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CONSPECTUS

G raphene can be referred to as an infinite polycyclic aromatic hydrocarbon
(PAH) consisting of an infinite number of benzene rings fused together.
However, at the nanoscale, nanographene's properties lie in between those of
bulk graphene and large PAH molecules, and its electronic properties depend on
the influence of the edges, which disrupt the infinite zz-electron system. The
resulting modulation of the electronic states depends on whether the nanogra-
phene edge is the armchair or zigzag type, corresponding to the two fundamental
crystal axes. In this Account, we report the results of fabricating both types of
edges in the nanographene system and characterizing their electronic properties

using a scanning probe microscope.

We first introduce the theoretical background to understand the two types

of finite size effects on the electronic states of nanographene (i) the standing wave

state and (ii) the edge state which correspond to the armchair and zigzag edges, respectively. Most importantly, characterizing the
standing wave and edge states could play a crudial role in understanding the chemical reactivity, thermodynamic stability and
magnetism of nanosized graphene—important knowledge in the design and realization of promising functionalized nanocarbon

materials.

In the second part, we present scanning probe microscopic characterization of both edge types to experimentally characterize
the two electronic states. As predicted, we find the armchair-edged nanographene to have an energetically stable electronic
pattern. The zigzag-edged nanographene shows a nonbonding (i radical) pattern, which is the source of the material's electronic
and magnetic properties and its chemical activity. Precise control of the edge geometry is a practical requirement to control the
electronic structure. We show that we can fabricate the energetically unstable zigzag edges using scanning probe manipulation
techniques, and we discuss challenges in using these techniques for that purpose.

1. Introduction

Since its successful isolation in 2004, graphene has at-
tracted intensive experimental research interest in physics,
mostly due to its unique electronic properties, such as the
anomalous quantum Hall effect* and Klein tunneling,?
which are a consequence of massless Dirac fermions with
linear energy dispersion near the Fermi level* From a
chemical perspective, graphene can be referred to as an
infinite polycyclic aromatic hydrocarbon (PAH) that consists
of an infinite number of benzene rings fused together. As
the size of graphene becomes gradually smaller, the elec-
tronic properties can be described in terms of organic
chemistry electronic theory.® Our particular interest is nano-
sized graphene (nanographene), which is ca. 1-10 nm°® and
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is in-between small PAH molecules and graphene. On this
scale, richer nanosize effects on the electronic properties
are expected due to the richer boundary conditions, which
can be understood using different approaches from chem-
istry and solid state physics. There have been extensive
reports on the electronic properties of nanosized graphene
materials in the interdisciplinary regions of chemistry and
physics.°~ 2 In this Account, we attempt to provide an
understanding of the electronic properties of nanogra-
phene, which have not been well-characterized to date,
possibly due to the ill-defined structure and the difficulty of
synthesis due to its lower solubility.

We first introduce the theoretical background to under-
stand the two types of finite size effects on the electronic
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FIGURE 1. (A) Graphene honeycomb bipartite lattice structure in real
space, where the black and white circles denote A- and B-sublattice sites,
respectively, do is the lattice constant and a=(a, 0) and b=(-a/2,
+v/3a/2) are the primitive vectors. The unit cell is indicated by a dotted
hexagon. (B) First BZ of graphene. Reciprocal lattice vectors are denoted
by a*andb*. K=2x/a(1/3,1/v/3),K =2a/a(2/3,0),T=(0,0). (C) a-band
structure of graphene along I'-M-K-T" within the irreducible BZ. y, is the
transfer integral between nearest-neighbor carbon sites (yo = 3.16 eV).
(D) Density of states (DOS) of the z band. (E) Three dimensional z-band
structure of graphene near the K point. Pseudospin is indicated by

an arrow.

states of nanographene: (i) the standing wave state'~'¢

and (i) the edge state,'” 3 which are alternatively switched
back and forth depending on the two distinct edge types (i.e.,
armchair and zigzag edges). Most importantly, clarification
of the standing wave state and edge state could play a
crucial role in understanding the presence and absence of
chemical reactivity, thermodynamic stability and magnet-
ism for nanosized graphene. Thus, improved understanding
of the electronic states is necessary to design and realize
promising functionalization of nanocarbon materials. In the
second part, we present scanning tunneling microscopic
(STM) characterization to experimentally determine the two
electronic states and provide experimental evidence.'*~1619-2!
Challenges to tailor nanographene into specific size and
edge-shape using the scanning probe manipulation tech-
nique?* are also discussed. Thus, precise control of the edge
geometry is a practical requirement to control the electronic
structure.

