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Observation of zigzag and armchair edges of graphite using scanning tunneling microscopy
and spectroscopy
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The presence of structure-dependent edge states of graphite is revealed by both ambient and ultrahigh-
vacuum(UHV) scanning tunneling microscopy and scanning tunneling spectroscopy observations. On a hy-
drogenated zigza¢prmchaiy edge, bright spots ar@re noj observed together with @/3x\3)R30° super-
lattice near the Fermi levélVs~—-30 mV for a peak of the local density of statemder UHV, demonstrating
that a zigzag edge is responsible for the edge states, although there is no appreciable difference between
as-prepared zigzag and armchair edges in air. Even in the hydrogenated armchair edge, however, bright spots
are observed at defect points, at which partial zigzag edges are created in the armchair edge.
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Finite-sized graphene has attracted attention for its pecypers and create a different appraoch to nanomaterials of
liar electronic structure dependent on the dimensionalitygraphite and its related materials. In the present Brief Report,
size, and geometry. The interference effect on electronieve show scanning tunneling microscoff8TM) images of
wave functions can be dominant for two-dimensiofD) zigzag and armchair edges of graphite near the Fermi level
structures, dependent on the sample $%Beriodic contrast and dl/dVg curves from scanning tunneling spectroscopy
of the density of state€DOS) of carbon nanotubes, which (STS to observe the distribution of edge-localized electrons
consist of graphene rolled with chiral vectors, is due to theand edge states, accompanied with the theoretically calcu-
electronic confinement effect appearing in the 1D electronidated LDOS mapping to reproduce the experimental images.
structure> On top of those interference effects, edge- All atomically resolved STM images in constant-height
localized electronic states are more characteristic. Especialiypode were taken afs=0.02 V andl=0.7 nA, using a Pt-Ir
when those materials become smaller, the electronic stru¢ip by Nanoscope EDigital Instruments C9.and UHV STM
ture drastically changes in the case of nanometer-long carbditynisoku Co) for observations in air and under UHV condi-
nanotubes or nanometer-wide graphene ribdéman ana-  tions, respectively. The sample preparation of nanograph-
lytical model for the distribution of edge-localized electronsite is given elsewher¥ In the sample preparation process,
of graphene and their density of states were proposed bgits can also be generated due to reaction of the residue
Fujita and co-worker8:” According to the model, the non- of oxygen with the highly oriented pyrolitic graphite
bonding 7 electrons at a zigzag edge can be delocalizedHOPG substrate surfaces during the heat treatmiént.
toward the interior of the plane with a finite probability den- The samples were exposed to air after the sample prepara-
sity, which is dependent on the wave number of the edgéion. As for the observation under UHV conditions
states. The edge states make almost flat bands near the Fermi5x 107 'Torr), the prepared samples were heated at
level in addition to ther and 7~ bands of graphene. Ferro- around 800 °C to eliminate functional groups including oxy-
magnetism can arise by an arrangement of the spins of nomen in the form of CG# immediately followed by exposure
bonding 7 electrons at a zigzag edge of nanographene oto atomic hydrogen to terminate the edges of graphite in a
graphene ribbons, on assumption of a model of bipartitsample treatment chambéunder UHV conditions con-
lattices®® In contrast, those interesting characters are quiteected to the STM observation chamber. The conditions for
absent at an armchair edge. The peculiar local DBOS)  the hydrogenation of the edges were the same as those for
due to the edge states near the zigzag edge is supported bydrogenation of the $100) surface to make a monohydride
some experimental reports, for example, on disordered magurface'® Adsorbed contaminants, which were introduced in
netism of activated carbon fibers or shouldereds curves the process of sample preparation of nanographite on the
near the Fermi level of a hydrogen-irradiated graphite steplOPG substrate or by exposure to air, on the edges and
edge. However, the origin of the atomic-structure-dependergraphite surface can be removed by reaction with pure hy-
LDOS, which is a key to solving the unconventional elec-drogen during the hydrogenation process. By several repeats
tronic structure and magnetism, remains uncle&rThere-  of the heat treatments and hydrogenation in the preparation
fore direct observation of local electronic structure near archamber, the structure of the edges is arranged due to the
edge is the most important issue in clarifying the charactersemoval of hydrocarbons from hydrogen-terminated
of edge states which relate to the experimental findings. Aredgest®1”
atomically resolved study about the edges of graphite will be The dispersion relation and 2D LDOS mapping were cal-
a strong support to previous theoretical and experimental paulated using the tight-binding approximation faB-stacked
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FIG. 1. (Color) Atomically resolved ambient STM imagés.6
X 5.6 nn?) of (a) zigzag andb) armchair edges of nanographene.
For clarity of edge structures, models of the honeycomb lattice and
(V3% 3)R30° superlattice are drawn on the images and arrows arg
drawn to indicate irregular points at the armchair edge.

