of carbon. All of the nanoribbon samples show
a dominant peak at 285.5 eV, which is close to the C 1s to ��

transition of HOPG, indicating the underlying graphitic
structure of the sample. In addition to that, the peak at
291.85 eV, which is characteristic of the C 1s to �� transi-
tion, is also found for all the samples. The additional small
features in between the �� and �� peaks can be attributed to
the C-OH, C-OOH, and C-H groups including foreign
chemical species attached to the graphene edges, as observed
in the oxidized graphites.23,24 Moreover, the structure of the
�� peak did not depend on the appearance of these additional
features. In the present study, we pay attention to the region
just above the Fermi level of HOPG �284.36 eV�,25 in which
we can expect the edge state to contribute to the NEXAFS
spectra.

The broadened feature or the presence of a shoulder ap-
pearing on the low-energy side of the ��-state peak in NR,
NR1000, and NR1500 is suggestive of the presence of an
additional peak around the Fermi level. This is evident in the

FIG. 1. Carbon K-edge NEXAFS spectra of the pristine
graphene NR, NR1000, NR1500, and NR2000. The pristine sample
�NR� and HOPG are also given for comparison. The count value for
HOPG given in the figure is reduced to half of the original count to
make it comparable with the other traces. The C 1s to
���285.5 eV� and ���291.85 eV� transitions are indicated by dot-
ted vertical lines.
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closeup view of the NEXAFS-edge region with deconvolu-
tion into two peaks and a step function as given in Fig. 2. It
is clear from the curve fitting that NR2000 does not have any
peak except the ��-state peak, similar to HOPG. The extra
peak appearing as the low-energy shoulder of the �� peak
can have only two possible origins, viz., dangling bonds
and/or an edge state. The contribution of dangling bonds that
are easily saturated by oxygen is negligibly small. Since the
samples were handled under ambient conditions �before
measurement�, the dangling bonds, if they existed, must have
been reacted to form oxygen-/hydrogen-including functional
groups. The extra peaks in between �� and �� in Fig. 1,
belonging to the C-H, C-OH, and COOH species indicate the
absence of dangling bonds. Therefore, we conclude that the
low-energy shoulder of the �� peak is due to the edge state,
which can survive even in the presence of such functional
groups strongly bonded to the edges.26

The integrated intensity of the edge-state peak obtained
from deconvolution and normalized to the pristine sample is
given as a function of heat-treatment temperature in Fig. 3.
The intensity of the edge-state peak decreases upon elevation
of the heat-treatment temperature. The intensity is reduced
only slightly up to 1000 °C �NR1000� but decreases drasti-
cally on going to 1500 °C �NR1500� and finally the edge-
state peak disappears above 2000 °C �NR2000�. More strik-
ingly, the position of the edge state is �1 eV lower at
284.5�0.1 eV from the �� peak of HOPG and it is just
above the Fermi level. Since the unoccupied states are ob-
served in NEXAFS experiments, the experimental finding
proves the presence of a partially filled edge state at the
Fermi level, and it is in good agreement with theoretical
prediction and experimental results.4,6 It should be noted that
a slight shift in the Fermi level is possible due to the charge
transfer from the edge state to oxygen-including functional
groups bonded to the edge carbon atoms.27

In order to understand the variation in the edge-state in-
tensity with annealing temperature, the associated changes in

the structure of the nanoribbon samples must be considered,
as mentioned in the introduction. In the pristine sample, there
is a large population of open edges. On annealing the sample
at higher temperatures in an Ar atmosphere, there is a loop
formation that occurs by joining the adjacent open edges of
nanographenes, as shown in the inset of Fig. 3. The loop
formation was found to begin at an annealing temperature of
�1500 °C, and this process consumes most of the open
edges by increasing the annealing temperature to 2000 °C.21

Since the loop formation leads to a decrease in the popula-
tion of open graphene edges, a decrease in the intensity of
the edge-state peak is expected. Indeed, in accordance with
this structural change, the intensity of the edge-state contri-
bution decreases sharply for the NR1500 sample �see Fig. 3�
from that of the NR1000. Further elevation in the annealing
temperature �NR2000� makes the edge state disappear almost
completely as most of the open graphene edges combine to
form loops.