2. Electronic Structure of Graphene

A carbon atom has a total of six electrons that occupy the
atomic orbitals as 1s* 2s® 2p?. The 1s electrons in the inner
K-shell are essentially inert and do not contribute to chemi-
cal bonding. In valence bond theory, when carbon atoms are
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arranged in a honeycomb lattice, the 2s, 2p,, and 2p, orbitals
hybridize to form three planar sp® orbitals, which are re-
sponsible for the formation of strong ¢ bonds between the
neighboring atoms in the graphene lattice. The remaining
2p, orbitals perpendicular to the graphene plane form x
bonds and are delocalized, which determines its electronic,
magnetic and chemical properties.

Figure 1A and B shows the lattice structure and the first
Brillouin zone (BZ) of graphene, respectively. Graphene has a
honeycomb bipartite lattice structure with a hexagonal unit
cell containing two independent A and B sublattice sites. This
unit cell inthe real space is transcribed to the first BZ with two
independent high-symmetry points at its corers (K or K’
points), which are associated with the lattice degree of
freedom of 2 (A and B atoms in the unit cell). In a simple
tight-binding (TB) description for the graphene x bands,?>
the electronic state is represented by a linear superposition
of z states belonging to the A and B atoms. Following this
scheme, the electronic energy dispersion and the density of
states (DOS) can be described as shown in Figure 1C and D,
respectively,>>2° by considering nearest-neighbor interac-
tion for the 2p, orbitals, but by neglecting the overlap
between wave functions centered at different atoms. The
cone-shaped conduction and valence sz bands (Figure 1E),
which have linear k-dependence near the K and K’ points,
touch each other at a point called the Dirac point, at which
the Fermi level is located. Therefore, graphene can be called
a zero-gap semiconductor and its electronic properties are
mostly determined by the x states near the K and K’ points.
The TB model thus obtained is effectively understood on the
basis of massless Dirac fermions (Weyl equation) in a rela-
tivistic quantum system with momentum p, as given by the
following low-energy effective Hamiltonian:

H= ovFp (1)

where vg is the Fermi velocity (v = 3yqd./2k ~ (1/3000);
yois the intrasheet transfer integral, cis the speed of light,
dcc=0.142 nmisthe intrasheet C—Cbond length, and o is
the Pauli matrix of a spin, known as the pseudospin,
which is effectively converted from the lattice degree of
freedom of 2. This suggests that graphene becomes
magnetic with localized spins if the symmetry between
sublattices A and B is broken, which typically appears at
the edges when a graphene sheet is cut into fragments.

Next, let us examine the electronic properties (states) of
electrons in graphene with respect to resonance theory. To
begin, Clar theory” is introduced to treat large numbers of
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FIGURE 2. Resonance structures of (A) benzene and (B) graphene, in which the unit cells of graphene and the Clar sextets are indicated by solid (a) and
dotted lines (\/ 3a), respectively. Sextet migration is indicated by an arrow attached to the sextet (blue circle).

possible resonance structures with increasing system size.
Benzene, the smallest building block of graphene, can be
represented by the resonance or superposition of two com-
plementary Kekulé configurations. The six delocalized =
electrons are depicted by a circle called a sextet in Clar
theory (Figure 2A). The delocalized character in a sextet
can be understood by the diamagnetic response of benzene,
as with graphene. According to Clar's rule for a given
geometry of fused benzene rings, the representation with
the maximum number of Clar sextets is the most represen-
tative formula, which has proven to be an intuitive yet
adequate model for & electron distributions of small PAH
molecules.>”*® This is because a Clar formula with n Clar
sextets represents the resonance of 2" Kekulé formulas, and
therefore, maximizing the number of Clar sextets is equiva-
lent to maximizing the number of resonant Kekulé formulas
in one Clar representation.>2® Based on this rule, the valence
bond configuration of graphene can be depicted by the
resonance of three Clar formulas having a /3a x +/3a
superlattice (Figure 2B). As a result, all electrons are distrib-
uted uniformly over the network without bond alternations.
Note that all electrons belong to Clar sextets and no localized
double bonds are present. Such a structure is referred to as
fully benzenoid for small PAH molecules and is indicative of
particularly higher thermodynamic stability and lower chem-
ical reactivity.> In the following section, we will introduce
the modulation of the electronic properties of the infinite
electron system with the presence of edges and its depen-
dence on the edge type.