double-layer graphene. The first layer represents the tope
graphene layer with edges and the second layer represeng
the graphite substrate. The resonance integral and the overl

integral were parametrized using the Slater-Kosterf
parameter$ and were determined for thes2nd 2 orbitals

of carbon and the slorbital of hydrogen. The structural de-
pendence of the parameters was determined following '[hze5
previous literature for carbo.For carbon-hydrogen bond- >
ing, we fitted the parameters of hydrogen to reproduce thé
band structure of graphene strips with zigzag edges obtain
by a first-principles calculation with the local density

difdVs (nAIV)
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FIG. 3. (Colon Atomically resolved UHV STM images

6X 5.6 nnt) of (a) homogeneous armchair edge &by (c) arm-

chair edges with defect points. Two and four rows of armchair lines
are added to the lower regions of the edges that start from the defect
eﬁi)ints in (b) and (c), respectively. For clarity of edge structures,
models of the honeycomb lattice are drawn on each imabeA
dl/dVs curve from STS taken at the edge(&).

approximatior?®?! Several percentage points of displace-
ment of carbon atoms near each edge were neglected in the
Huckel aprroximation. This makes the calculation tractable
without harming essential features in the DOS.

The obtained nanographene on a highly oriented pyrolitic
graphite substrate tends to have straight edges or polygonal
structures. It is not difficult to find peculiar edge structures
even in air. Figure 1 shows atomically resolved ambient
STM images of the edges of nanographene whose diameter
is about 50 nm fora) and about 100 nm fofb). From the
arrangement of the honeycomb Iattice(a@ X V3)R30° su-
perlattice drawn in Fig. 1, the edges are of zigzag and arm-
chair type for(a) and (b), respectively. Bright spots were
observed near both edges, in contrast to the theoretical pre-
diction that those bright spots can be generated only by lo-
calized electrons at a zigzag edgeSome irregular spots
were observed near bright spots of the superlattice of an
armchair edge in Fig. (b). They are situated at positions
with smaller distances than the distance of nearest-neighbor
B atoms(0.246 nm. dI/dVs curves in STS could not be
obtained on both edges with reproducibility.

Figure Za) shows an atomically resolved UHV STM im-
age of a hydrogenated step edge of HOPG. While no appar-
ent contrast in spots was observed at the center and bottom
parts of the edge, bright spots were observed at the top part

FIG. 2. (Color) (a) An atomically resolved UHV STM image of Of the edge. The top part of the edge is the zigzag type and
zigzag and armchair edgg8x 9 nn?). (b) Typical dI/dVs curve  the center and bottom parts correspond to the armchair type,

from STS data at a zigzag edge.

judged from application of the hexagonal lattice to the image

193406-2



BRIEF REPORTS PHYSICAL REVIEW F1, 193406(2009

near the edge. A typicall/dVs curve near the bright spots is
shown in Fig. 2b). Peaks at about —0.03 and 0.2 eV were
obtained accompanied with a little contribution from the
LDOS of 7= and 7 bands of graphite.