Another point to be clarified here is that the feature below
the �� peak is not due to the splitting of the �� band, as
reported by Pacilé et al.28 They reported an incipient peak �at
283.7 eV� just below the �� peak for graphene, which was
attributed to the splitting of the �� band. The peak observed
in the present study does not originate from the splitting of
the �� band as discussed below. Our sample showed a well-
formed graphitic structure throughout the annealing tempera-
ture range,21 and therefore, a constant intensity would be
expected for the feature from the splitting of the �� band
rather than the observed systematic decrease in the intensity
on annealing.

Here, we briefly comment on the temperature �1500 °C�
at which the loop formation takes place. In fact, 1500 °C is
a relatively inadequate temperature for the thermally acti-
vated graphitization process, which usually occurs above
2000 °C.29 Nevertheless, a careful characterization of the
heat-treated material has demonstrated that this temperature
is enough to activate the formation of single loops at the
edges of adjacent graphene sheets, thus having a combina-
tion of open and looped edges in the sample. Recent work of
Liu et al.30 on heat-treated pyrolytic graphite powders dem-
onstrated that a temperature of 2000 °C induces the forma-
tion of double and triple loops, in good agreement with re-

FIG. 2. The closeup of the C 1s to �� peak under different
annealing conditions. The data points are indicated in squares and
the convoluted curve fit is given by the thick line. The deconvolu-
tion comprises two Gaussian peaks corresponding to the edge state
�shaded� and the �� state �unshaded�, and a step function �dashed-
dotted curve�. The vertical dashed lines indicate the Fermi level of
HOPG �284.36 eV� �Ref. 25�.

FIG. 3. The integrated NEXAFS intensity of the edge-state peak
normalized to that of the pristine sample. The schematic model of
the loop formation on annealing is given in the insets.
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sults reported by Campos-Delgado et al.21 More importantly
it is suggested that zigzag edges, which are chemically active
due to the presence of nonbonding edge state, are easily sub-
jected to loop formation even at temperatures lower than that
of graphitization.31

Let us now discuss the edge state from the magnetism
aspect. The room-temperature ESR spectra of the graphene
nanoribbon samples are given in Fig. 4. The NR and NR1000
samples show a broad peak �peak-to-peak width, �HPP
�100 mT� whereas NR1500 shows a narrow Lorentzian
peak with �HPP=6.5–8.0 mT and g=2.005�0.001, which
is superimposed on the weak background of the broad peak.
With a further increase in the annealing temperature,
NR2000 does not show any significant peak except for a
trace of the narrow peak. The narrow peak observed in
NR1500 and NR2000 close to the free-electron g value is
characteristic of the localized spins of the edge state as evi-
dent from ESR results on similar graphene-based materials
having a small spin-orbit interaction.16–19 Interestingly, the
intensities of the ESR narrow peak and of the NEXAFS peak
of the edge state follow the same trend in their annealing
temperature dependence �see the cases of NR1500 and
NR2000 in Fig. 4�, confirming their common origin. The
correlation between NEXAFS and ESR clearly proves the
magnetic nature of the electronic state that was observed as
an edge state near the Fermi level in the NEXAFS experi-
ment.

The temperature dependence in the ESR signal assigned
to the edge-state spin gives information on how the edge-
state spins are incorporated into the electronic structure of
graphene. Figure 5�a� shows the temperature dependence of
the linewidth for NR1500 sample. The linewidth decreases
linearly with the temperature upon the lowering of the tem-
perature, and it becomes 2 mT at 4 K. This behavior is simi-
lar to that observed in activated carbon fibers,19 which con-
sist of a three-dimensional-disordered network of
nanographene sheets. The periphery of an arbitrary-shaped
graphene sheet consists of a combination of zigzag and arm-
chair edges, the former of which has localized spin of edge-
state origin. According to theoretical study,13 the edge-state
spins localized around zigzag-edge region are interacting
with each other through strong intrazigzag edge ferromag-
netic exchange interaction J0 and intermediate strength in-