3. Standing Wave State for Armchair Edge

To understand the formation of standing wave states,'*'>

let us consider a scattering event of electron waves at gra-
phene edges. In this model, plane waves with a wavelength

2204 = ACCOUNTS OF CHEMICAL RESEARCH = 2202-2210 = 2013 = Vol. 46, No. 10

FIGURE 3. Electron wave scattering events at (A) zigzag and (B) arm-
chair edges. Edge boundaries are represented by red and blue lines for
(A) zigzag and (B) armchair edges, respectively. A is the Fermi wave-
length (3a/2). Electron wave with wavevector components Ky, (kx, k,) is
elastically scattered at the edges, which leads to a change in the
wavevector as indicated by kz (ky, —k) and ka (—ky, k) at the zigzag and
armchair edges, respectively. (C) Corresponding transitions of the
wavevector in reciprocal space due to intravalley and intervalley
scatterings at zigzag and armchair edges, respectively.

of Ar (3a/2) propagate into space along zigzag directions,
which are uniquely determined by wavevectors at the K (K))
points. Figure 3A and B shows that the z state electron in the
K (K) valley is elastically scattered at zigzag or armchair
edges, respectively. From the momentum conservation along
the edges, scattering at the zigzag edges leads to a change
in the y-component of the wavevector. This corresponds to a
K— K (K’ —K) (intravalley) transition in the momentum space,
as represented by the red arrow in Figure 3C. In contrast,
scattering at an armchair edge leads to a change in the
x-component of the wavevector and this corresponds to a
K— K’ (K’ — K] (intervalley) transition, as represented by the
blue arrow in Figure 3C. The transitions between the two
nonequivalent states at K and K' cause mixing of the two



FIGURE 4. Clar formulas of (A) armchair-terminated nanographene
(Cq14H30) and (B,Q) zigzag-terminated nanographene (CogHa4), Where
edges are represented by bold lines. The resonance hybrid in (B) with
sextet migrations indicated by an arrow attached to the sextet (circle)
can be decomposed into two Clar formulas. Resonance between C=C—C*
and C*—C=C configurations is represented by dotted double bonds in (C).

wave functions with K’ and K, and accordingly an electron
wave interference occurs with the scattering event.'3293°
The origin of the z states caused by the intervalley
transition at the armchair edge can be understood from a
different aspect in resonance theory, or conventional va-
lence bond theory. For example, the resonance hybrid of
benzene can be represented by the two resonant Kekulé
structures (Figure 2A). In a crude discussion, the hybrid
valence x state of a PAH molecule may be described as a
superposition of possible resonant states (i.e., interacting
Kekulé structures). The increasing number of possible reso-
nant structures in this model leads to energetic stabilization
of the hybrid state due to an increase in coupling or interac-
tion of the system.?® This is referred to as resonance stabi-
lization, which can be explained by the delocalization of
electrons in a sextet rather than an increase in possible
resonance structures. The Clar formula represents the reso-
nant Kekulé structure with the largest degree of freedom,
and thus with higher energy stabilization. Here, we consider
z electron arrangements in typical Clar formulas for nano-
graphene with zigzag or armchair terminations (Figure 4).
Figure 4A shows the Clar formula for armchair-terminated
nanographene (C;14Hs0), which is represented by one un-
ique structure consisting of 19 sextets without localized
double bonds. Therefore, this is classified as a fully benze-
noid molecule with lower chemical reactivity according to
Clar theory. This localization of the sextet is indicative of
the standing wave state due to intervalley scattering and
interference of electron waves near the armchair edge.
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FIGURE 5. Schematic illustrations of the sublattice symmetry of (A)
armchair and (B) zigzag edges. The up- and down-arrows represent
pseudospins. A dotted hexagon indicates the paring of A and B atoms.