Figures 3a)-3(c) show atomically resolved UHV STM
images of parts of hydrogenated step edges of a pit, which is
generated by reaction with residual oxygen during the
sample preparation and is about>®0 nnt in size. They
are armchair edges of graphite, judged from the lattice infor-
mation near the edges. Tlk/dVs curve at the edge of Fig.
3(a) is shown in Fig. &). Only the LDOS ofr and#" bands
was observed and the contribution of peaks similar to that in
Fig. 2(b) was negligibly small. In contrast to the image of the
homogeneous armchair edge, that of defective armchair
edges in Figs. ®) and 3c) is obviously different. An array
of bright spots, which shows decreasing LDOS toward the
interior of the plane along a line with an angle of 60° from
the armchair edge, was observed at defect points in Fig. 3
The defect consists of an increase of two added rows of
carbon atoms to the armchair edge. However, such an array
was not observed near the defect points in Fig),3vhere
four rows of carbon atoms are added.

The discrepancy between the theoretical prediction and
the ambient observations in Fig. 1 is due to random oxidation
of the edges and adsorption of impurity atoms or molecules FIG. 4. (a), (b) 2D mappings of the LDOS that reproduce the
at the edges by exposure to air. The chemisorbed function@Pserved STM images using a tight-binding approximation for
groups, including oxygen atoms, change the LDOS at thé\B-stacked double-layer graphen@ and (b) correspond to the
edges. As another explanation for the discrepancy, one migtiages of Figs. @) and 3c), respectively. The dimension of the
think that the structure of the carbon network at the observefi'cle on each lattice point denotes the relative value of the LDOS
armchair edge is destroyed because edge states can be Hb"lt is accuml_JIated_in the range of 50 meV nea_r the Fermi level.
served depending on edge structures near the Fermi level [f'¢ €neray dispersions ¢&) and (b) are shown in(c) and (d),
the as-prepared edges are hydrogen termirfatédwever, 'eSPectively.