terzigzag edge ferromagnetic/antiferromagnetic interaction
J1 with the strengths of J0�103 K and J1�10–102 K, re-
spectively. Here, it should be noted that the exchange inter-
actions are mediated by the conduction � carriers. This
means the presence of a strong coupling between the con-
duction � carriers and the edge-state spins. Indeed, the linear
temperature dependence of the linewidth observed in the
present experiments is an important indication of the pres-
ence of strong coupling between these two constituents. Ac-
cording to the Korringa relation,19,32,33 the linewidth in the
strongly coupled system of conduction carriers and localized
spins is given as �=1 /T1�T �T1: spin-lattice-relaxation
time�, which is confirmed in the present observations. The
clue on the coupling of the two spin systems is also found in
the temperature-dependent g value. Figure 5�b� shows the
temperature dependence of the g value. The g value de-
creases linearly with the temperature upon the lowering of
the temperature and it reaches 2.003 at 4 K. Taking into
account the Lorentzian line shape, the temperature-
dependent g value is suggestive of the coexistence of two
kinds of spin species having different g values, which are
coupled through the exchange interaction. Indeed, the g
value of the two spin systems is expressed in terms of a
combination of the two g values: g= �gn�n+gc�c� / ��n+�c�,
where gn /gc and �n /�c are the g value and the susceptibility
of the edge-state spins/conduction carriers, respectively. The
susceptibility of the edge-state spins shows a divergent be-
havior of the Curie type as the temperature approaches to
zero whereas that of the conduction carriers having a Pauli
paramagnetic feature is independent of the temperature.
Eventually, the low-temperature limit of the g value repre-
sents the g value of the edge-state spins. In conclusion, the
present experimental findings of the linear temperature de-
pendence of the linewidth and the g value prove that the
edge-state spins created around the edges of graphene nan-
oribbons contribute to the interplay with the conduction �
carriers.

FIG. 4. Room-temperature ESR spectra of the pristine graphene
NR, NR1000, NR1500, and NR2000 measured in vacuum.

FIG. 5. Temperature dependence of �a� the linewidth and �b� the
g value in the narrow ESR signal assigned to the edge-state spins
for the NR1500 sample.
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Finally we should comment on the feature which has a
broad signal that predominates the observed ESR behavior.
In agreement with the NEXAFS results, a stronger, sharp
ESR signal of the edge state should have been observed for
NR and NR1000, which have a larger amount of edge state.
This apparent inconsistency between NEXAFS and ESR can
be resolved if we consider the broad background signal in
the ESR spectra observed in the NR, NR1000, and NR1500
samples. This background signal is naturally assigned to
iron-including magnetic impurities, such as Fe or Fe3O4
nanoparticles produced in the CVD process with ferrocene as
a precursor. On annealing at temperatures close to the melt-
ing points of Fe �1538 °C� and of iron oxide �Fe3O4�
�1597 °C�, the Fe and iron-oxide nanoparticles start to co-
agulate, and these magnetic nanoparticles have completely
disappeared by 2000 °C, at which the Fe vapor pressure
reaches several Torr. This is consistent with the ESR results
in which the broad signal decreases in its intensity at
1500 °C and it completely disappears at 2000 °C.34 There-
fore, the absence of a narrow ESR peak in NR and NR1000
can be understood on the basis of the dipolar broadening of
the ESR signal of edge-state spins from the magnetic impu-
rities. The ferromagnetic iron-including nanoparticles present
in the vicinity of the open edges give an inhomogeneously
distributed strong ferromagnetic internal field to the edge-
state spins, thereby broadening the ESR signal of the edge-
state spins. This argument is further supported by the loop-
formation phenomenon, which takes place by the reactivity
of the bare edges at high temperatures.31 As the annealing
temperature reaches the melting point of the nanoparticles in
NR1500, the magnetic nanoparticles start coagulating and
become independent from the edge-state spins, as evidenced
by the change in the feature of the ESR spectrum, in which
the sharp edge-state spin signal and the broad magnetic

nanoparticle signal coexist independently �see Fig. 4�.

IV. SUMMARY

We investigated the edge state in graphene nanoribbons
prepared by the CVD method, using carbon K-edge NEX-
AFS spectra and ESR spectra. The C 1s to �� transition of
graphene nanoribbon samples, which is free from the
substrate-induced gap state and � dangling bonds show a
low-energy peak corresponding to the C 1s to edge-state
transition of nanographene. The systematic decrease in the
contribution of the edge state with increasing annealing tem-
perature is well correlated with the decreasing population of
nanographene edges due to loop formation in the presence of
iron-including nanoparticles. The ESR signal assigned to the
edge-state spin tracks the behavior of the NEXAFS spectra
with fidelity. The temperature dependence of the ESR line-
width indicates that the edge-state spins are strongly coupled
with the conduction p carriers. These experimental findings
confirm the presence of a magnetic edge state in the edge of
graphene nanoribbons and provide important additional find-
ings about these magnetic edge states.
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