On the other hand, zigzag-terminated nanographene has a
nonunique Clar structure, as shown in Figure 4B and C, and
therefore, clear localization of sextets is not expected, but
can be explained by the absence of electron wave inter-
ference at the bulk zigzag edge due to intravalley scattering.

4. Edge State for Zigzag Edge

The presence of the edge states at zigzag graphene edges
was originally predicted by TB analysis of graphene nano-
ribbons,’”'® in which a zigzag-terminated nanoribbon
shows a peculiar sharp DOS peak at the Fermi level that
arises from the partly flat bands, whose wave functions are
mainly localized on the zigzag edge. (Figure S1, Supporting
Information). The origin of the edge state can be intuitively
understood in terms of the symmetry of the pseudospin of
the Dirac fermions in the bipartite lattice. The zigzag edge is
terminated by only one of the A or B sublattices, while the
armchair edges are always terminated by paired A and B
atoms in the sublattices, as illustrated in Figure 5. Accord-
ingly, the symmetry of the pseudospin is broken in the zigzag
edge, which produces the edge state. The sharp discontinu-
ity in the graphene lattice, accompanied by the broken
symmetry between sublattices A and B at the zigzag edge,
induces a gauge field, so that the edge state is strongly spin
polarized. Accordingly, such localized edge states give rise to
modulated spin magnetism in addition to the diamagnetic
propertties associated with the cyclotron motion of the itinerant
electrons in graphene. The edge state is capable of generating
spin ordering due to electron—electron interaction. For ex-
ample, ferromagnetic ordering along the zigzag edge and
the mutual antiparallel orientation of the magnetic mo-
ments localized at opposite edges in a zigzag-graphene
nanoribbon have been predicted using a simple Hubbard
model,'”'® in which an on-site Coulomb potential (U/yo =
0.1, yo=transfer integral) is introduced in the nearest-neighbor
TB Hamiltonian. Here the edge-state spins localized in the
Zigzag edges have a feature of weakly anisotropic Heisenberg
system due to a small spin—orbit interaction of carbon atoms.>"
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The edge state at the zigzag edge can be found in the
electronic structure of giant PAH molecules. There have
been previous theoretical attempts to investigate the edge
shape-dependent electronic properties of PAH molecules
within the Huckel or TB approximations, in which the
amplitudes of the HOMO are almost uniformly distributed
in the entire region for an armchair-terminated PAH con-
sisting of several hundred carbon atoms, whereas the
HOMO of the zigzag-terminated PAH possesses the largest
amplitude at the edge.>>~3* The larger amplitude of the MO,
that is, the radical character, at the edge can be understood
from its Clar formula. Although Clar theory was originally
developed for the representation of Kekulé molecules with-
out unpaired electrons,” Clar structures of zigzag-terminated
nanographene can be constructed, as shown in Figure 4B
and C. In contrast to the Clar formula of armchair-terminated
nanographene (Figure 4A), in which the chemical structure is
represented by a unique Clar structure, the Clar formulas of
zigzag-terminated nanographene are nonunique with dou-
ble bonds or unpaired electrons at the edges. The chemical
structure shown in Figure 4B is represented by 12 sextets
and 12 double bonds, while an additional sextet can be
formed by cleaving 6 double bonds, as shown in Figure 4C,
in which 13 sextets exist. From resonance theory, the en-
ergetic loss of 7= bond cleavages can be partially compen-
sated by resonance stabilization due to the formation of an
additional aromatic sextet. Thus, the resonance hybrid can
be constructed by a superposition of the two states, in which
the & states are characterized by the radical nature at the
edges with no clear preferential location of the sextets in the
honeycomb lattice.