this is less suited for the description of Figbl, since we  or molecules. Taking into account the facts that the hydroge-
cannot specify the origin of the irregularity in the image asnpation process and the following STS observation are not
well as the bright spot damping toward the interior of thecompletely free of impurity species and that the obtained
plane. To determine whether the edge states exist or not, W§TS data include few changes in relative position between
are required to specify the structure of edges under UHMhe tip and the sample due to the thermal drift, this interpre-
conditions. tation is reasonabl€.Figure 3a) clearly shows that a homo-
The LDOS dependence on the edge structures is clearlyeneous hydrogenated armchair edge is created under the
shown in Fig. 2a), which is possible only for hydrogen- UHV conditions. These facts demonstrate that the edge states
terminated samples under the UHV conditions. The microsare not observed on the homogeneous armchair edge, but the
copy images prove that the edge states can be observed atlBdVs value of STS is not necessarily zero near the Fermi
homogeneous zigzag edge and at a part of the armchair ed@gg/el due to the small charge transfer between the edge and
perturbed by an adjacent zigzag edge, but they are not aie interior of the plane and due to weak three-
armchair edges distant from other zigzag edges. The imagegimensionality of the graphene layers.
including the (V3 v3)R30° superlattice, of homogeneous  The origins of the bright points in Figs(l3 and 3c) are
zigzag and armchair edges can be reproduced using the calrderstood by looking at the LDOS of defect points of arm-
culated data in Ref. 22. The image of armchair edges in Figchair edges. The shape of these defects is shown as increased
2(a) is not homogeneous because the armchair edges are peows of carbon atoms, as described by the honeycomb lattice
turbed by the adjacent zigzag edge and corner points. Thdrawn in Figs. 8) and 3c). We show 2D mappings of the
STS data of Fig. @) clearly verifies the presence of the edge LDOS of these defect structures in Figgapand 4b). The
states at the zigzag edge. In the figure, one peak at abotight-binding approximation forAB-stacked double-layer
—-0.03 V corresponds to that of edge states and indicates ttgraphene is applied for the analysis, where the edges are
flat band near the Fermi level in the theory in Refs. 5 and 7armchair type with two and four extra rows attached to the
Taking the rapid decay of the measured current from théower half of the armchair edge in Figs(at and 4b), re-
edge to the interior of the plane into consideration, the flaspectively. From these two figures, the center of distribution
band appears to be mainly around Kwer state, because the of the relatively large LDOS corresponds to the defect point
LDOS for thek=27/3 state oscillates and does not detay. of the increase of two or four rows of armchair edges, that is,
The origin of another peak at 0.2 V in Fig(® is attributed  a partial zigzag edge embedded in an armchair edge. In Fig.
to charge transfer from a zigzag edge to physisorbed atom&(a), the mapping of the calculated LDOS shows a dispersed
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inclination of edge electrons and it roughly reproduces Figfew atomic defects in graphef&?® It is known that the di-
3(b), although it fails to reproduce the angle of strong direc-rection of an array of bright spots around atomic defects in
tivity of the bright points in Fig. &). Contrasted to the case graphene depends on the underlying structure of carbon lay-
of an increase of two rows, Fig(l4) shows a localized in- ers. Actually, the image of a defect point taken atasite is
clination of edge electrons and it well reproduces isolatedjifferent from that at & site?® A similar effect is expected
bright points, which are observed in FigcR at the point of  for a structure with a defective edge, and the directivity of
increase of four rows. The figure also reproduces & the array in Fig. &) may be understood as the site depen-
X 3)R30° superlattice near the point. The distribution of thegence of the defective edge.
LDOS, which depends on the shape of the defect points in |n summary, edge states, which are dependent on edge
Figs. 3b) and 3c), can be attributed to that around points atstructures, of graphene layers have been investigated by
k=0, which is shown in the crossing points in Figéc)and  STM and STS. The edge states near the Fermi level are
4(d). observed at a zigzag edge and defect points of an armchair
A possible explanation for the difference of the directivity edge. The edge states are not observed at a homogeneous
is given by the different edge structure at the defect paFnt_S-_armchair edge, although @3 x \3)R30° superlattice is ob-
Judged from the fabrication of the hydrogenated edge, it igerved dependent on the electronic states of the surround-
possible that some extra carbon atoms remain to bind to th@,gs_ Those experimental results reveal the dependence of
defect poinFs during the heat treatment process under thge | DOS and the edge states of graphene layers on the edge
UHV conditions. The carbon adatoms may change the elecsyyctures. Other forms of edges of graphene can give a wide
tronic structure near the defect point. The array in Fi@) &  yariety of LDOSs near the edges near the Fermi level. To
not observed in Fig. @). This may be because the edge ¢|arify the edge states of graphene, more experimental efforts
states are energy shifted or removed due to physisorfion  are needed, that is, investigation of another periodic form of
chemisorption of atomic (or moleculay species. Another eqges, another type of edge defect, or edges terminated with

possible explanation may be given by the imperfectness ofother chemical species, in the near future.
the hydrogen-terminated edge. Because hydrogen, which ter-

minates graphene edges, cannot be detected near the FermiThe authors are grateful to Hideo Aoki for fruitful discus-
level by STM, it is possible that some of the edges are hysion. They also thank A. Moore for his generous gift of the
drogen deficient. In that case, dangling-bond states can HeOPG substrate. The present work was supported by Grant-
generated. The Fermi level may be shifted downward, ifin-Aid for Scientific Research No. 15105005 from the Min-
dangling-bond states exist. An array of bright spots similar tdstry of Education, Culture, Sports, Science, and Technology,
that in Fig. 3b) was observed by STM around a single or aJapan.
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