5. STM Observation of the Standing Wave
State near the Armchair Edge

In an infinite graphene system, the r states on A and B sites
(Figure 1A) have the same amplitude, that is, all = elec-
trons are distributed uniformly in the honeycomb lattice
(Figure 2B). Thus, STM images will show a honeycomb
pattern with a nearest-neighbor spacing of a//3 (0.14 nm)
for bulk graphene, or a hexagonal pattern with a periodicity
of a (0.24 nm) for bulk graphene on graphite, due to the
interlayer interaction. When an edge is introduced in the
bulk, the electronic structure is modulated from that of infinite
graphene. Figure 6A and B shows the modulated electronic
state in a form of a fine honeycomb pattern near an armchair
edge of graphene on graphite observed using low temperature
STM under ultrahigh vacuum (UHV)."'3 A 3-fold symmetric fine
structure is evident in the individual superlattice site. At first
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FIGURE 6. (A) Atomic-resolution UHV STM tunneling current image
(1.4 x 1.2 nm?) taken in the vicinity of an armchair edge, which is
approximately 1 nm away from the right edge with a length of several
hundred nanometers. The armchair direction is indicated by a dotted
line. A honeycomb pattern is indicated by green lines. (B) Overlaid
honeycomb pattern on image (A). The sample bias voltage is 20 mV.
(O) 2D squared-amplitude mapping of the wave function near the
armchair edge. Open and filled circles correspond to + and — phase
wave functions, respectively. (D) Calculated 2D current mapping of the
honeycomb superlattice pattern and 3-fold symmetry. [after ref 13] Adapted
with permission from ref 13. Copyright 2010 American Physical Society.

glance, there is likely to be no clear relationship between
the ideal honeycomb pattern of the graphene lattice (a/./3
(0.14 nm)) and the larger honeycomb pattern with a nearest-
neighbor distance of v/3a (0.42 nm); however, this relationship
can be understood using a simple mathematical argument.

As expected from the fully benzenoid aromatic character
of armchair-terminated nanographene, the armchair edge is
energetically stable. Straight armchair edges with lengths of
several hundred nanometers can be readily observed using
STM,'9 while long zigzag edges are difficult to observe.
The armchair edges are straight and sufficiently long to
apply a simple boundary condition of wave functions along
the edge direction in a TB model. This allows the observed fine
structure to be reproduced in detail from a simple derivation of
the wave functions. Considering an infinite potential barrier on
the armchair edge in the TB scheme, the wave function (yg) on
a B atom around the armchair edge is expressed by

Wy(Rg) o (—exp( ~iKRg) + exp(iK'Rg)) (1)

owingto the interference between Kand K’ wave functions,

where Rg is the translation vector of the B atom sites.'*
The STM image can be simulated by two-dimensional

(2D) squared-amplitude mapping of the wave function (eq 1).
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FIGURE 7. Tunneling current image of a nanographene fragment of
oxidized graphene on Au(111) at a sample bias voltage of 50 mV.

(B) Proposed schematic model (carbon, gray; oxygen, red; hydrogen,
white). Dotted red lines indicate the +/3a x +/3a pattern with respect to
the hexagonal graphene sublattices. Next nearest-neighbor distance of
the sextets is ca. 0.75 nm (3a, a = 0.25 nm). [after ref 16.] Adapted with
permission from ref 16. Copyright 2012 Wiley—VCH.

The resulting 2D mapping image shown in Figure 6C repro-
duces the experimentally observed honeycomb patterns. The
superperiodic distribution of z states, that is, the localized state
decaying into the bulk, is the standing wave state due to
intervalley scattering of the electron wave at the armchair
edge, or the localization of sextets in armchair-terminated
nanographene. This is a typical nanosize effect of the =
electronic system and is indicative of lower chemical reac-
tivity and higher energetic stability. Taking into account the
phase of the wave function, the formation of the 3-fold
symmetry fine structure can be further explained in detail. In
the honeycomb superlattice, the signs of the wave functions
at adjacent sites are opposite to each other. The antibonding
coupling of the wave functions with a node in the middle
between the two sites leads to the 3-fold symmetrical fine
structure evident in the STM image. This is well-reproduced
in the simulated STM3® image shown in Figure 6D.

Let us discuss another example of electron wave inter-
ference. Armchair-terminated nanographene can be repre-
sented by a unique Clar formula with /3a x +/3a periodicity
of the localized sextets, which indicates the standing wave
state. Such a sextet pattern can be identified in the x states of
nanographene fragments in oxidized graphene.'® Nanogra-
phene fragments are prepared by oxidizing graphene sheets
and are isolated by oxidized sp* carbon backbones. Figure 7
shows a tunneling current image of a nanofragment and a
proposed schematic model, in which armchairlike edges are
formed by oxidation. The armchair edges prohibit sextet
migration according to Clar theory (Figures 4A and 7B), and
thus, such localized sextets with the /3a x +/3a pattern pre-
dicted by the Clar formula® can be experimentally con-
firmed by the = state characterization in the tunneling current
image,'®3” although symmetry of the observed patter in the

Nanographene and Graphene Edges Fujii and Enoki

| large

(B) (D)
200 150 ¢
= r\}\ J &
;%, I ."‘I‘H‘\L ﬂ\h‘M E ] 1 [
é .x_\\ _‘/"V’ %’ \f .”V ,\‘ A"(‘i
= " = “’"‘\ ",_-"»}y\(',/ﬂ k A\illd
0.5 0 05 05 0 05
Vs (V) Vs (V)

FIGURE 8. (A) Atomically resolved UHV-STM tunneling current image
(5.6 x 5.6 nm?) of an armchair edge. Amodel of the honeycomb lattice is
superimposed on the image to clarify the edge structures. (B) di/dV,
curve from STS measurements taken at the edge shown in (A).

(Q Atomically resolved STM image of zigzag and armchair edges (9 x 9 nm?).
(D) diI/dV; curve from STS data at a zigzag edge in (C). Images were
acquired with a sample bias voltage of V=20 mV. [after ref 19.] Adapted
with permission from ref 19. Copyright 2005 American Physical Society.

small = system is degraded by sample deformation due to
the surrounding oxidized sp® carbon backbones.

6. STM Characterization of the Edge State

Zigzag edges prepared under ambient atmospheric condi-
tions are usually covered by oxygen-containing functional
groups, due to reactions with oxygen.'® This is a conse-
quence of the higher reactivity of the  radicals at the zigzag
edges.38 Therefore, it has been a challenge to characterize
the intrinsic electronic properties of zigzag edges. To over-
come this problem, all preparation and measurement pro-
cedures should be conducted under UHV conditions to avoid
exposure to the atmosphere. The graphene edges are heat-
treated at 800 °C in UHV to remove the oxygen-containing
functional groups, and then hydrogen terminated by expo-
sure to atomic hydrogen.'®2° Figure 8 shows typical exam-
ples of UHV-STM images and scanning tunneling spectros-
copy (STS) spectra of hydrogenated graphene edges.?° STS
spectra (Figure 8B) measured at the armchair-terminated
edge region (Figure 8A) indicate an almost linear energy
dispersion, similar to that of bulk graphene in the vicinity of
the Fermi level. In contrast, the zigzag edge has completely
different features from those of the armchair edges. The
zigzag edges tend to be defective and short, and are fre-
quently embedded between armchair edges, as shown in
Figure 8C, which is due to the energetically unstable struc-
ture of the less aromatic zigzag edges.?33%3° As discussed in
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section 3, the standing wave state is not expected near the
zigzag edges, due to the absence of intervalley scattering
(Figure 3). Consequently, the zigzag edges in Figure 8C show
a typical hexagonal pattern with a periodicity of a (0.24 nm),
which is the representative electronic state of bulk graphene
on graphite. Apart from the absence of the standing wave
state, the most significant feature of zigzag edges is the edge
state."”'® In clear contrast to the armchair edge (Figure 8B),
the STS spectrum for the zigzag edge (Figure 8D) shows a
sharp DOS peak at the Fermi level, in addition to the linear
dispersion, which is in good agreement with the nearest-
neighbor TB prediction.'”'® The edge state has a strongly
localized nature at the zigzag edges, which is evident as
brighter spots (i.e., larger LDOS) at the short zigzag edges in
the STM image of Figure 8C. Note that the STS profile does
not show electron—hole symmetry with respect to the Dirac
point (Vs = 0 V), in disagreement with the theoretical predic-
tion given in Supporting Information Figure S1C and D. The
observed electron—hole asymmetry in the LDOS peak in
Figure 8D indicates the presence of a nonzero local potential
atthe edge. The on-site potential is caused by (i) the potential
generated by non-negligible charge transfer at the edges
and (i) the modification of on-site energies of z-orbitals due
to local strain effects inevitably present at the edges. In the
TB analysis, the inclusion of next nearest-neighbor hopping
processes breaks the effective electron—hole symmetry at
the edges,*° which has shown to be analogous to modifica-
tion of the on-site potential at the edges.*" It should be noted
that there is an interesting relationship between the edge
state of graphene edges and the electronic structure of
radical addition products, such as those arising from hydro-
gen chemisorption defects*** and the aryl radical addiction
product from diazonium chemistry.**#> Radical addition
extracts a z electron from a carbon A-atom in bulk graphene,
which leads to the formation of a localized unpaired electron
on a B-atom. Thus, radical addition breaks the symmetry of
the pseudospin and could cause the localized state and
magnetism.

7. Fabrication of Zigzag Edges by AFM
Manipulation

Graphene or graphite can be oxidized by reaction with
strong oxidants to yield graphene oxide or graphite oxide.
In most of the graphene oxide, oxidation produces a gra-
phene sheet randomly bonded with oxygen-containing
functional groups, which is thus irregularly corrugated. How-
ever, among the graphene oxide samples prepared, regu-
larly wrinkled graphene oxide sheets appear, as shown in
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FIGURE 9. Series of noncontact AFM images of a graphene oxide sheet
with ordered wrinkles before and after AFM manipulation. The wrinkles
are caused by regular arrangement of 1D arrays of epoxy rings running
along a zigzag direction introduced by chemical oxidation. (A) Point
contact between the sheet and the AFM probe is made at the center of
the sheet. The white arrow indicates the contact area. The region
indicated by the red lines is removed after the point contact. (B—F) The
sheet begins to spontaneously break up, with segmentation of the
regions indicated by the red lines. (G) Schematic illustration of a removal
event. The point contact between the wrinkle and an AFM tip with a
typical radius of 10 nm. Approximately 80% of cut edges show desired
shape along the ridges indicated by red lines (i.e., zigzag direction). The
cut edges indicated by green curved arrows are not well-defined, and it
is unclear which type of edge (i.e., zigzag or armchair edge) is predo-
minant. Reproduced with permission from ref 24. Copyright 2010
American Chemical Society.

Figure 9.4 Noncontact atomic force microscopy (NC-AFM)
images reveal that this structure exhibits a 2D regular
arrangement of 1D arrays of epoxy rings running along a
zigzag direction. This regular structure can be explained in
terms of a 2D arrangement of zigzag-edged graphene nano-
ribbons with widths of 4.3 nm that are mutually bonded
through bridging oxygen atoms (Figure 9G). Previous theo-
retical analysis*® supports the formation of the structure
illustrated in Figure 9G. Zigzag graphene nanoribbons mu-
tually connected by oxygen bridges can be nanofabricated
by cutting with an AFM tip, as illustrated in Figure 9A—F.
Manipulation with the AFM tip intentionally creates gra-
phene nanostructures based on zigzag ribbons. Therefore,
AFM lithography could be employed to selectively obtain
zigzag-edged graphene nanoribbons from graphene oxide,
although zigzag edges are thermodynamically unstable due
to their lower aromaticity.

8. Concluding Remarks

When a graphene sheet is cut into nanofragments, two
distinct edge types, zigzag and armchair, are created. Thus,
the electronic structure of the nanographene or graphene
edges is significantly dependent on the distinct edge type.



A completely localized nonbonding edge state originates
from the broken pseudospin symmetry at the zigzag edges,
whereas electron wave interference due to intervalley scat-
tering appears near armchair edge regions. This is a conse-
quence of the singular physical behavior of a massless Dirac
fermion in a graphene edge. Chemists understand this in
terms of the aromaticity of small PAH molecules. The &
radical character of non-Kekulé molecules or open-shell
character due to the competition of resonance stabilization
between open- and closed-shell forms for the zigzag shaped
molecules is strongly reminiscent of the edge state, whereas
the fully benzenoid character (in the Clar classification) of
armchair shaped molecules is indicative of electron wave
interference.

The armchair edges are nonmagnetic and support stand-
ing wave states, which are manifested by higher energetic
stabilization and lower chemical reactivity. The zigzag edges
support strongly localized spin polarized edge states. The
edge-state spin plays an important role in the magnetism of
nanographene, in contrast to the diamagnetic character of
infinite graphene sheets. Moreover, the edge states, which
have a large local DOS in the edge region, cause the edge
carbon atoms to become chemically active. Nanographene
and graphene edges are important topics in physics and
chemistry. With the development of bottom-up synthesis
and nanofabrication techniques, nanographene and gra-
phene edges will have an important role in future electronics
and spintronics device applications.
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